PORTO

C

FACULDADE DE CIENCIAS
UNIVERSIDADE DO PORTO

ayd

FCUP
2026

OLHOJI

(s@am) sa3 anum

juag ABiaug ul asn 1o} (sgqd)o) sjog wnjuenpd
uogJded 1ojod1 N\ o3ul djsepp dluebiQ JO UOISIdAUO)

a4 eluog

sopueul

PORTO

F FACULDADE DE CIENCIAS
UNIVERSIDADE DO PORTO

Conversion of
Organic Waste
into Multicolor
Carbon Quantum
Dots (CQDs) for
use in Energy
Efficient White
LEDs (WLEDs)

Soénia Fernandes
Doctoral Program in Environmental Sciences and
Technology

Department of Geosciences, Environment and Spatial Plannings
Faculty of Sciences of the University of Porto

2026



Conversion of
Organic Waste
into Multicolor
Carbon Quantum
Dots (CQDs) for
use in Energy
Efficient White
LEDs (WLEDs)

Sonia Fernandes

Thesis carried out as part of the Doctoral Program in

Environmental Sciences and Technology
Department of Geosciences, Environment and Spatial Plannings
2026

Supervisor
Luis Pinto da Silva, Assistant Professor, FCUP

Co-supervisor
Joaquim C. G. Esteves da Silva, Full Professor, FCUP

CIQUP



Dedicated to my family



Acknowledgements

| would like to express my sincere gratitude to the Fundacéo Portuguesa para a
Ciéncia e a Tecnologia (FCT) for supporting my PhD through the fellowship
2021.05479.BD, funded by national resources from the Ministry of Education and

Science.

| also acknowledge FCT for funding the R&D unit CIQUP (UID/00081/2025) and
the Associate Laboratory IMS (LA/P/0056/2020), within which this research was
conducted, as well as the Scientific Employment Stimulus (CEECINST/00069/2021) that

supported Professor Dr. Luis Pinto da Silva.

Financial support from the projects FCT - 2023.13127.PEX, NORTE 2030 -
RESTAURA (NORTE2030-FEDER-02704900), iChem4M (NORTE2030-FEDER-
02706400), and AGRO-CIRN (NORTE2030-FEDER-02703200) is also gratefully

acknowledged.

I would like to begin by expressing my deepest gratitude to my supervisor,
Professor Dr. Luis Pinto da Silva, whose guidance, patience, and encouragement have
been invaluable throughout this journey. | feel privileged to have learned so much under
your mentorship, for your unwavering support, and for teaching me to approach every

challenge with a positive mindset.

| am equally grateful to my co-supervisor, Professor Dr. Joaquim C. G. Esteves
da Silva, for all the opportunities to learn and develop as part of your research group, for
your guidance and leadership, and for fostering a stimulating environment that

encouraged curiosity and continuous growth.

I would also like to thank CIQUP for providing an excellent research environment,

access to resources, and support throughout my PhD.

| am especially thankful to my colleagues and fellow PhD students (Diana, Carla,
Paulo, Ricardo, Jul, Hadi, and Archana). What started as professional collaboration soon
grew into friendships that | deeply treasure. From stimulating discussions to shared
moments of laughter and support, you have all been more than colleagues, Diana, Carla,

Paulo, and Ricardo you have become a second family throughout this journey.

To my friends outside the lab, thank you for your constant encouragement and
for reminding me that life exists beyond the pages of a thesis. The monthly dinners during

my final year of the PhD were especially precious, protecting my mental well-being but



FCUP | iii
Organic Waste into Multicolor Carbon Quantum Dots (CQDs) for use in Energy Efficient White LEDs
(WLEDs)

also gave me all the support | needed. Ana, Amanda, and Bia you believed in me even

more than | did myself, and your friendship has meant more than words can convey.

Finally, | am profoundly grateful to my family. Your unconditional love, patience,
and belief in me have been my constant source of strength. You have celebrated my
successes, lifted me through challenges, and reminded me of the bigger picture when

the path seemed uncertain. This thesis is as much yours as it is mine.

This work is licensed under a Creative Commons Attribution 4.0 International
License (CC BY 4.0).

fct .'J'h:'.{ - 'r\" ﬁ'mzyr?-gg

Frozrome Hzguonalds horte



FCUP | iv
Organic Waste into Multicolor Carbon Quantum Dots (CQDs) for use in Energy Efficient White LEDs
(WLEDs)

Resumo

A transicdo para sistemas energéticos mais sustentaveis exige o
desenvolvimento de materiais e processos que conciliem o elevado desempenho
funcional com o menor impacto ambiental. Neste contexto, os carbon dots (CDs)
emergiram como nanomateriais luminescentes promissores, devido a sua
fotoluminescéncia ajustavel, estabilidade quimica, baixa toxicidade e potencial de
sintese a partir de fontes de carbono abundantes e renovaveis, incluindo residuos
organicos. Estas caracteristicas tornam os CDs candidatos para aplicagdes
relacionadas com iluminacdo, nomeadamente como componentes alternativos ou

complementares em tecnologias de luz branca.

A presente tese de doutoramento investiga os CDs como materiais
luminescentes sustentaveis, integrando avaliagao do ciclo de vida (ACV), estratégias de
sintese verde e estudos fundamentais de fotofisica. A tese segue uma abordagem
baseada em artigos cientificos e analisa os desafios-chave associados a producao de
CDs, nomeadamente a sustentabilidade ambiental dos procedimentos de sintese, a
valorizagao de residuos como precursores de carbono e a compreensao das relagdes

estrutura-propriedade que governam a fotoluminescéncia.

Numa primeira fase, é realizada uma ACV comparativa “cradle-to-grave” de seis
procedimentos representativos de sintese “boftom-up”, incluindo estratégias
convencionais e de elevado rendimento. Os resultados demonstram que rendimentos
de sintese mais elevados nao implicam necessariamente um melhor desempenho
ambiental, uma vez que, os beneficios associados a eficiéncia do material podem ser
compensados pelo aumento do consumo energético, complexidade do processo e
utilizagao adicional de reagentes. O consumo de energia e a produgéo dos precursores
foram identificados como os maiores contribuidores para os impactos ambientais,
salientando a importancia da simplicidade do processo e de condi¢cdes energicamente

eficientes.

Subsequentemente, desenvolve-se uma estratégia de sintese hidrotermal
simples e ambientalmente benigna para a produgao de CDs altamente fluorescentes a
partir de diferentes residuos orgéanicos. A combinagcdo de precursores derivados de
residuos com 4acido citrico e etilenodiamina permite alcangar uma dopagem de azoto
consistente e a passivagdo superficial, resultando em rendimentos quanticos de
fluorescéncia (QYrL) superiores a 20% sob condi¢cdes de reacao suaves. Este trabalho

demonstra que a valorizagdo de residuos e o elevado desempenho 6tico podem ser
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obtidos simultaneamente por meio da selegao racional de precursores e procedimentos

de sintese simplificados.

Por fim, investiga-se a influéncia de precursores contendo enxofre em CDs
dopados com azoto e azoto/enxofre. Os resultados evidenciam que a modulagdo da
fluorescéncia é predominantemente dominada por efeitos de oxidacao superficial, e ndo
pela incorporacgéo direta de enxofre, contribuindo para uma melhor compreensao dos
mecanismos que controlam a emissdo dos CDs e esclarecendo a influéncia de

parametros de sintese relacionados com heteroatomos.

No seu conjunto, esta tese demonstra que é possivel conciliar sustentabilidade
ambiental, simplicidade de processo e elevado desempenho luminescente na concegéo
de CDs, estabelecendo bases solidas para a sua futura aplicagcdo em tecnologias de

iluminacéo e foténica sustentavel.

Palavras-chave: Carbon Dots, nanomateriais sustentaveis, rendimento quantico de
fluorescéncia, avaliagao de ciclo de vida, sintese sustentavel, valorizacdo de residuos,

fotoluminescéncia, quimica de superficie, eficiéncia energética, LEDs de luz branca
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Abstract

The ftransition towards more sustainable energy systems requires the
development of materials and processes that combine high functional performance with
reduced environmental impacts. In this context, carbon dots (CDs) have emerged as
promising luminescent nanomaterials due to their tunable photoluminescence, chemical
stability, low toxicity, and potential for synthesis from abundant and renewable carbon
sources, including organic waste. These characteristics make CDs attractive candidates
for lighting-related applications, particularly as alternative or complementary components

in white light-emitting technologies.

This PhD thesis investigates CDs as sustainable luminescent materials by
integrating life cycle assessment (LCA), green synthesis strategies, and fundamental
photophysical studies. An article-based approach is adopted to address key challenges
associated with CDs production, namely the environmental sustainability of synthesis
routes, the use of waste-derived precursors, and the understanding of structure-property

relationships governing photoluminescence.

First, a comparative cradle-to-grave LCA of six representative bottom-up
synthesis routes is performed, encompassing both conventional and high-yield
strategies. The results demonstrate that higher synthesis yields do not inherently lead to
improved environmental performance, as gains in material efficiency are often offset by
increased energy demand, process complexity, and reagent consumption. Energy use
and precursor production are identified as the major contributors to environmental
impacts, highlighting the importance of process simplicity and energy-efficient

conditions.

Second, a facile and environmentally benign hydrothermal synthesis strategy is
developed to produce brightly fluorescent CDs from a range of organic waste materials.
By combining waste-derived precursors with citric acid and ethylenediamine, consistent
nitrogen doping and surface passivation are achieved, enabling fluorescence quantum
yields (QYr.) exceeding 20% while maintaining mild reaction conditions. This work
demonstrates that waste valorization and high optical performance can be
simultaneously achieved through rational precursor selection and simplified synthesis

procedures.

Finally, the role of sulfur-containing precursors in nitrogen- and nitrogen/sulfur-

modified CDs is systematically investigated. The results reveal that fluorescence
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modulation is primarily governed by surface oxidation effects rather than direct sulfur
doping, providing new insights into the mechanisms controlling CDs photoluminescence

and clarifying the influence of heteroatom-related synthesis parameters.

Overall, this thesis establishes an integrated framework for the sustainable
design of CDs, demonstrating that environmental responsibility, process simplicity, and
high luminescent performance can be jointly addressed. The findings contribute to the
rational development of CDs as sustainable luminescent materials and provide a solid
foundation for their future implementation in white light-emitting and related photonic

technologies.

Keywords: Carbon Dots, sustainable nanomaterials, fluorescence quantum yield, Life
Cycle Assessment, green synthesis, waste valorization, photoluminescence, surface

chemistry, energy efficiency, white light-emitting technologies
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Structure of the Thesis

This thesis is organized into three main sections: an introductory section, the
body of the work, and a final section dedicated to conclusions and future perspectives.
The core chapters of the thesis are structured around scientific articles published in peer-

reviewed international journals.

Chapter 1 presents a comprehensive overview of the challenges associated with
environmental sustainability in the context of the lighting sector and Carbon Dots (CDs).
It addresses global climate change and the reduction of greenhouse gas (GHG)
emissions within European climate and energy policy frameworks, emphasizing energy
efficiency and renewable energy integration. The lighting sector is discussed with a focus
on energy-efficient technologies, particularly light-emitting diodes (LEDs), their operating
principles, and the limitations of conventional white LEDs based on blue chips and rare-
earth phosphors, motivating alternative UV-LED-based approaches. Carbon dots (CDs)
are then introduced as emerging sustainable nanomaterials, highlighting their key
properties, bottom-up synthesis strategies, and the relevance of renewable and waste-
derived carbon sources. The chapter also presents life cycle assessment (LCA) as a

central tool for the environmental evaluation of nanomaterial synthesis.

The second section of the thesis comprises three chapters addressing different
but complementary aspects of CDs development. Chapter 2 focuses on the LCA of
bottom-up synthesis routes for CDs, presenting a comparative evaluation of conventional
and high-yield approaches. This chapter identifies the main environmental hotspots and
the key parameters governing the overall sustainability of CDs production. Chapter 3
addresses the development of green and facile synthesis strategies for CDs using waste-
derived carbon precursors, with emphasis on precursor selection and the development
of simple, energy-efficient, and environmentally benign routes for highly fluorescent CDs.
Chapter 4 investigates the influence of sulfur-containing precursors on the structural and
photophysical properties of N,S-doped CDs, contributing to a deeper understanding of

heteroatom doping strategies and structure-property relationships.

The final section of the thesis summarizes the main conclusions drawn from the
work developed, highlighting the principal scientific contributions of this research and
outlining perspectives for future studies. In addition, the appendices include relevant
works developed in collaboration with other researchers that complement and extend the

core themes addressed in the thesis.
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1. Introduction

1.1. Sustainability: Historical origins and conceptual framework

Industrialization in the eighteenth century marked a profound shift in the
relationship between human societies and the natural environment, intensifying resource
exploitation and environmental degradation. These transformations gradually prompted
growing concern over the long-term consequences of human activities on natural
systems. This awareness culminated in the United Nations Conference on the Human
Environment, held in Stockholm from June 5 to 16, 1972, which led to the adoption of
the Stockholm Declaration. Comprising 26 principles, the Declaration articulated a
shared responsibility to protect and improve the human environment. Although it did not
explicitly employ the term sustainable development, its emphasis on safeguarding the
environment for present and future generations introduced the principle of
intergenerational responsibility, thereby laying the conceptual foundations of

sustainability.

Over the subsequent decades, sustainability has emerged as a central paradigm
across scientific, political, and industrial domains, responding to the interconnected
challenges of environmental degradation, social inequality, and economic growth. As a
result, it has become a foundational framework underpinning contemporary discourse on
environmental policy, development planning, and scientific research. The concept was
formally articulated in the Brundtland Report [1], which defined sustainable development
as “development that meets the needs of the present without compromising the ability of

future generations to meet their own needs.”

Since then, sustainability has evolved into a multidimensional framework
encompassing three interrelated and mutually reinforcing pillars (Figure 1):
environmental integrity, social equity, and economic viability [2]. While this
representation is widely used to illustrate the multidimensional nature of sustainability, it
should be understood as a conceptual heuristic rather than a prescriptive model, as
interactions and trade-offs among dimensions are context-dependent. These pillars
function not only as normative guiding principles but also as analytical criteria for
evaluating the long-term impacts of human activities on natural and social systems. The
environmental dimension emphasizes the preservation of ecosystems, biodiversity, and
the Earth’s life-supporting functions through responsible resource use and pollution
reduction [3]. The social dimension focuses on equity, justice, and human well-being,

including access to basic services, human rights, and the protection of cultural integrity
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[4]. The economic dimension seeks to balance growth with efficiency and long-term

resilience, promoting productive systems that are both regenerative and inclusive [5].

Sustainability

Social equity
Environmental
integrity
Economic
viability

Figure 1. Conceptual representation of the three interrelated pillars of sustainability: environmental integrity, social equity,
and economic viability. The model illustrates sustainability as a framework dependent on the balanced integration of these
dimensions. Adapted from Purvis et al., 2018 [2].

The urgency of integrating these dimensions has intensified in the context of
accelerating environmental degradation, particularly climate change. Anthropogenic
increases in greenhouse gas (GHG) emissions have disrupted the Earth’s climate
system, resulting in rising global temperatures, altered precipitation patterns, and an
increased frequency and intensity of extreme weather events [6]. These changes pose
significant risks not only to ecological stability but also to social and economic systems,

disproportionately affecting vulnerable populations and regions [7].

In response to these challenges, sustainability has increasingly been translated
into global policy frameworks aimed at operationalizing its principles. A major milestone
in this process was the adoption of the United Nations 2030 Agenda for Sustainable
Development, which established 17 Sustainable Development Goals (SDGs) as an
integrated and universal roadmap for addressing environmental, social, and economic
challenges [8]. The SDGs reflect the interdependent nature of sustainability objectives,
providing a policy-oriented mechanism through which abstract principles are transformed

into measurable targets and actions across multiple governance levels [9].

Despite its widespread adoption, sustainability remains a concept characterized
by normative and conceptual ambiguity. It functions simultaneously as an analytical
framework for understanding human-environment interactions and as a normative vision

that articulates societal values and long-term development goals [10]. While normative
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interpretations emphasize ethical considerations such as intergenerational justice and
social equity, operational approaches seek to translate sustainability into indicators,
assessment tools, and decision-making frameworks capable of guiding policy and

practice [11].

The operationalization of sustainability is further complicated by the need to
address multiple spatial and temporal scales. Sustainability challenges manifest
differently at global, national, regional, and local scale, often involving trade-offs between
short-term gains and long-term consequences [12]. Actions taken at one level may
generate unintended effects at another, underscoring the importance of multi-level
governance and systems-based approaches that account for cross-scale interactions

and cumulative impacts [13].

Moreover, the integration of environmental, social, and economic objectives
inherently involves tensions and trade-offs. Efforts to promote economic growth may
conflict with environmental protection, while conservation measures can generate social
or economic costs if not carefully designed [14]. Addressing these trade-offs requires
governance frameworks capable of managing uncertainty, balancing competing
objectives, and fostering inclusive and transparent decision-making processes [15].
Rather than seeking to eliminate trade-offs entirely, contemporary sustainability research
emphasizes the importance of making them explicit and subject to deliberation, thereby

enabling more informed, equitable, and resilient development pathways [16].

Thus, sustainability constitutes both an ethical imperative grounded in
intergenerational responsibility and a practical framework for addressing the climate
crisis. By integrating environmental limits with social needs and economic strategies,
sustainability-oriented approaches enable the mitigation of GHG emissions, the
enhancement of socio-ecological resilience, and the pursuit of development pathways

that are viable, equitable, and consistent with the Earth’s biophysical boundaries.

1.2. Climate change: Drivers, GHG emissions and sectorial

contributions

This section introduces the scientific basis of climate change by synthesizing
observational evidence, underlying physical mechanisms, and recent global, regional,
and national GHG emission trends. The discussion is structured around four
complementary perspectives: (1.2.1.) evidence of ongoing climate change, (1.2.2.) its
primary causes and physical mechanisms, (1.2.3.) global and regional GHG emissions

trends, providing a coherent framework for subsequent analysis of mitigation strategies,
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and (1.2.4.) the policy context and the dominant role of the energy sector in shaping

mitigation priorities.

1.2.1. Evidence of climate change

In the last decades, the Earth has experienced increasingly frequent and severe
environmental disruptions, including rising sea levels, prolonged droughts, glacier
retreat, and a growing incidence of extreme weather events. These phenomena are not
isolated anomalies but indicators of a systemic shift in the global climate, which scientific
consensus attributes primarily to anthropogenic activities since the Industrial Revolution,
including fossil fuel combustion, deforestation, and rapid industrialization. In fact, the
Industrial Revolution period was marked by rapid industrialization, population growth,
and widespread deforestation, profoundly altering the chemical composition of the

atmosphere and intensifying the Earth’s natural greenhouse effect.

Observable impacts of climate change are already widespread. Global Mean Sea
Level (GSML) rose by approximately 17 cm over the last 100 years (1920-2020) due to
thermal expansion of warming oceans and accelerated melting of mountain glaciers and
polar ice sheets, thereby increasing risks of coastal erosion, saltwater intrusion, and
flooding [17-19]. At the same time, subtropical and Mediterranean regions have
experienced longer and more intense droughts, as rising temperatures enhance
evapotranspiration and modify precipitation patterns linked to oceanic circulation
changes [20-22]. Glaciers worldwide are retreating at unprecedented rates. The
Himalayas are a good example of this argument as it faces, ice mass losses of up to
25% over the past 30 years threatening freshwater availability for nearly two billion
people downstream [23, 24]. These trends are compounded by the increasing frequency
and intensity of extreme weather events, including more powerful hurricanes, record-
breaking heatwaves, and heavy precipitation, fueled by warmer sea surfaces and greater

atmospheric moisture content [21].

According to the Article 1 of the United Nations Framework Convention on
Climate Change (UNFCCC) in 1992, Climate Change is “a change of climate which is
attributed directly or indirectly to human activity that alters the composition of the global
atmosphere, and which is in addition to natural climate variability observed over
comparable time periods”. Similarly, the Intergovernmental Panel on Climate Change
(IPCC) describes Climate Change as a long-term alteration in the state of the climate,
typically persisting for decades or longer, caused by natural variability or human

influences that modifies the composition of the atmosphere [17].
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1.2.2. Causes and mechanisms

Climate change is primarily driven by the intensification of greenhouse effect due
to elevated concentrations of greenhouse gases in the atmosphere. Greenhouse effect
is a natural mechanism in which GHG such as carbon dioxide (COz), methane (CHa),
nitrous oxide (N2O) and water vapor due to their molecular structures can absorb and re-
emit infrared radiation, maintaining Earth’s surface temperature of circa 30°C warmer
than it would be in their absence [25, 26]. However, since the mid-eighteenth century,
large-scale combustion of fossil fuels, intensive agriculture, and deforestation to support
human development have substantially amplified the greenhouse effect, creating an
energy imbalance that drives global warming and associated climatic disruptions.
Therefore, the enhancement of the greenhouse effect by anthropogenic greenhouse gas

emissions is the principal driver of contemporary climate change.

Since the pre-industrial era, anthropogenic greenhouse gas emissions have
markedly altered atmospheric composition with the increase of CO, from the combustion
of coal, oil and natural gas, CH4 from agricultural activities and fossil-fuel extraction, and
N2O from synthetic fertilizer application and industrial processes. Atmospheric
concentrations of these GHGs have increased (Figure 2) from roughly 278.3 ppm (pre-
industrial concentrations in 1750) to 420+0.1 ppm of CO; (a rise of 151%), 729.2 ppb to
1934+2 ppb (a 265% rise) of CH4 and 270.1 ppb to 336.9+0.1 ppb (a 125% rise) of N2O
[21]. These elevated GHGs levels have driven an increase in Global Mean Surface
Temperature (GMST) relative to pre-industrial levels, particularly in the period between
2011 to 2020 GMST was 1.09 (0.95 to 1.20)°C higher than 1850-1900 (period used as

representative for pre-industrial conditions) [17].
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Figure 2. Annual mean globally averaged atmospheric mole fraction of CO,, CHs4, and N,O from 1984 to 2024. Data from
World Data Centre for Greenhouse Gases (current state of GHGs) [27].

These warming trends are further amplified by several key climate feedback
mechanisms. In fact, diminishing snow and ice cover reduces Earth’s surface albedo,
thereby enhancing solar radiation absorption and accelerating warming [17]. On the
other hand, thawing permafrost in high-latitude regions releases previously sequestered
CH4 and COo, reinforcing GHGs load [17]. Adding to these, changes in anthropogenic
land use such as large-scale deforestation and conversion of natural ecosystems to
agricultural or urban land, degrade terrestrial carbon sinks and further exacerbate

atmospheric GHGs accumulation [17, 22].

Despite natural processes contribute to the atmospheric GHGs load, such as
volcanic degassing that releases about 0.13 Gt CO, yr™' [28], and wetland biogenic
emissions amount to roughly 200-300 Tg CHs yr™' [29], their magnitude is minor

compared to anthropogenic emissions.

It is also important to recognize that the natural greenhouse effect has been
essential for maintaining habitable conditions on Earth over geological timescales, for
example by trapping sufficient heat to sustain liquid water at the planet’s surface. In
addition, elevated atmospheric CO, concentrations can enhance plant photosynthesis
and water-use efficiency, a phenomenon commonly referred to as the CO; fertilization

effect.
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Satellite observations combined with model analyses have revealed a persistent
increase in global vegetation “greenness” detected as increases in leaf area index (LAI)
across approximately 25-50% of the world’s vegetated land surface. This trend has been
largely attributed to rising atmospheric CO; concentrations, with CO; fertilization
accounting for the dominant fraction (=70%) of the observed greening during the period
between 1980-2009 [30]. Elevated CO, concentrations also appear to increase forest
water-use efficiency by reducing stomatal conductance relative to carbon uptake,
consistent with fertilization responses reported in long-term ecosystem and tree-ring

measurements [31].

However, the magnitude and persistence of the CO: fertilization effect are
strongly constrained by nutrient availability (particularly, nitrogen and phosphorus), as
well as by water stress and rising temperatures. As a result, this effect does not offset
the broader ecological, climatic, and socio-economic risks associated with anthropogenic
climate change. Observational and experimental evidence indicates that, although
elevated CO; can stimulate plant productivity under certain conditions, the capacity of
terrestrial ecosystems to function as a sustained net carbon sink depends on multiple
interacting drivers. Consequently, any benefits associated with enhanced plant growth
do not negate the adverse impacts of warming, increasing drought frequency, extreme

climate events, and ongoing ecosystem degradation [32].

1.2.3. Global and regional GHG trends

According to the Emissions Database for Global Atmospheric Research
(EDGAR), global GHG emissions reached 53.2 Gt COg2¢q in 2024, excluding Land Use,
Land Use Change and Forestry (LULUCF), representing a 1.3% increase relative to
2023 [33]. In 2024 (Figure 3), the majority of global GHG emissions were dominated by
fossil CO2, representing 74.5% of total emissions, while CH4 contributed to 17.9% of the
total, N2O to 4.8% and fluorinated gases to 2.8% [33].

Glabal GHG emissions in 2024 LU27 GHG emissions in 2024 Portugal GHG emissions in 2024

Figure 3. GHG emissions, comprising CO,, CH., N,O, and Fluorinated gas (F-gas) in 2024, from a global, European
Union with 27 Member States (EU27), and Portugal perspective.
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According to the trend of global GHG emissions from EDGAR, between 1990 and
2024, fossil CO2 rose by 75% (from 22.7 to 39.6 Gt CO2eq), CH4 by 30% (from 7.3 to 9.5
Gt CO2q) and N2O by 34.4% (from 1.9 to 2.5 Gt CO2q), While fluorinated gases
experienced the most pronounced increase, surging by 310.4% (from 0.37 to 1.51 Gt
COgz¢q). Over the same period, sectoral emissions evolved markedly with power industry
increased by 104%, industrial combustion and processes by 93%, transport by 79%, fuel
exploitation by 52%, waste by 46% and agriculture by 25%, while emissions from
buildings declined by 4% (Figure 4).

On the other hand, the European Union with 27 Member States (EU27) recorded
total GHG emissions of 3.2 Gt CO2q in 2024, reflecting a 1.8% decline from 2023 and a
sustained downward trend since 1990. In 2024, CO- accounted for 77.8% of total EU27
emissions, CHs 13.5%, N2O 6.5%, and fluorinated gases 2.2% (Figure 3). Over the
period 1990-2024, GHG emissions in EU27 have followed a steady downward trajectory
over the past three decades with fossil CO, decreasing by 35.3% (from 3.8 to 2.5 Gt
CO2¢q), CH4 by 38.3% (from 0.69 to 0.43 Gt CO2eq) and N2O by 34.6% (from 0.31 to 0.21
Gt COaeq), Whereas fluorinated gas emissions rose by 35.3% (from 0.05 to 0.07 Gt
CO2¢). Sectoral GHGs emissions in the EU27 between 1990 and 2024 declined several
sectors, such as in power industry (55%), industrial combustion and processes (42%),
buildings (39%), fuel exploitation (46%), agriculture (28%) and waste (31%), while
transport increased by 21% (Figure 4).

Portugal’s total GHGs emissions were 5.3 Gt CO2¢q in 2024, in which fossil CO-
accounted for 66.9% of the national total, CH4 for 21.4%, N.O for 5.4% and fluorinated
gases for 6.3% (Figure 3). Compared with GHGs emissions reported for the EU27 in
2024, Portugal shows a relatively larger contribution from CH4 and fluorinated gases and
a smaller share from CO,. Portugal’s GHG emissions from 1990 to 2024 indicates a
decreasing in fossil CO2 by 18.9% (from 43.9 to 35.6 Mt COz2¢q) and N2O by 23.5% (from
3.8 to 2.9 Mt CO2q), although the increase in CHs4 by 14.4% (from 9.97 to 11.40 Mt
CO2¢), and fluorinated gases by 10079.0% (from 0.03 to 3.32 Mt CO2¢q). Portugal GHGs
emissions trends between 1990-2024 shows an increased emissions rate in transport
(75%), fuel exploitation (55%) and waste (28%), while decreasing in the power industry,
industrial combustion and processes, agriculture and buildings by 69%, 15%, 14%, 9%,
respectively (Figure 4). Unlike the EU27, where fuel exploitation and waste GHGs
emissions decreased in the same period (1990-2024), these two sectors increased in

Portugal.
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Sectoral composition of CO2, CHs and N2O emissions in 2024 for the World, the
EU27 and Portugal (Figure 5), allows to highlight the dominant source sectors and their
implications for targeted mitigation strategies across global, regional and national scales.
Global CO; emissions in 2024 totaled 39.6 Gt CO2eq With the power industry (39.1%),
industrial combustion and processes (24.4%) and transport (21.0%) as the main
contributors. The EU27 totaled 2.5 Gt CO2e4, dominated by transport (31.8%), power
industry (23.9%) and industrial combustion and processes (20.8%). Portugal’s CO- total
was 35.6 Mt COazeq, With transport accounting for 48.0%, industrial combustion and
processes 23.5% and power industry 13.0%. These sectoral patterns indicate that
decarbonization of electricity generation and abatement in transport and industry are the
highest-impact priorities at global and EU scales, while Portugal’s mitigation potential is
concentrated in the transport and industrial sectors. Global CH4 in 2024 totaled 9.5 Gt
COgeq, primarily from agriculture (45.4%) and fuel exploitation (33.9%), with waste
contributing 17.3%. EU27 CH4 emissions totaled 0.43 Gt CO2eq, dominated by agriculture
(54.9%) and waste (27.3%). Portugal’'s CH4 total was 11.4 Mt COa2eq, nearly evenly split
between waste (44.8%) and agriculture (43.2%), with fuel exploitation at 8.4%. These
results point to agricultural management and upstream methane controls in fossil-fuel
systems as primary mitigation pathways, with waste-sector measures also important at
national and regional scales. Global N2O in 2024 totaled 2.5 Gt CO.¢q, With agriculture
contributing 69.8% and industrial combustion and processes 12.0%. EU27 N.O
emissions totaled 0.21 Gt COz¢q, With agriculture at 67.3% and industrial combustion and
processes 16.7%. Portugal’s N2O total was 2.9 Mt CO.q, dominated by agriculture
(63.2%), followed by industrial combustion and processes (15.4%) and waste (9.5%).
Agricultural nitrogen management emerges as the clear priority for NoO abatement
across all regions, complemented by sector-specific industrial measures and improved

waste handling.
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Figure 5. CO,, CH,, and N,O emissions by sector in 2024 from a global, EU27, and Portugal perspective.
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1.2.4. Policy context and energy sector dominance

Limiting global warming to 1.5°C demands rapid and deep reductions in
anthropogenic GHG emissions in order to avoid escalating risks to ecosystems, human
health and economic stability. In response to this challenge, governments have
progressively established international climate policies and legally binding frameworks
aimed at mitigating climate change. The Kyoto Protocol (1997) represented the first
international agreement to set binding emission reduction targets for developed
countries, laying the foundation for subsequent global climate governance. This effort
was significantly strengthened by the Paris Agreement (2015), under which 196 Parties
committed to holding the increase in global average temperature below 2°C above pre-
industrial levels, while pursuing efforts to limit warming to 1.5°C through nationally

determined contributions (NDCs).

At the European level, the European Climate Law (Regulation EU 2021/1119)
legally binds the European Union to achieve climate neutrality by 2050 and establishes
a binding target of at least a 55% net reduction in GHG emissions by 2030 compared to
1990 levels. These objectives are supported by a comprehensive policy framework,
notably the EU Emissions Trading System (EU ETS; Directive 2003/87/EC), which caps
emissions from power generation and energy-intensive industries through a market-
based mechanism design to promote cost-effective decarbonization. The
implementation of these instruments has contributed to a sustained decline in europe

GHG emissions over the past three decades, as previously illustrated (Figure 4).

A comparison of sectoral GHG emission shares in 2024 (Figure 6) reveals
marked differences between global and European emission profiles. Globally, emissions
are dominated by the power industry (29.3%) and industrial combustion and processes
(21.6%), highlighting electricity decarbonization and industrial efficiency as the highest-
impact mitigation priorities. In contrast, Europe shows a comparatively larger contribution
from transport (EU27: 25.0%; Portugal: 32.4%), alongside significant emissions from
industrial combustions and processes (EU27: 19.5%; Portugal: 22.9%). These
differences suggests that mitigation strategies policies should focus on transport
electrification, modal shift, freight efficiency and vehicle fleet renewal, complemented by
industrial process electrification and heat efficiency to achieve major national and

regional reductions.

12



FCUP | 13
Organic Waste into Multicolor Carbon Quantum Dots (CQDs) for use in Energy Efficient White LEDs
(WLEDs)

WM U4 by wecter LETP 204 by b Purtagel 0L by vites

a0

sooRmon
I BTl

acos

Figure 6. Sectorial GHG emissions in 2024 from a global, EU27, and Portugal perspective.

EDGAR (database used for GHG emissions) developed by the European
Commission’s Joint Research Centre, follows the methodological and sectoral
framework of the Intergovernmental Panel on Climate Change (IPCC) for greenhouse
gas inventories. This database, as we saw previously, reports activity-based sectors
such as power industry, fuel exploitation, transport, buildings, industrial combustion and
processes, agriculture, and waste, which correspond to the broader IPCC inventory
categories. Within the IPCC framework , the “Energy sector” encompasses all emissions
from fuel combustion (across power generation, transport, buildings, and industry)
together with fugitive emissions from fuel extraction, processing, and distribution [6, 17,
19].

To quantify the contribution of energy-related activities to total GHG emissions
using the EDGAR database, it is necessary to aggregate the categories power industry,
fuel exploitation, transport, buildings, and industrial combustion. Collectively, these
sectors encompass emissions arising from fuel combustion and fugitive processes,
corresponding to the energy sector as defined in the IPCC greenhouse gas inventory
framework. This aggregation approach enables a consistent and comprehensive
estimation of energy-related GHG emissions, ensuring methodological coherence
between EDGAR and IPCC datasets and providing a robust analytical basis for cross-
scale comparisons of global, regional, and national emission profiles [6, 33]. Based on
this methodological alignment, the energy sector emerges as by far the dominant source
of anthropogenic GHG emissions worldwide, reflecting the pervasive role of fossil-fuel
combustion and related processes in powering modern economies and driving climate
change. The IPCC'’s integrated accounting of direct combustion and fugitive emissions
thus provides a holistic perspective on the climate impact of energy production and use,

underpinning both global and regional mitigation assessments.

Based on this harmonized approach, the energy sector emerges as the dominant
source of anthropogenic GHG emissions worldwide. In 2024, energy-related activities
accounted for approximately 75.5% of global emissions, 74.6% in the EU27, and 63.0%

in Portugal, as estimated from EDGAR data reported in million tonnes of CO; equivalent.
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These clearly underscore the central role of energy system transformation in achieving

climate mitigation targets.

Consequently, the targeted deployment of proven, high-efficiency technologies
offers substantial potential for reducing emissions across the dominant sectors. In the
power sector, priority actions include the expansion of renewable energy generation,
enhanced grid flexibility, and energy storage deployment. In industry, key measures
comprise process electrification, high-efficiency heat pumps, waste-heat recovery, and
material-efficiency strategies. In transport, accelerated vehicle electrification, expansion
of public transport systems, and optimization of freight logistics are essential. Across all
sectors, the large-scale adoption of high-efficiency lighting technologies, such as light-
emitting diodes (LEDs) combined with smart control systems, can deliver immediate and

cost-effective emission reductions.

1.3. Energy sector, energy mix and efficiency: the role of sustainable
lighting

1.3.1. Energy consumption, sustainability and the role of lighting

Sustainability has become one of the most critical global challenges of the twenty-
first century, demanding decisive action across all areas of human activity [34]. As the
primary consumers and polluters of the planet, societies must rethink how energy is
produced, managed, and consumed to ensure a responsible and resilient future [35, 36].
Sustainability considerations now extend across multiple sectors (residential [37, 38],
commercial [39], industrial [40, 41], transportation [42], education [43], and leisure [44]),
and all of which require strategies to reduce overall energy use [45] and to promote
environmentally responsible design and resource management [46]. However, given that
a substantial portion of global energy consumption still relies on fossil resources [47],
strengthening the role of renewable energy systems remains essential for mitigating
environmental impacts [48]. In this context, examining the energy sector, its evolving
energy mix, and the increasing importance of energy efficiency is fundamental to

advancing sustainability and achieving long-term climate goals.

As we approach in 2024, the battle against climate change continues to intensify,
with reducing GHG emissions taking center stage across all sectors of the global
economy. According to the International Energy Agency [49], the energy sector remains
the dominant source of anthropogenic emissions, responsible for around 73% of total

global GHG emissions. Within this sector, the lighting industry has become a focal point
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for efforts to reduce energy consumption and associated emissions, particularly due to

its high demand for electricity.

Lighting accounts for an estimated 19% of global electricity consumption [50-52],
making it a main area for improving efficiency. With increasing urbanization and the
growing demand for artificial lighting, reducing the carbon footprint of lighting systems
has become critical. Fortunately, advancements in lighting technologies, particularly in
energy-efficient lighting and renewable energy integration, present substantial
opportunities to mitigate emissions. The widespread adoption of more efficient lighting
solutions, coupled with a transition to renewable energy sources, has the potential to

transform the sector.

1.3.2. Evolution of lighting technologies and energy efficiency

In recent years, the lighting industry has undergone a transformation with the
widespread adoption of energy-efficient lighting technologies. Among the key
innovations are Light Emitting Diodes (LEDs), Compact Fluorescent Lamps (CFLs), and
High-Efficiency Halogen Lamps. Each of these technologies has contributed to reducing
energy consumption and emissions compared to traditional incandescent and

fluorescent lighting.

Thus, the lighting sector faces both challenges and opportunities in achieving
greater energy efficiency and emissions reductions. The shift from traditional lighting
technologies to more energy-efficient alternatives, such as LEDs, combined with the
integration of renewable energy sources, has the potential to significantly transform how
we consume energy and contribute to emissions. The evolution of lighting technologies

over the decades has played a key role in this transition.

The development of lightbulbs and lighting technologies extends over more than
a century, with successive innovations not only improving energy efficiency but also
changing the way cities and industries consume electricity. From the invention of the
incandescent bulb to the introduction of fluorescent lamps and the more recent rise of
LEDs (Table 1), each major technological advancement has contributed to reducing

energy consumption and, by extension, GHG emissions.
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Light Sources Luminous Efficacy (Im/W) Lifetime (h)
Incandescent Lamp (IL) 5-20 ~1,000
Halogen Lamp (HL) 15-25 2,000-4,000
Compact Fluorescent Lamp (CFL) 50-70 8000-15,000
Fluorescent Lamp (FL) 60-100 10,000-20,000
Light Emitting Diodes (LEDs) 120-220 25,000-50,000

Table 1. Typical performance ranges of major lighting technologies in terms of luminous efficacy and operational lifetime.
Values represent approximate ranges reported in the literature and may vary depending on lamp design, operating
conditions, and technological generation [53-57].

The incandescent lamp (IL), invented by Thomas Edison in 1879, represented
the first mass-accessible widely adopted form of electric lighting [58]. Its operation is
based on resistive heating of a tungsten filament to incandescence, producing
electromagnetic radiation of which only a small fraction lies within the visible spectrum
[58, 59]. Classical studies in lighting engineering demonstrate that less than 10% of the
electrical energy consumed by incandescent lamps is converted into visible light, with
the remainder (90%) dissipated as heat due to the predominantly infrared emission of
the filament [59, 60]. As a consequence, incandescent lamps exhibit low luminous
efficacy, commonly 5 to 20 lumens per watt (Im/W), and a limited operational lifetime of
approximately 1,000 hours, making them less sustainable compared to modern
alternatives [57, 61].

The pursuit of improved energy efficiency led to the development and
commercialization of fluorescent lamps (FL) in the early 20th century (1930) as a major
advancement over incandescent lighting technology [59, 62]. These lamps operate
through an electric discharge in low-pressure mercury (Hg) vapor inside the bulb, which
emits ultraviolet (UV) radiation that is subsequently converted into visible light by a
phosphor coating on the inner surface of the lamp [53]. Compared with incandescent
lamps, fluorescent lamps achieve significantly higher luminous efficacies, typically
ranging from 50 to over 100 Im/W, enabling substantial reductions in electricity
consumption for equivalent light output [63]. In addition, fluorescent lamps offer
significantly longer operational lifetimes (up to 10 times longer) than IL, typically ranging
from 8,000 to 20,000 hours, while also consume approximately 65% less energy for the
same luminous output [53, 64]. Nevertheless, the presence of Hg within the lamp
remains a significant environmental concern, as Hg can be released if lamps are broken
or improperly disposed of, posing ecological and health risks and requiring careful end-

of-life management [65, 66].
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In the 1950s, halogen lamps (HL) were introduced as an improved variant of
conventional incandescent technology, incorporating halogen gases such as iodine or
bromine to initiate a regenerative cycle that reduces filament evaporation and extends
service life [53, 67]. Despite modest gains in efficacy compared to traditional
incandescent bulbs, halogen technology still suffers substantial thermal losses and does

not approach the energy efficiency of discharge or solid-state sources [53].

By the 1990s, compact fluorescent lamps (CFLs) became widely adopted as an
energy-efficient alternative to incandescent bulbs, which apply the same operating
principles as linear fluorescent lamps in a compact form factor suitable for residential
and commercial lighting. CFLs consume significantly less energy (=75% savings) and
deliver substantially longer lifetimes compared to incandescent sources, although their
mercury content poses challenges for safe handling, disposal, and recycling [53, 68].
Despite their energy advantages over incandescent and halogen lamps, CFLs still have

lower efficacy and performance limitations relative to emerging technologies.

1.3.3. Solid-state lighting and the rise of LEDs

Lighting is a fundamental component of modern society, with a direct impact on
global energy consumption, environmental sustainability, and quality of life. As referred,
conventional lighting technologies (including IL, FL, CFL, and HL) have historically
dominated illumination applications. Nevertheless, these technologies are intrinsically
limited by low energy conversion efficiency, significant thermal losses, reduced
operational lifetime, and, in the case of discharge-based lamps, the presence of
environmentally hazardous materials such as mercury [54, 69, 70]. Consequently, a
considerable fraction of the electrical energy consumed by these light sources is

dissipated as heat rather than converted into useful visible radiation.

To overcome these limitations, solid-state lighting (SSL) has emerged as a
disruptive lighting paradigm. In SSL devices, electrical carriers are injected into
semiconductor materials in the solid phase, where radiative recombination directly
generates photons, eliminating the inefficiencies associated with thermal radiation and
gas discharge mechanisms [71, 72]. This approach enables substantially higher
efficiency, improved reliability, compact device architectures, and precise optical control.
Among SSL technologies, LEDs have become the most mature and widely adopted

solution [73].

Early generations of LEDs were inherently monochromatic, emitting narrow
spectral bands in colors such as red, yellow, and green, which limited their applications

primarily to indicator lights and signaling devices [72-75]. Subsequent advances in
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semiconductor materials, epitaxial growth, and device engineering (particularly, the
development of efficient blue and ultraviolet LEDs) enabled the realization of multi-color
and white-light emission [70, 74]. White LEDs are typically achieved either by combining
multiple monochromatic emitters or, more commonly, by using blue LEDs coupled with

wavelength-converting phosphor materials that produce broadband visible spectra.

Modern LEDs are semiconductor optoelectronic devices that convert electrical
energy directly into light through radiative electron-hole recombination under forward
bias [70, 74, 76-78]. The emission wavelength is fundamentally determined by the
bandgap energy of the semiconductor, allowing intrinsic color tunability without external
filters. Compared with conventional lighting technologies (IL, FL, CFL, and HL), LEDs
offer superior luminous efficacy (exceeding 200 Im/W), long operational lifetimes often
exceeding 25,000-50,000 hours, low operating voltage, fast switching speeds, high
mechanical robustness, and excellent dimming capability [53-56, 74]. In addition, LEDs
provide high color rendering index values, a wide range of correlated color temperatures,

and compatibility with digital control and wireless communication systems [54, 70].

From an environmental and regulatory perspective, LEDs are mercury-free, emit
negligible ultraviolet radiation, and comply with international environmental standards
such as Restriction of Hazardous Substances (RoHS) directives, making them a
sustainable alternative to legacy lighting technologies [54, 74]. As a result of these
advantages, inefficient lighting sources have been progressively phased out in many

regions, accelerating the global transition toward LED-based illumination.

1.3.4. Fundamentals of LEDs operation

Given the central role of LEDs in contemporary solid-state lighting and their
evolution from monochromatic emitters to multi-color and white-light sources, a detailed
understanding of their operating principles is essential. The following section therefore
presents the fundamental mechanisms governing LEDs operation, including carrier

injection, radiative recombination, and light generation processes.

An LED’s light generation is governed by the physics of a semiconductor p—n
junction, as observed in Figure 7 [79-81]. An LED consists of p-type and n-type
semiconductor regions brought into intimate contact, forming a junction that enables
controlled carrier injection and radiative recombination. The n-type region is doped with
donor impurities such as phosphorus or arsenic, which supply excess electrons as
majority carriers. Conversely, the p-type region is doped with acceptor atoms such as
boron or gallium, creating vacant electronic states known as holes [79, 80]. At the

interface between the p-type and n-type regions, electrons diffuse from the n-side into
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the p-side and recombine with holes. This diffusion leaves behind fixed ionized donor
and acceptor atoms, forming a depletion region devoid of free carriers. The resulting
spatial charge separation generates an internal electric field and a built-in potential that
inhibits further carrier diffusion under equilibrium conditions [79, 80]. When a forward
bias voltage is applied across the junction, the built-in potential barrier is reduced and
the depletion region narrows, allowing electrons and holes to be injected into the active
region. In direct-bandgap semiconductor materials commonly used in LEDs, such as
gallium nitride (GaN), indium gallium nitride (InGaN), and aluminum gallium indium
phosphide (AlGalnP), these carriers recombine radiatively. During this recombination
process, the energy difference between the conduction band and the valence band is

released in the form of photons [81-83].

p-type - n-type

Hole-=-===~-- 4 bcceee=- Electron

-

Figure 7. Schematic representation of physics of a semiconductor p—n junction to generate LED’s light.

The emission wavelength of a LED is fundamentally determined by the bandgap
energy of the semiconductor material forming the active region [79, 81, 82]. LEDs are
commonly fabricated using IlI-V compound semiconductors, whose direct bandgap
enables efficient radiative recombination. Materials such as gallium arsenide (GaAs),
gallium phosphide (GaP), GaN, InGaN, and AlGalnP are widely employed to cover
emission wavelengths ranging from the infrared to the visible spectrum, e.g. GaAs for
infrared (~870 nm), GaP for green (~555 nm), and InGaN for blue (~450 nm) [79-82].

The relationship between the bandgap energy (Eg) and the emitted photon
wavelength (A) is given by
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Ephoton = Eg =hv=—

where h is Planck’s constant, c is the speed of light in vacuum, and v is the photon
frequency [79, 82]. This equation illustrates that materials with larger bandgap energies
emit higher-energy (shorter-wavelength) photons, corresponding to blue or ultraviolet

light, whereas materials with smaller bandgaps emit lower-energy (longer-wavelength)
photons in the red or infrared region.

1.3.5. White Light-Emitting Diodes (WLEDs)

While conventional LEDs emit light at a single wavelength determined by the
semiconductor bandgap, their inherent monochromatic emission limits their use for
general illumination. To overcome this, white light-emitting diodes (WLEDs) were
developed (Figure 8), either through spectral conversion using phosphor layers or by
optically mixing multiple LED colors, enabling broad-spectrum, energy-efficient lighting
suitable for residential, commercial, and industrial applications or by UV or near-UV
(NUV) LEDs to pump multiple phosphors [73, 79, 81, 84, 85].

Rl w4 Red LED chip
Green LED chip

it Blue LED chip

Blue LED chip Multi-LED-chip approach UV/NUV LED chip
+

phosphors

+
phosphors combination

Figure 8. Schematic representation of WLED architecture: three dominant ways.

Phosphor-converted WLEDs are the most widespread method, in which a blue
or near-ultraviolet LED chip excites luminescent materials that down-convert part of the
emitted energy into longer wavelengths [73]. The phosphor absorbs part of the blue
emission and re-emits at longer wavelengths (yellow to red), producing a mixture of
transmitted blue and converted yellow light perceived as white [86, 87]. Commercial
WLEDs typically use a blue InGaN LED coupled with cerium-doped yttrium aluminum

garnet (YAG:Ce®*") phosphor to achieve broadband output, with the correlated color

temperature (CCT) and color rendering index (CRI) tuned through phosphor

composition, layer thickness, or particle concentration [73, 81, 87]. In fact, manufacturers
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can tune the CCT across a range from cool white (~6500 K) to warm white (~2700 K)
[73, 88]. Despite its commercial dominance, phosphor conversion exhibits intrinsic
efficiency losses due to the Stokes shift and produces spectral peaks rather than a
continuous spectrum, which can limit color rendering [73, 86, 87]. Environmental
concerns also arise from the use of rare-earth elements such as cerium, whose

extraction and processing are energy-intensive [70].

A second approach (RGB mixed WLEDs) employs the RGB mixing, in which
discrete red, green, and blue LED chips are combined optically to produce white light by
combining multiple monochromatic emissions [85, 86]. This method allows independent
adjustment of each primary LED’s intensity, enabling dynamic CCT tuning and potentially
higher CRI compared with single-phosphor LEDs. However, these systems require more
complex driving electronics, precise optical alignment, and careful thermal management
to maintain color stability and uniform illumination [84-86]. RGB WLEDs are therefore
more commonly applied in displays, stage lighting, and specialized illumination, where

dynamic color control is critical.

A third strategy involves UV or near-ultraviolet LEDs pumping multiple phosphors,
each emitting at different visible wavelengths [73, 86, 87]. By combining emissions from
several phosphors, a more continuous white spectrum can be achieved with higher CRI
compared with single phosphor systems. This approach provides a compromise
between the simplicity of phosphor conversion and the spectral control of RGB mixing
[87, 89].

Emerging technologies, such as quantum dot conversion layers and hybrid
architectures, are also being investigated to further optimize white spectra, color quality,
and tunability [70, 89].

1.3.6. Environmental performance and life cycle impacts of LEDs

The widespread adoption of LEDs, including WLEDSs, has significantly mitigated
the environmental concerns associated with conventional lighting technologies. Owing
to their high luminous efficacy, long operational lifetimes, and absence of mercury, LEDs
significantly reduce electricity consumption and GHGs emissions compared with
incandescent and fluorescent lamps [84]. Life Cycle Assessments (LCA) studies
consistently demonstrate that the use phase dominates the overall environmental
footprint of LED lighting systems, as electricity consumption over tens of thousands of
operating hours remains the primary contributor to total impacts, particularly when

electricity is generated from fossil-based sources [90, 91]. The elimination of mercury
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further minimizes toxic waste during both use and disposal, representing a clear

advantage over fluorescent technologies [84, 92].

Despite these pronounced use-phase benefits, upstream (production) and
downstream (end-of-life) impacts remain significant. LEDs manufacturing and material
supply chains rely on a complex combination of critical and scarce elements, including
[1I-V semiconductors materials such as gallium (Ga), indium (In), arsenic (As), as well as
rare-earth elements (REEs) such as yttrium (Y), cerium (Ce), and europium (Eu), which
are widely used in phosphor-converted WLEDs [92]. Characterization studies of
end-of-life LEDs lamps confirm the presence of a broad range of valuable and potentially
hazardous elements, including Ce, Ga, Y, As, lead (Pb), silver (Ag), and gold (Au),
distributed across different device components, thereby posing environmental and health
risks if improperly managed [93]. The extraction and refining of these materials are
energy-intensive processes and may generate toxic by-products such as arsenic trioxide
and hydrofluoric acid, which can lead to soil and water contamination, particularly in
regions associated with REE mining and processing [94]. In addition, some REEs used
in LED phosphors are classified as critical raw materials, owing to supply risks and strong
geopolitical concentration of production [94]. Life-cycle impact-based assessments
further indicate that, for certain metals, LEDs may exhibit higher resource depletion and
toxicity potentials per unit mass than incandescent lamps, even when normalized over

their extended service lifetime [95].

Manufacturing-phase impacts are also non-negligible. Comparative LCA studies
examining the fabrication of WLEDs (including sapphire substrate production, epitaxial
growth, phosphor integration, and electronic packaging) show that although LEDs
outperform conventional lighting technologies in overall environmental performance,
material extraction and component manufacturing contribute a growing share of total
impacts as electricity grids progressively decarbonize [90, 91]. Under low-carbon
electricity scenarios, the relative importance of the production phase increases, shifting

the environmental burden upstream.

End-of-life management presents further challenges. As LED adoption continues
to grow, waste electrical and electronic equipment (WEEE) streams are becoming
enriched with LED components containing critical and precious materials. Detailed
compositional analyses highlight both the recycling potential and the technical
complexity associated with recovering rare earths and metals from spent LED lamps [93,
96]. Current recycling practices are constrained by the small size, material heterogeneity,

and strong encapsulation of LED components, which limit economic feasibility and result
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in low recovery rates, with a substantial fraction of materials still ending up in landfills or

incineration pathways [92, 93].

Overall, while LEDs and WLEDs represent a major advancement toward
sustainable lighting, future environmental improvements will depend increasingly on
material efficiency, circular design strategies, and advanced recycling technologies,
rather than further gains in operational efficiency alone. Integrating eco-design
principles, improving material recovery routes, and reducing dependence on critical raw
materials are therefore essential to fully realize the long-term sustainability potential of

solid-state lighting technologies [90, 94, 96].

Future sustainability improvements in solid-state lighting will depend less on
further gains in operational efficiency (which is already approaching fundamental limits)
and increasingly on materials recovery, green chemistry, spectral optimization, and
circular design strategies. While LEDs and WLEDs have drastically reduced energy
consumption and GHGs emissions compared with conventional lighting technologies,
emerging challenges related to spectral quality, material sustainability, and human health
impacts must be addressed to ensure long-term environmental sustainability in lighting

systems.

1.3.7. Addressing false white light in LEDs: spectral, biological, and visual
perspectives

A key concern associated with many phosphor-converted WLEDs is the
phenomenon commonly referred to as “false white light”. In blue-chip-based WLEDs,
white light is produced by combining a strong blue emission peak with a broad yellow
phosphor band rather than a continuous, sunlight-like spectrum. This spectral imbalance
can degrade color rendering and visual comfort and has raised concerns that extend

beyond aesthetics to include biological and physiological effects [85].

Blue-enriched white light has been shown to exert a disproportionate influence
on circadian rhythms and melatonin suppression, particularly when exposure occurs
during evening or nighttime hours. Experimental studies demonstrate that short-
wavelength light in the blue region (~450-480 nm) strongly stimulates intrinsically
photosensitive retinal ganglion cells, leading to circadian phase shifts and sleep
disturbances [97]. In addition, high-intensity blue light has been associated with glare,
visual discomfort, and increased light pollution, affecting both human well-being and

ecological systems [98].
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As a result, contemporary lighting research and practice increasingly emphasize
spectral tuning, optical diffusion, and appropriate luminaire shielding to mitigate the
adverse effects of blue-enriched white light while maintaining high luminous efficacy [98].
These strategies aim to balance energy efficiency with visual comfort and biological

compatibility, particularly in residential, healthcare, and urban environments.

Beyond spectral management, alternative white-light generation approaches are
being explored. One promising approach involves near-ultraviolet (NUV or UV-A) LEDs
combined with multi-phosphor systems, which can produce broadband white light with
improved spectral continuity and reduced blue intensity peaks. Compared with
conventional blue-chip WLEDs, UV-excited phosphor systems offer enhanced color
rendering and greater flexibility in spectral design engineering, potentially alleviating

circadian and visual concerns associated with blue-enriched white light [86].

1.3.8. Emerging alternatives and transition toward Carbon Dots

More recently, CDs have emerged as a highly promising class of
photoluminescent nanomaterials for next-generation solid-state lighting applications.
CDs exhibit strong and tunable emission under UV or near-UV excitation and can
operate efficiently in the solid state. Compared with conventional rare-earth-based
phosphors, CDs offer several advantages, such as low toxicity, abundant precursor
materials, chemical stability, and potentially lower environmental impact during synthesis
[99]. Importantly, recent advances demonstrate that solid-state CDs can generate
broadband emission suitable for high-quality white light, reducing reliance on critical rare-

earth elements and enabling more sustainable WLED architectures [99].

Although challenges remain regarding long-term photostability, thermal
robustness, and large-scale manufacturing, CDs represent a promising pathway toward
healthier spectral profiles and reduced material criticality in future lighting systems. Their
integration with UV-LED platforms may enable white lighting solutions that
simultaneously address energy efficiency, environmental sustainability, and human-

centric lighting requirements.

In summary, while LEDs and WLEDs have already transformed global lighting by
substantially improving energy efficiency and operational lifetime, current research
increasingly emphasizes spectral quality, material sustainability, and human-centric
lighting considerations. Addressing challenges associated with blue-enriched white light,
critical material dependence, and end-of-life management remains essential. In this
context, emerging approaches such as UV-excited architectures and CDs-based

wavelength converters have attracted growing research interest as potential pathways
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toward spectrally improved and more sustainable white lighting systems, although further

validation at the system and life-cycle levels is still required [84, 86, 92, 99].

1.4. Carbon Dots as emerging sustainable luminescent
nanomaterials

1.4.1. Definition, properties and applications of Carbon Dots

Carbon Dots (CDs) are a type of fluorescent carbon-based nanomaterial with a
near-spherical shape, an amorphous or nanocrystalline core, and a functionalized
surface where different functional groups such as alcohols, amines, and carboxylic acids
can be found [100-102]. These nanomaterials were first reported in 2004 by Xu et al. as
carbon nanoparticles isolated as a by-product during the synthesis of single-walled
carbon nanotubes [103], and were subsequently named in 2006 by Sun et al. [104],

attracting sustained interest from the scientific community since then.

Beyond CDs, carbon-based nanomaterials comprise a broad and diverse family
that has been extensively studied in recent years as potential substitutes for traditionally
used materials, owing to the superior properties enabled by their nanoscale structure.
This class includes single-walled [105] and multi-walled [106] carbon nanotubes,
nanodiamonds [107], nanofibers [108], graphene [109], buckminsterfullerene [110], and
CDs [100, 111-115]. While bulk carbon is a black, water-insoluble material that does not
exhibit photoluminescence, its nanosized forms display markedly different
physicochemical properties, making them suitable for a wide range of advanced

applications.

Based on their structural features, CDs exhibit a range of highly desirable
properties, including low-cost production, high fluorescence quantum yield (QYr.) [111,
116], broadband absorption [117], good water solubility [118], high photo- and chemical
stability [119, 120], biocompatibility [121], and low toxicity [122]. Given these properties,
it is not surprising that CDs have attracted increasing interest from the research
community and have been widely investigated for a broad range of applications, such as
in sensing/biosensing [111, 123-127], bioimaging [128-131], photocatalysis [132-134],
light-emitting devices [135-138], drug delivery systems [139, 140], solar cells [141, 142],
and photodynamic and phototherapeutic applications [143-146]. Overall, these diverse
studies demonstrate the versatility of CDs and their potential for applications ranging

from optoelectronics to biomedical technologies.
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1.4.2. Synthetic approaches and precursor diversity
Regarding their production, CDs can be synthesized through a wide range of
methodologies that are generally classified into two main categories, top-down and

bottom-up approaches (Figure 9).
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Figure 9. Schematic representation of top-down and bottom-up approaches.

Top-down routes involve the fragmentation of bulk carbon materials, such as
graphite, activated carbon, carbon fibers, carbon nanotubes and coal, into nanoscale
structures [147], and typically require expensive equipment and labor-intensive
processes, including arc-discharge [148], laser ablation [149], chemical exfoliation [150],

ultrasonic treatment [151], and electrochemical shocking [152].

On other hand, bottom-up approaches are based on the assembly of molecular-
sized carbon precursors into larger nanostructures [147] and are generally considered
low-cost and environmentally friendly strategies, including hydrothermal and
solvothermal treatments, thermal pyrolysis, and microwave irradiation. Although top-
down and bottom-up strategies for CDs synthesis have been widely investigated, they

present inherent advantages and limitations that affect their applicability.

Top-down approaches are often associated with the production of CDs with
relatively well-defined structures and potential scalability; however, their limited ability to
modulate surface chemistry and structural diversity can restrict their versatility [153]. In
contrast, bottom-up methods, despite being challenged by the formation of side products

and the need for additional purification steps [153, 154], provide greater flexibility through
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one-pot surface functionalization and access to a broader range of structures and
functionalities compared to top-down routes, whose products frequently resemble the
structure of the starting materials [154]. These features have contributed to the
increasing preference for bottom-up strategies, particularly solvothermal methods, which
are typically simpler, faster, and more cost-effective, owing to their low cost, process
simplicity, and general use of non-toxic materials [155]. Nevertheless, limitations related
to low synthetic yields and time-consuming purification steps remain significant
challenges for large-scale production, motivating the development of alternative bottom-

up approaches with improved scalability [156].

Among the various bottom-up routes, microwave irradiation and hydrothermal
treatment of solutions containing molecular carbon sources are the most commonly
employed methods, with heteroatom-containing precursors, such as nitrogen- and sulfur-

based compounds, being incorporated when heteroatom doping is desired [157-160].

Another attractive characteristic of CDs is the wide diversity of carbon precursors
that can be employed for their production, encompassing both bulk carbon materials
traditionally used in top-down approaches and a broad variety of molecular carbon
sources in bottom-up strategies. These precursors include commercially available
chemical reagents as well as natural resources, reflecting the versatility of CDs and the
broad range of synthesis methodologies available for their preparation. The literature
reports the use of a broad spectrum of carbon precursors, encompassing both bulk
carbon materials traditionally used in top-down approaches and a rich variety of
molecular carbon sources in bottom-up strategies. As refer above, in top-down routes,
CDs are derived from large carbonaceous substrates such as graphite powder, activated
carbon, carbon nanotubes, graphene oxide, carbon rods, carbon fibers, carbon black
and related materials (candle soot), where the precursor influences the structural and
surface features of the resulting nanoparticles [161-166]. On the other hand, bottom-up
approaches offer a significantly broader chemical space of carbon precursors, relying on
the carbonization or polymerization of small molecules and natural or synthetic
macromolecules which enable significant flexibility in tuning the structural and optical

properties of the resulting nanomaterials [167-169].

Common small precursors include organic acids (e.g. citric acid, ascorbic acid,
tartaric acid, succinic acid, maleic acid, and acrylic acid); amine-containing compounds
(e.g. urea and p-/o-/m-phenylenediamine); citrate salts (e.g. sodium, calcium); amino
acids (e.g. histidine, cysteine, serine), carbohydrates (e.g. glucose, sucrose, fructose

and other sugars) [168, 170-172]. In addition, natural polymers and biomass, such as
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lignin, chitosan, xylan, egg white, peanut shells, corn stover, eucalyptus leaves, sawdust,
spent coffee grounds, cork powder, onion peel, and orange peel, as well as synthetic
polymers, including polyethyleneimine, polyamidoamine, polyacrylic acid, polyvinyl
alcohol, polyacrylamide, polyethylene glycol, and polypropylene, have also been

employed as carbon sources [116, 173-176].

The extensive diversity of carbon precursors reported for the synthesis of CDs
largely arises from sustained efforts to overcome intrinsic limitations associated with low
synthetic yields and modest QYF., challenges that have been recognized since the
earliest studies on these nanomaterials [103, 104, 177, 178]. Since the first reports on
CDs, these two parameters (synthesis yield and QYr.) have represented key obstacles
to their development. Specifically, these parameters reflect different aspects of CDs
performance: synthesis yield corresponds to the amount of material obtained relative to
the initial carbon precursor, whereas the QYr. is defined as the ratio between emitted
and absorbed photons. In the earliest studies, CDs were commonly obtained as minor
by-products or via poorly controlled carbonization routes, resulting in low production

yields and weak photoluminescence, with QYr_ typically below 10% [103, 104].

In this context, top-down approaches are generally associated with higher
synthesis yields and improved scalability; however, they offer limited control over particle
morphology, size distribution, surface chemistry, and emissive states, often resulting in
CDs with modest QYr. [179-181]. On the contrary, bottom-up strategies, despite
commonly suffering from lower synthetic yields, provide access to a broad chemical
space through the use of diverse molecular precursors, enabling fine control over
carbonization pathways, surface states, and electronic structure [179-181]. This
versatility makes bottom-up approaches particularly effective for tuning the
photophysical properties of CDs and optimizing QY. through rational precursor selection
and controlled carbonization pathways. As a result, more recent studies have
demonstrated substantial improvements in fluorescence efficiency, with optimized
systems achieving QYr. exceeding 50% through careful precursor selection and reaction
control [182, 183]. Nevertheless, the simultaneous achievement of high synthesis yield
and QYr. remains a central challenge in CDs research, thereby motivating continued

efforts focused on precursor engineering, heteroatom doping, and solvent effects.

1.4.3. Heteroatom doping strategies for improved photoluminescence in Carbon
Dots
One of the key limitations, as refer above, during the early development of CDs

was their inherently low QY. (typically below = 1%) due to non-radiative recombination
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pathways and surface defects that quench fluorescence [184]. Surface modification,
passivation techniques and heteroatom doping have been extensively employed to
improve fluorescence efficiency [184]. Surface functionalization, achieved by regulating
the nature and distribution of functional groups on the CDs surface, enables the
modulation of surface states that govern emission and facilitates interactions with
functional molecules or polymeric species, thereby influencing both optical properties
and application-specific performance [185]. Despite its effectiveness, surface
passivation often involves time-consuming procedures and the use of organic reagents

or catalysts that may be cytotoxic and environmentally hazardous [160].

Consequently, heteroatom doping has emerged as a particularly attractive
alternative [160]. Chemical doping is defined as the intentional incorporation of
heteroatoms into the carbon framework during synthesis, has proven particularly
powerful in regulating the electronic structure of CDs. By altering charge distribution,
energy-level alignment, and defect density, heteroatom doping can suppress non-
radiative recombination pathways and promote radiative transitions, leading to
substantial improvements in QYr. [184, 186]. A broad range of heteroatoms, including
nitrogen (N), sulfur (S), boron (B), phosphorus (P), selenium (Se), tellurium (Te), silicon
(Si), and halogens, has been successfully introduced into CDs, demonstrating the

generality of this approach for tuning photophysical behaviour [114, 157, 185, 187, 188].

Heteroatom-doped CDs can be mono- or co-doped, with co-doping exploiting
synergistic interactions between multiple heteroatoms, giving rise to modified electronic
structures that are particularly favourable for enhanced fluorescence emission [189].
Furthermore, heteroatom doping can be broadly divided into non-metal and metal
doping. Non-metal dopants (N, S, and B) are especially attractive due to their atomic
sizes being comparable to that of carbon, which facilitates uniform incorporation into the
carbon lattice and relatively straightforward synthesis [185]. Metal doping, by contrast,
introduces ions (such as Na*, Fe®*, Cu?* and Zn?*) with partially filled or vacant orbitals,
enabling more pronounced modulation of electronic states, energy gaps, and charge
density distribution, thereby offering additional opportunities for tuning the optoelectronic
properties of CDs [185].

Although metal ions can effectively modulate the electronic structure and optical
properties of CDs due to their multiple available orbitals and larger atomic radii, their
incorporation often suffers from non-uniform doping due to lattice mismatch with carbon,
leading to limited structural control. Moreover, concerns related to cytotoxicity and

environmental impact have further restricted the widespread use of metal-doped CDs
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[160, 190]. As a result, metal ion doping has received comparatively less attention, and
non-metal heteroatom doping has emerged as the preferred strategy for tuning the
photophysical properties of CDs. In particular, doping with elements such as N, S, P and
B has been shown to modify electronic states, enhance emissive properties, and improve

QYr. by reducing non-radiative recombination pathways [114, 157, 187, 188].

Among the several heteroatoms employed for the doping of CDs, N and S have
emerged as key strategies for the enhancement of CDs photoluminescence [191].
Nitrogen is the most commonly used, largely due to the abundance of N-containing
precursors and the relatively simple incorporation into the carbon framework [153]. N-
doping has been consistently shown to enhance the photoluminescence properties of
CDs by modifying their electronic structure and surface states. Owing to its five valence
electrons and an atomic radius comparable to carbon, N can form stable covalent bonds
with the carbon lattice while introducing lone-pair electrons that facilitate charge transport
and promote radiative recombination, ultimately improving fluorescence efficiency [183,
192, 193]. Despite these well-documented benefits, the precise mechanisms governing
N-induced blue- or red-shifts in absorption and emission remain an active topic of
investigation, with studies suggesting that even hybridization of frontier orbitals at edge
N-doping sites leads to a blue shift, whereas uneven orbital hybridization results in a red
shift [194, 195]. Sulfur is the second most frequently employed heteroatom dopant for
CDs [153]. In contrast to nitrogen, sulfur doping primarily introduces sulfur-related
emissive or trap states that can capture photoexcited electrons, thereby altering the
electronic structure and modulating the photoluminescence behavior of the
nanomaterials [191]. In many systems, S incorporation has been associated with
bathochromic shifts in absorption and emission bands, often resulting in red-shifted
emission and improved QYg. [160, 196]. The incorporation of N and S not only improves
optical performance but also expands potential applications of CDs in areas such as
electronics, optoelectronics, catalysis, and energy storage, since the lone pair electrons
introduced by these heteroatoms act synergistically, increasing the electron density and
promoting radiative recombination, thereby enhancing the QYr. and enabling tunable

emission across a range of wavelengths [160].

Doping with N and S induces structural modifications, producing additional
electron pairs, new defect sites and active centers that significantly boost fluorescence
efficiency [160, 197-199]. Due to their comparable atomic sizes (the radius of C: 0.77, N:
0.75) and similar electronegativity values (C: 2.55, N: 2.75, S: 2.58), these heteroatoms
can be incorporated into CDs structures, refining their optical and electronic properties

[197]. In particular, nitrogen doping enhances fluorescence intensity by introducing
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reactive functional groups (-OH, -COOH, -N=C, -CN, -NHz) and modifying surface states
[160, 198]. In CDs synthesis, commonly used nitrogen sources include urea,
ethylenediamine (EDA), ammonia, phenylenediamine, polyethylenimine (PEI) and
melamine [200-203]. Usually, the most sulfur dopants employed are sodium thiosulfate
(Na2S20:3), sulfuric acid (H.SO4), and sodium sulfide [158, 159, 187, 196, 204].

1.4.4. Solvent effects and photophysical tunning

In addition to heteroatom doping and precursor selection, the choice of solvent
and reaction medium constitutes a critical factor in tailoring the optical properties of CDs.
These properties are primarily governed by their electronic structure, surface chemistry,
and particle size, which are, in turn, strongly influenced by the synthesis conditions and
post-synthetic modifications. Although CDs generally exhibit comparable photophysical
behavior, variations in absorption and emission profiles arise from differences in
functional groups, synthetic routes, dopant incorporation, precursor identity, and the

surrounding chemical environment [205, 206].

CDs possess intrinsic photophysical properties, enabling them to absorb and emit
light across a broad spectral range [207]. Typically, CDs exhibit strong absorption in the
ultraviolet (UV) region (200-400 nm) with a tail extending to the visible range (400-700
nm) [147, 182, 207]. The absorption spectra of CDs are generally governed by electronic
transitions arising from both the carbon core and surface states, with 1T-11* transitions
associated with sp?-hybridized aromatic domains (C=C bonds) and n-1* transitions
primarily involving surface carbonyl and nitrogen-containing groups (C=0 and C=N), as
well as other oxygen-containing functionalities [153, 182, 208]. As illustrated in Figure
10, the absorption can be divided into multiple bands: Band | (r-1m*), Band Il (n-11*), and
Bands llI-V, corresponding to transitions involving the carbon core and surface states,
including heavily graphitic nitrogen and oxygen-related groups [207]. The surface state
transitions contribute to a red shift in the absorption and emission spectra, which is key

for tuning the optical properties of CDs.
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Figure 10. Schematic representation of the absorption bands of CDs, showing -1r* (Band I) and n-1r* (Band Il) transitions
associated with the carbon core, as well as surface state transitions (Bands Ill-V) involving C=0, C=N, and heavily
graphitic nitrogen and oxygen-containing groups. Adapted from [207].

CDs are renowned for their tunable photoluminescence, which is highly
influenced by their synthesis procedures, precursors, and surface chemistry [181, 209].
They can emit across a wide spectral range, from blue to red, although blue and green
emissions are most common [102, 153, 184]. The emission spectra of CDs are generally
broad and roughly symmetrical, often exhibiting large Stokes shifts compared with
organic dyes [184]. In many cases, fluorescence exhibits excitation wavelength-
dependent behavior, with emission maxima red-shifting as the excitation wavelength
increases [102, 184, 209]. This dependence has been attributed to size heterogeneity,
diverse surface functional groups, quantum confinement effects, and different emissive
surface traps [153, 184, 209]. Conversely, CDs with uniform size and well-passivated
surfaces can exhibit excitation-independent emission [102, 209]. Additional factors such
as particle size, morphology, internal structure, and chemical composition further
modulate photoluminescence properties [184, 209]. Despite extensive studies, the
precise mechanisms governing photoluminescence in CDs remain under debate, with
evidence pointing to contributions from edge and surface defects, surface defect states,
and molecular or molecule-like states, reflecting the complex interplay between the

carbon core and surface functional groups [209].

Solvent effects play a critical role in modulating the photoluminescence of CDs
by influencing both ground and excited electronic states through dielectric interactions,
hydrogen bonding, and polarity-dependent stabilization of dipoles [210-212]. Beyond

modulating the emission of pre-formed CDs, the choice of reaction solvent can strongly
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influence the carbonization pathways and surface chemistry during synthesis, altering
the formation of emissive centers, surface states, and structural domains in the carbon
core [213]. Variations in solvent polarity and proticity have been shown to induce
significant shifts in emission maxima, modify fluorescence intensities and QY. as these
properties depend on the interaction of solvent molecules with surface functional groups
and defect sites that act as emissive centers [210, 211]. For example, CDs dispersed in
polar solvents often exhibit red-shifts in emission compared with less polar solvents,
which is attributed to enhanced stabilization of excited states and solvation of surface
emissive sites [211, 212]. Solvent-dependent photoluminescence behavior has been
observed in both aprotic and protic systems, highlighting the role of non-specific dipole-
dipole interactions and specific hydrogen bonding in modulating the energies of surface
states [210, 212]. Moreover, solvents can indirectly affect photoluminescence by
influencing carbonization kinetics and surface passivation during synthesis, thus
modulating the formation and distribution of emissive centers [210, 212]. Comprehensive
reviews further highlight solvent-dependent emission tuning as a key strategy for
achieving multicolor and high-efficiency CDs [214]. Collectively, these studies
demonstrate that solvent engineering is a powerful approach for tuning the emission
wavelength, QYr, and solvatochromic behavior of CDs, enabling applications in

multicolor imaging, sensing, and other optoelectronic technologies [210-212, 214].

1.4.5. Sustainability challenges and Life Cycle Assessment

However, while solvent engineering has proven to be a highly effective strategy
for tuning the photophysical properties of CDs, it also raises important environmental
and sustainability concerns. Many conventional organic solvents frequently employed in
both the synthesis and post-synthetic characterization of CDs (includes toluene,
dichloromethane, N,N-dimethylformamide, and other volatile organic compounds
(VOCs)) are derived from non-renewable fossil resources and exhibit high volatility,
toxicity, and environmental persistence [215, 216]. These solvents contribute not only to
hazardous emissions and waste streams during laboratory or industrial-scale syntheses,
but also generate environmental and health risks when used in post-synthetic studies,
such as solvatochromic measurements and photophysical testing [215-217]. They can
pose occupational health risks through inhalation and dermal exposure, with potential
effects ranging from respiratory irritation to neurotoxicity and reproductive harm, while
their poor biodegradability, formation of secondary pollutants, and bioaccumulation can
adversely impact aquatic and terrestrial ecosystems [216, 217]. Furthermore, the

widespread use of these solvents amplifies their environmental footprint, highlighting the
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inherent trade-offs between achieving optimal material properties and ensuring
sustainability [215, 216].

These challenges have driven a growing emphasis on green chemistry principles,
including the development and adoption of eco-friendly alternative solvents derived from
renewable feedstocks or designed for reduced toxicity and improved biodegradability,
such as aqueous media, bio-derived solvents, and Deep Eutectic Solvents (DESs) [218-
220]. Nevertheless, the adoption of these alternatives requires careful evaluation of their
compatibility with photophysical tuning of CDs and their overall environmental profiles
[219, 220]. Thus, addressing solvent sustainability is essential not only for mitigating the
ecological and health risks associated with CDs synthesis and characterization, but also
for enabling comprehensive Life Cycle Assessments (LCA) that account for upstream
and downstream impacts (Figure 11), ultimately guiding the design of truly sustainable

nanomaterials aligned with long-term environmental and regulatory goals.

Processing

| LifeCycle |
| Assessment |

Figure 11. Schematic representation of Life Cycle Assessment approach.

As a direct consequence of the environmental and health concerns associated
with solvent-intensive synthetic and characterization protocols, the synthesis of CDs and
other engineered nanomaterials has increasingly been evaluated through an LCA

framework. Recent LCA studies have demonstrated that solvent selection, energy
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demand, and waste generation constitute major contributors to the overall environmental
footprint of CDs production, in many cases exceeding the impacts associated with
precursor materials themselves [221-223]. These findings have prompted the
development of greener synthesis strategies, including the use of benign solvents,
solvent-free approaches, and renewable carbon sources, in accordance with green
chemistry principles [168, 174, 223, 224].

Despite the considerable technological and application potential of CDs,
uncertainty remains regarding which synthetic strategies optimize both performance and
environmental sustainability, largely due to the limited availability of systematic
comparative data on the environmental impacts of alternative synthesis routes [225].
Several stages of nanomaterial production have been identified as environmentally
relevant or impact-intensive [226], and previous investigations indicate that the choice of
reagents, solvent systems, and energy inputs can disproportionately contribute to the
life-cycle environmental burden of nanomaterials [221, 222]. Consequently, large-scale
or industrial synthesis routes must be carefully evaluated to ensure that improvements
in QYrL, optical properties, or scalability are not offset by increased environmental impact
[227].

In this context, LCA provides a robust, quantitative, and standardized
methodology for assessing environmental impacts across all stages of a material’s life
cycle, from raw material extraction through synthesis, use, and end-of-life stages [228-
230]. LCA has been successfully applied to a wide range of engineered nanomaterials,
including TiO2> nanoparticles, silver and copper nanoparticles, carbon nanotubes,
magnetic nanoparticles, and CDs, providing insights into environmental hotspots and
dominant impact drivers within their production chains [157, 222, 231-242]. By enabling
comparative evaluation of alternative synthesis pathways and the identification of key
contributors to environmental impacts such as GHGs emissions, energy consumption,
water use, and toxicity LCA represents a critical decision-support tool for guiding the
development of cleaner, more sustainable, and industrially scalable nanomaterial

synthesis strategies.

LCA studies focusing on the synthesis of CDs have consistently identified the
carbon precursor as one of the main contributors to the overall environmental impacts
associated with their production [157, 227, 241]. This conclusion holds across different
bottom-up synthesis routes and carbon sources, including widely used commercial
precursors such as citric acid [157, 227, 241]. Since many commonly employed organic

precursors are industrially produced chemicals, their use and/or synthesis is frequently
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associated with high economic costs and potential risks to the environment and human
health [243]. Consequently, the selection of the carbon precursor plays a central role in

the development of more sustainable CDs synthesis strategies.

1.4.6. Sustainable carbon precursors and waste valorization

Although CDs can be synthesized from a wide range of organic molecules
through simple solvothermal, hydrothermal, thermal, or microwave-assisted processes
without sophisticated equipment [168, 169, 208, 244], sustainability considerations
increasingly motivate the use of renewable and waste-derived precursors. Biomass and
organic residues are particularly attractive due to their abundance, low cost, renewability,
and potential for waste valorization within a circular economy framework [168, 244]. In
fact, different researchers have already studied the fabrication of CDs from different
types of waste and renewable carbon sources, such as fruits, biomass, residues, and
others [200, 244-253]. Despite these promising results, CDs obtained from these carbon
sources have been shown to present relatively low QYr. values, typically below 20%
[200, 247, 250-252]. To overcome this limitation, strategies such as heteroatom doping
and surface functionalization have been widely adopted, leading to substantial

improvements in fluorescence efficiency [243, 254].

All following examples involve hydrothermal synthesis of CDs from various
natural precursors, highlighting the versatility of this approach in producing fluorescent
nanomaterials. Hydrothermally synthesized CDs from natural fruit sources have
demonstrated variable QYr. depending on the precursor, presence of dopants,
purification, and reaction conditions. For instance, CDs derived from pear fruit and
watermelon juice exhibited QYr. of approximately 10%, both with purification and in the
absence of N-dopant [247]. In contrast, CDs synthesized from Citrus aurantium and
pineapple juices without purification and nitrogen doping achieved slightly higher QY.
of 13% (after 12 h reaction) and 10%, respectively [250, 251]. Other biomass-derived
precursors, such as dwarf banana peel, fruit extracts, red onion peel, and eucalyptus
twigs, yielded CDs with QYrL 23%, 9%, 12%, and 2-10% (without purification but in the
presence of nitrogen dopants including ammonia, EDA, and ammonium chloride),
respectively [200, 248, 255, 256]. Notably, CDs obtained from orange juice in
combination with EDA reached a QYr. of 31.7% after purification, although requiring an
extended hydrothermal treatment of 11 h [249]. These examples illustrate that a wide
range of low-value organic wastes can serve as effective carbon sources for luminescent

nanomaterials.
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1.4.6.1. Corn Stover

Among agricultural residues, corn stover (comprising the leaves, stalks, and cobs
remaining after corn harvest) represents a particularly significant and underutilized
biomass resource. Global corn production is currently on the order of 1 billion tons per
year, with a harvest index between 47% and 56%, meaning that roughly half of the
above-ground biomass remains as residue [257]. Corn stover alone can reach an
estimated 1.66 billion tons annually worldwide, however less than 10% is currently
utilized, with only a small fraction directed toward industrial applications [258, 259]. The
majority of corn stover is either left unused or openly burned, leading to wasted resources
and environmental pollution [258]. The valorization of such abundant residues as carbon
precursors for CDs synthesis therefore represents a highly promising strategy to reduce

waste, lower environmental impacts, and support sustainable nanomaterial production.

Overall, LCA-based analyses clearly highlight the importance of precursor
selection in minimizing the environmental footprint of CDs production. The use of
abundant biomass and organic waste streams as carbon sources offers a viable pathway
toward more sustainable CDs synthesis, particularly when integrated into well-designed
processes that balance material performance with environmental responsibility, while

maintaining functional optical properties required for practical applications.

1.5. Multicolor Carbon Dots in White LEDs

CDs have emerged as highly promising luminescent nanomaterials for WLEDs
due to their tunable photoluminescence, low toxicity, and excellent optical stability. In
WLED architectures, CDs function primarily as down-conversion phosphors: upon
excitation by UV or blue LED chips, they efficiently convert high-energy photons into
visible light (Figure 12). By employing either single-component CDs with broad emission
spectra or blends of CDs emitting in complementary regions (e.g., blue, green, and red),
a continuous emission across the visible spectrum can be achieved, enabling the

generation of high-quality white light with superior CRI and tunable CCT [260].
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White Light

Blue CDs

UV LED chip

Figure 12. Schematic representation of WLEDs using multicolor CDs.

For device integration, CDs are typically embedded within optically transparent
polymeric matrices, such as polyvinylpyrrolidone (PVP) or polymethyl methacrylate
(PMMA), which provide uniform dispersion, mechanical stability, and enhanced spectral
homogeneity. Optimization of the excitation wavelength, emission balance, and matrix-
CDs interactions is critical to maximize luminous efficacy and spectral characteristics.
Multicolor CDs-based WLEDs have been reported to exhibit CRIs exceeding 90, while
single-component systems with broad emission spectra can simplify device fabrication

and reduce inter-component spectral gaps [261, 262].

Recent studies demonstrate that WLEDs incorporating CDs can achieve both
high luminous efficiency and spectral quality, highlighting their potential as sustainable
alternatives to conventional rare-earth phosphors and heavy-metal quantum dots.
Ongoing challenges include improving long-term operational stability under continuous
electroluminescence and enhancing photon conversion efficiency, which remain a
central objective in the development of high-performance solid-state lighting devices
[263].

Therefore, the integration of CDs into WLEDs presents a promising strategy for
the development of high-efficiency, environmentally friendly solid-state lighting,

warranting further investigation into their optical performance and device stability.
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1.6. Objectives

The transition towards more sustainable energy systems requires not only
improvements in energy efficiency but also the development of materials and processes
with reduced environmental footprints. In this context, CDs have emerged as promising
luminescent nanomaterials due to their tunable photoluminescence, chemical stability,
and potential for synthesis from abundant and renewable carbon sources, including

organic waste.

Despite their growing relevance, important challenges remain regarding the
environmental sustainability of CDs synthesis routes and the understanding of how
synthesis parameters and precursor chemistry influence their optical performance. Many
reported fabrication strategies rely on energy-intensive conditions, complex processing
steps, or poorly understood structure-property relationships, limiting their scalability and

sustainable implementation.

The overall objective of this PhD thesis is to investigate CDs as sustainable
luminescent materials for potential application in WLEDs technologies by integrating
LCA, green synthesis strategies, and fundamental studies of photoluminescence

modulation.
To achieve this goal, the thesis addresses the following specific objectives:

I. To perform a life cycle assessment-based comparison of conventional
and high-yield bottom-up synthesis routes for CDs, identifying
environmental hotspots and evaluating whether increased synthesis yield
effectively translates into improved environmental performance.

. To develop and assess facile and environmentally benign synthesis
strategies for producing brightly fluorescent CDs from waste-derived
carbon sources, focusing on the role of precursor selection and synthesis
conditions in achieving high photoluminescence efficiency.

lll. To elucidate the influence of sulfur-containing precursors on the
photoluminescent behavior of nitrogen- and nitrogen/sulfur-modified CDs,
clarifying the mechanisms underlying fluorescence modulation,
particularly the relative roles of surface oxidation and heteroatom

incorporation.
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1.7. Scope of the Thesis

This thesis focuses on the sustainability-oriented development and analysis of
CDs as luminescent nanomaterials, integrating environmental assessment, green
synthesis, and photophysical investigation. The scope is deliberately limited to bottom-
up approaches, with particular emphasis on routes compatible with mild conditions,

reduced energy demand, and the use of renewable or waste-derived carbon precursors.

From an environmental perspective, the work adopts a life cycle thinking
approach, using LCA to evaluate synthesis-related impacts and to identify key
parameters governing the environmental performance of CDs production. The scope of
the LCA is restricted to the synthesis stage and associated end-of-life scenarios, as

downstream device integration is beyond the boundaries of this study.

From a materials science perspective, the thesis addresses the relationship
between precursor chemistry, surface structure, and photoluminescent behavior, with
particular attention to nitrogen- and sulfur-related effects. The work aims to elucidate

fluorescence modulation mechanisms rather than to maximize device-level performance.

While the potential application of CDs in WLEDs technologies motivates this
research, the thesis does not include the fabrication or optimization of complete WLED
devices. Instead, it provides the environmental, synthetic, and photophysical foundations

necessary to support future integration of CDs into lighting systems.

Accordingly, the scope of this thesis is confined to establishing design principles
for sustainable and high-performance CDs, balancing material functionality with
environmental responsibility, rather than addressing large-scale manufacturing or

commercial deployment.
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2. Life Cycle Assessment as a pathway to

sustainable Carbon Dots synthesis

2.1. Article I. Life Cycle Assessment-Based Comparative Study
between High-Yield and “Standard” Bottom-Up Procedures for the

Fabrication of Carbon Dots

Sénia Fernandes, Joaquim C. G. Esteves da Silva, and Luis Pinto da Silva

2.1.1. Contextualization and author contributions

CDs are widely synthesized through bottom-up approaches, including
hydrothermal, microwave-assisted, and thermal treatments of small organic precursors
[157, 168, 244, 264]. These methods are popular due to their simplicity and versatility;
however, they generally exhibit low material efficiency, with synthesis yields often below
10wt.% [157, 264]. Such low yields raise concerns regarding resource utilization,

scalability, and environmental sustainability.

To overcome these limitations, several strategies have been developed to
achieve higher yields. Representative approaches include salt-assisted thermal
treatments and multi-step processes, such as the hydrothermal conversion of biomass-
derived hydrochar followed by oxidative processing to obtain CDs, with reported yields
ranging from 20-40 wt.% [264, 265]. Comparative studies suggest that these high-yield
strategies can improve material efficiency, although potential environmental trade-offs
remain [226].

Nevertheless, higher yields do not automatically translate into better
environmental performance. High-yield routes often require longer reaction times, higher
energy input, and additional chemical reagents, increasing process complexity. Previous
LCA studies on nanomaterials have consistently shown that synthesis-related inputs,
particularly energy demand and chemical use, tend to dominate overall environmental
impacts, potentially offsetting the benefits associated with improved material efficiency
[221, 222, 226, 227].

Within this context, this work [224] systematically evaluates the environmental
sustainability of six representative CDs synthesis routes, encompassing both
conventional bottom-up methods (hydrothermal, microwave-assisted, and thermal) and
high-yield multi-step strategies [157, 168, 226, 244, 264, 265]. Multiple life cycle impact
assessment (LCIA) methodologies (ReCiPe, Greenhouse Gas Protocol, AWARE, and
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USEtox) were applied to capture a broad range of environmental impact categories and
critically assess the trade-offs between synthesis yield, process complexity, and

environmental performance.

| developed the comparative LCA framework, establishing the system boundaries
and functional unit, and compiled and analysed the corresponding life cycle inventory
data. The results were interpreted with particular emphasis on the relationship between
synthesis yield and environmental impacts, under the supervision of Professor Dr. Luis
Pinto da Silva. | also prepared the initial manuscript draft, which was subsequently
reviewed and refined by Professor Dr. Luis Pinto da Silva and Professor Dr. Joaquim C.

G. Esteves da Silva.
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Abstract: Carbon dots {CDs) are carbon-based nanomaterials with remarkable properties that can be
produced from a wide variety of synthesis routes. Given that “standard” bottom-up procedures are
typically associated with low synthesis vields, different authors have been trying to devise alternative
high-yield fabrication strategies. However, there is a doubt if sustainability-wise, the latter should
be really preferred to the former. Herein, we emploved a Life Cycle Assessment (LCA) approach
to compare and understand the environmental impacts of high-vield and “standard” bottom-up
strategies, by applying different life cycle impact assessment (LCIA) methods. These routes were:
{1) production of hydrochar, via the hydrothermal treatment of carbon precursors, and its alkaline
peroxide treatment into high-vield CDs; (2) microwave treatment of carbon precursors doped with
cthylenediamine; (3) and (6) thermal treatment of carbon precursor and urea; (4) hydrothermal
treatment of carbon precursor and urea; (5) microwave treatment of carbon precursor and urea.
For this LCA, four LCIA methods were used: ReCiPe, Greenhouse Gas Protocol, AWARE, and
USEtox, Results identified CI-5 as the most sustainable synthesis in ReCiPe, Greenhouse Gas
Protocol, and USEtox. On the other hand, in AWARE, the most sustainable synthesis was CD-1.
It was possible to conclude that, in general, high-yield synthesis (CD-1) was not more sustainable
than “standard” bottom-up synthesis, such as CD-5 and CD-6 (also with relatively high-yield)
More importantly, high-yield synthesis (CD-1) did not generate much lower environmental impacts
than “standard” approaches with low yields, which indicates that higher yields come with relevant
environmental costs.

Keywords: life cycle assessment; carbon dots; bottom-up synthesis; high-vield synthesis; sustainability

1. Introduction

Carbon Dots (CDs) consist of fluorescent nanomaterials based on carbon. These
possess a near-spherical shape and have either an amorphous or nanocrystalline core and
a surface where different functional groups (alcohols, amines, and carboxylic acids, for
example) can be found [1-3].

CDs possess various attractive features, such as strong luminescence [4,5], good
physical-chemical and photochemical stability |6-5], water solubility [6], biocompatibil-
ity [9=11] and low toxicity [5]. These remarkable characteristics have attracted the research
community, which is focused on developing several practical applications for CDs, such as
in light-emitting devices [12-14], sensing [14-18], bioimaging [19-21], photocatalysis [22],
drug delivery [23], solar cells [24] and in photodynamic therapy [25,26]. Beyond this, CDs
can be synthesized using a wide variety of precursors without sophisticated equipment
through different bottom-up strategies, such as solvothermal, hydrothermal, thermal, or
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microwave treatment of organic molecules [24,27-31]. While CDs can be generated from a
wide variety of organic molecules as carbon sources, most of them can be expensive, as
well as cause significant challenges to the environment and human health due to their use
and/or synthesis [32].

One problem very present in CD development is related to their very low synthesis
yields, which are generally equal to or below ~10% [33-35]. This can impair the production
of CDs on a large-scale, as well as their future industrial applications. However, this
problem can be solved if a way is found to convert the large amounts of solid carbon
material, which are a major by-product of current synthesis strategies, into CDs,

As a matter of fact, some authors are already focusing on this topic [36] and they were
able to produce CDs in high yield, achieving a synthesis yield of circa 2040%. Despite
these good results, the importance of these studies in the development of new CDs is still
not validated in terms of efficiency, sustainability, and potential environmental impacts.
To establish a suitable synthetic strategy for the sustainable fabrication of nanomaterials
it is crucial to know this type of information, especially when the fabrication stage of
nanomaterials was identified as an environmental concern [37], In fact, some studies have
defined that, during the life cycle of nanomaterials, the reagents and the energy required
for the synthesis can contribute considerably to the environmental impacts [35,39]. In this
sense, it is fundamental that before moving on to the industrial production of nanomaterials,
the available synthesis routes are evaluated regarding their environmental impacts and
sustainability to achieve the best alternatives for cleaner production.

Thus, our goal is to assess the environmental impacts associated with different synthe-
sis route strategies of CDs, including high-yvield and “standard” bottom-up synthesis, The
“standard” bottom-up syntheses are related to either thermal or microwave-based heating
of smaller organic molecules in powder form (calcination) or in solution (hydrothermal
or solvothermal). These types of approaches can achieve a wide range of synthesis yields,
albeit typically with lower yields. On the other hand, high-yield synthesis adds complexity
to the synthesis procedures to ensure higher synthesis yields, by different approaches such
as using a mixture of salts during thermal treatment, [40] or performing a subsequent
alkaline peroxide treatment of the solid carbon by-product [36]. According to a previous
study [£1] that compared two high-yield syntheses, it was concluded that the procedure
of an alkaline peroxide treatment of hydrochar [36] was more sustainable than a thermal
treatment of carbon precursors mixed in a eutectic mixture of salts [40]. For this reason, the
present work used the study [30] as the representative high-yield synthesis with the best
environmental performance. In their tumn, three studies [27,29,33] were considered where
different “standard” bottom-up procedures (hydrothermal, microwave, and calcination)
were performed. To achieve this aim, a lifecycle assessment (LCA) approach in order to
quantify the environmental impacts of a given system during its life cycle [42—44] will
be employed. Our LCA study will consider different parameters to evaluate the envi-
ronmental impacts of the syntheses, for this, four distinct life cycle impact assessment
(LCIA) methods will be used that specifically assess general parameters, CO; emissions,
water consumption, and toxicity. This tool (LCA) has already been used to evaluate the
environmental impacts related to different types of engineered nanomaterials, such as
carbon nanotubes [45-45], copper nanoparticles [49], graphene oxide [3], silver nanopar-
ticles [39,51], nanocellulose [52], TiO; nanoparticles [53], and even CDs [27,29,33,41,54).
Therefore, we expect to identify the synthesis route that is more sustainable and the most
crucial parameters associated with the environmental impacts. More importantly, we
want to evaluate if the higher synthesis yields of high-yield synthesis [36,40] can offset the
expected higher environmental impacts associated with their complexity and added steps
of high-yield synthesis, or if the simplicity of “standard” bottom-up procedures can lead to
lower environmental impacts that can justify sustainability-wise lower synthesis vields.
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2. Materials and Methods

The experimental section in this study is divided into four subsections: Scope and
System Boundaries (2.1), Synthesis Routes (2.2), Life Cycle Inventory Data (2.3), and
Environmental Impact Assessment (2.4).

2.1, Scope and System Bouwndaries

The present study consists of a cradle-to-grave LCA that aims for the evaluation
of potential environmental impacts through their quantification and comparison, the
assessment of the differences between these six types of CDs syntheses using different
methods in these analyses, as well as the evaluation of two types of disposal scenarios. For

this work, the laboratory-scale manufacturing stage of target nanoparticles was considered,

as well as the direct emissions from CD production and indirect impacts related to the
upstream resource extraction and energy generation.

This study uses six different synthesis routes for the fabrication of CDs [27,29,33,36]
that englobe high-yield synthesis and different “standard” bottom-up synthesis strategies
such as hydrothermal, microwave-assisted, and calcination, which are described in detail
below (Scheme 1),
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Scheme 1, Diagram for the six routes of Carbon Dot (CD) production and two disposal scenarios.
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For this work, the environmental impacts were analyzed by using a weight-based
functional unit of 1 kg, which means that 1 kg of produced CDs was considered. In this
sense, it is possible to compare an equivalent amount of nanomaterials through the synthesis
yield [55,56]. The synthesis yield of each CD under study can be viewed in Table 1.

Table 1. Synthesis yield of each CD under study.

CDs Synthesis Yield {(wt. ") References
CD-1 401 [36]
Cp-2 73 [33)
CcD-3 985 [27]
CD+4 18 291
CD5 285 [29]
CD-6 269 291
2.2. Synthesis Roultes

In this study, as mentioned above, six different syntheses of CDs [27,29,33,36] were
compared, in which the used materials and electricity can be viewed in Table §1. CDs
1,2, 3,4, 5, and 6 produced by the synthesis are named CD-1, CD-2, CD-3, CD-, CD-5,
and CD-6, respectively. CD-1 [36] is used as a representative for high-vield synthesis,
while other CDs are employed as representatives for different approaches of “standard”
bottom-up methods.

The synthesis route for CD-1 begins with hydrothermal treatment of glucose for 6 h
at 200 “C. Posteriorly, it follows the centrifugation to separate the suspension and the
obtained hydrochar. This was then dried for 24 h at 60 °C in an oven. Finally, an alkaline
peroxide treatment of the dried hydrochar was performed for 8 h, in which the hydrochar
was dispersed into diluted NaOH solution as H;O; was added. Then, this mixture was
stirred for § h at room temperature and the pure CDs were obtained after 5-day dialysis to
remove salts and other molecular impurities [36].

In CD-2 {33], the synthesis route begins with mixing (1.5 g of citric acid (CA) and 556 pl.
of Ethylenediamine (EDA) in 5 mL of deionized water. Then, a microwave treatment of
this solution was performed for 10 min. Posteriorly, to remove unsuspended and insoluble
aggregates, the synthesized CDs were suspended in water, and then the solution was
purified by centrifugation for 20 min at 6000 rpm to eliminate impurities. Finally, the
sample was redispersed in 10 mL of deionized water and then purified by dialysis for 48 h.
The purified sample was dried at 80 “C to evaporate the water of the sample.

In the synthesis route for CD-3 [27], 2.5 g of citric acid and urea (U} was prepared
with a proportion of 3:1 in a beaker. Then, this mixture was heated for 4 h at 200 “C in
an oven. Later, the synthesized CDs were suspended in water and then the solution was
purified by centrifugation for 30 min at 6000 rpm to eliminate impurities, Finally, the CDs
were purified by dialysis for three days and then the sample was freeze-dried, in which the
resulting powder was stored for further use.

For C1D-4 [29], the synthesis route begins with mixing (.75 g of CA and 0.25 g of U in
5 mL of deionized water. Then, this mixture was placed in a Teflon-lined reactor and was
heated for 2 h at 200 “C in an oven. Posteriorly, the synthesized CDs were suspended in
5 mL of deionized water and purified by centrifugation for 10 min at 12,000 rpm to remove
impurities. Finally, the sample was purified through a 24 h dialysis process.

In CD-5 [29], the synthesis begins by mixing 0.75 g of CA and 0.25 g of U in 5 mL
of deionized water. Then, this mixture was placed in a glass beaker and subjected to
a microwave treatment for 5 min. Later, the synthesized CDs were suspended in 5 mL
of deionized water and purified by centrifugation for 10 min at 12,000 rpm to remove
impurities. Lastly, the sample was purified through a dialysis process for 24 h.

In the synthesis route for CI-6 [29], 0.75 g of CA and 0.25 g of U were mixed in
a glass Petri box and heated for 2 h at 200 “C in an oven. Then, the synthesized CDs
were suspended in 5 mL of deionized water and purified by centrifugation for 10 min
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at 12,000 rpm to remove impurities. Finally, the sample was purified through a 24 h
dialysis process.

2.3, Life Cycle Inventory Data

The evaluation of environmental impacts of CDs syntheses was based on inventory
data from laboratory-scale synthesis procedures, the foreground data. This consists of raw
materials (chemicals) and electricity (heating plate, oven, microwave, and centrifuge) used
in the synthesis procedures (primary data). The foreground system included in this study
was modeled from the data present in the Ecoinvent® 3.3 database, where GLO stands
for global, RER for regional market for Europe, and RoW for Rest-of-World. In this sense,
the amount of chemicals and electricity used, as well as the data used from Ecoinvent”
3.5 database are described in Table S1.

According to the Ecoinvent® 3.5 database, for electricity, the dataset used is related to
the available electricity data on the medium voltage level in Europe in 2014. The electricity
considered, as referred above, consists of what is used in the heating plate, oven, microwave,
and centrifuge. For CD-2, CD-3, CD-4, CD-5, and CD-6 the above were considered as the
equipment identified in the studies [27,29,33]. On the other hand, in CD-1, since the authors
of this study did not identify the used equipment, we decided to apply standard plates
and ovens. In this sense, the Normax Nx1200 Analogical magnetic stirrer with heating
was considered, which has a power consumption of 500 W. The oven considered was the
DRY-Line® Prime from VWR, with 12 A and a power supply in AC {single phase) of 230 V,
which can achieve with a maximum power factor (1) a power consumption maximum
of 2760 W. In CD-3, for dialysis, the heating plate referred to above was considered, and
was also considered as the equipment used for the centrifugation in CD-2, CD-4, CD-5,
and CD-6.

Regarding the disposal scenarios and the Ecoinvent” 3.5 database, two possible sce-
narios were considered, incineration and landfill.

2.4, Environmental Impact Assessment

This LCA study used a cradle-to-grave approach, from the production of precursor
materials to the disposal scenario, also including the fabrication of CDs. The environmental
impacts were modeled by four different LCIA methods, ReCiPe 2016 V1.03 endpoint
method, Greenhouse Gas Protocol V1.02 method, AWARE (Available Water Remaining)
V1.02 method, and USEtox 2 V1.00 method. This LCA study was performed with SimaPro
9.0.0.48 software.

ReCipe 2016 method, Hierarchist version [56] evaluates the environmental impacts
in three categories of potential impacts (Human Health, Ecosystems, and Resources),
which posteriorly are subdivided into subcategories, In the Human Health (HH) cate-
gory, Global Warming-Human Health (GW-HH), Stratospheric ozone depletion (S0},
lonization Radiation (IR}, Ozone formation-Human Health (OF), Fine Particulate Matter
formation (FPM), Human Carcinogenic toxicity (HC), Human Non-Carcinogenic toxicity
(HNC) and Water Consumption-Human Health (WC-HH) were assessed. On the other
hand, in the Ecosystems Ecategory, the potential environmental impacts evaluated were
Global Warming-Terrestrial Ecosystems (GW-TE), Global Warming-Freshwater Ecosys-
tems (CW-FE), Ozone Formation-Terrestrial Ecosystems (OF-TE), Terrestrial acidification
(TA), Freshwater Eutrophication (FE), Marine Eutrophication (ME), Terrestrial EcoToxicity
(TET), Freshwater EcoToxicity (FET), Marine EcoToxicity (MET), Land Use (LU), Water
Consumption-Terrestrial Ecosystem (WC-TE) and Water Consumption-Aquatic Ecosys-
tems (WC-AE). Lastly, in the Resourc®(R) category, Mineral Resource scarcity (MR) and
Fossil Resource scarcity (FR) were assessed.

The Greenhouse Gas Protocol method evaluates the CO; emissions through four
categories, Fossil COy, Biogenic CO,, CO; from land transformation, and CO; uptake. In
Fossil COy, the fossil-based carbon, more specifically the carbon originating from fossil
fuels is assessed, On the other hand, in the Biogenic CO; category, the biogenic carbon is
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considered, which is the carbon originating from biogenic sources. In the CO; from land
transformation category, only the direct impacts are assessed and, in turn, in the carbon
uptake category, the carbon dioxide stored in plants and trees as they grow is considered.

The AWARE method assesses the water consumption impact in an LCA, more specifi-
cally it considers the potential of water deprivation, either to humans or ecosystems.

Finaily, the USEtox 2 method evaluates the human and ecotoxicological impacts of
chemicals in two categories, Human Health and Ecosystems. In the Human Health category,
Human toxicity, cancer and Human toxicity, non-cancer are assessed. On the other hand, in
the Ecosystems category, freshwater ecotoxicity is considered.

3. Results and Discussion

This section is divided into four subsections related to the methods used in the present
LCA: ReCilPe method (3.1), Greenhouse Gas Protocol method (3.2), AWARE method (3.3),
and USEtox method (3.4).

In this LCA, a comparison of potential environmental impacts, considering a weight-
based functional unit of 1 kg of CDs was performed. However, our intention was to
compare, in each method, the contributions of the different impact categories of the in-
put involved in each synthesis and with each other. In this sense, it is not intended to
make quantitative appreciations of the environmental impacts of each material input. As
indicated before, CD-1 is used as a representative for high-yield synthesis, while CD-2 to
CD-6 are representatives of different alternatives for “standard” bottom-up methods. More
importantly, these latter CDs represent a wide range of synthesis yields (Table 1),

3.1. Impact Assessment by ReCiPe Method

The individual results regarding the associated environmental impacts obtained for
CD-1, CD-2, CD-3, CD-4, CD-5, and CD-6 can be viewed in Figure S1. According to the
input of each synthesis under the study, it was possible to verify that the major contributor
in all subcategories was CA for CD-4 (Figure S1D) with environmental impacts varying
between 67 and 99%. However, for the remaining syntheses in almost all the subcategories,
electricity was the higher contributor in CD-1 (with contributions between 56 and 96%), CA
was responsible for most of the impacts in CD-2 {between 41 and 94%), CD-3 (between 53
and 95%), CD-5 (between 48 and 95%), and CD-6 (between 54 and 95%). In this sense, for
CD-1 (Figure S1A), the carbon precursor (glucose) constitutes the highest contribution to
environmental impacts {circa 61%) in Marine Eutrophication (ME) and Land Use (LU). In
CD-2 (Figure S1B), electricity was the major contributor (circa 49%) in lonizing Radiation
(IR) and EDA was responsible for most of the impacts in ME and Fossil Resource scarcity
(FR), contributing by approximately 63% and 67%, respectively. For CD-3 (Figure S1C) and
CD-6 (Figure S1F), electricity was the highest contributor to IR and Freshwater Eutrophica-
tion (FE), being responsible for circa 80% (CD-3: 84% and CD-6: 83%) and 50% (CD-3: 52%
and CD-6: 51%) of impacts, In CD-5 (Figure S1E), electricity was responsible for most of
the impacts in the IR subcategory, contributing to 82% of the environmental impacts, It is
waorth mentioning that for this CD, in the FE subcategory, CA and electricity have similar
contributions to the environmental impacts, with 48% and 47%, respectively, On the other
hand, for all the syntheses in the study, water appears to have quite negligible impacts in
almost all the subcategories. In CD-1, hydrogen peroxide also seems to have negligible
environmental impacts.

The comparison of associated environmental impacts for the six syntheses can be
observed in Figure 1, in which all environmental impact subcategories are included in only
three main categories (Human Health, Ecosystems, and Resources). The first conclusion was
that synthesis 5 (CD-5) is associated with lower environmental impacts and synthesis 4 (CD-
4} with the highest impacts. In this sense, it is possible to understand that hydrothermal
treatment has more impacts than microwave treatment. However, in CD-1 (in which
hydrothermal treatment was also performed), the environmental impacts are expressively
lower than in CD-4. This can be attributed to the distinct synthesis vields, which are 40.1%
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for CD-1 and 1.8% for CD-4. It is worth mentioning that, only in CD-2 is it possible to
observe expressively higher impacts in the Resources category than in the other categories
(difference of 12% and 14% of impacts, respectively, with Human Health and Ecosystems),
One possible explanation for this can be attributed to EDA, which as we mentioned above,
is the highest contributor in the FR subcategory, one of the two subcategories that are
included in the Resources category.
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Figure 1. Relative environmental impacts of syntheses under study, applying ReCiPe method, Green
scale refers to hydrothermal treatments; Yellow scale refers to microwave-assisted treatments; Orange
scale refers to calcination treatments.

It was also possible to observe from the previous figure that CD-1 does not have
a lower environmental impact when compared to CD-2 and CD-3. However, there is a
significant difference between the synthesis vield of these syntheses (Table 1). In this sense,
it was verified that, between CD-1 and CD-2, the differences in potential impacts were 5%
in Human Health and Ecosystems, and 22% in Resources. On the other hand, the variations
in the contributions were 2% in Human Health, 4% in Ecosystems, and 7% in Resources,
between CD-1 and CD-3. The major differences in amounts of inputs of these syntheses
were in water and energy, in which CD-1 used less water than CD-2 and CD-3 (CD-1:
24.9 kg; CD-2: 77.9 kg; CD-3: 101.5 kg), and higher electricity in CD-1 when compared to
the other syntheses (CD-1: 146.8 kWh; CD-2: 24.2 kWh; CD-3: 46.09 kWh). Considering
the energy inputs to perform CD-1 it was verified that the higher input is related to the
hydrothermal treatment and the drying process (82.8 kWh) by the oven, For the stirring step
and dialysis, only 4 kWh and 60 kWh were needed. On the other hand, in CD-2 and CD-3,
the higher energy input is related to dialysis (CD-2: 24 kWh; CD-3: 36 kWh). The remaining
inputs are related to microwave (0.12 kWh) and centrifuge (0.06 kWh) in CD-2, and to
the oven (10 KWh) and centrifuge (0.09 kWh) in CD-3. Thus, these smaller differences in
potential environmental impacts between high-yield synthesis and “standard” bottom-up
syntheses with low yield (less than 10%) suggest that the first may not offset the higher
yield. Nevertheless, given that CD-1 spends a significant amount of energy when drying
with an oven, employing a less energy-consuming strategy for this step might reduce the
associated environmental costs in a relevant manner,

Once our LCA considers a cradle-to-grave approach, it is important to evaluate dis-
posal scenarios of the synthesized CDs, These scenarios intend to assess a more advanced
stage of the life cycle of these CDs, considering either incineration or landfill disposal.

In incineration, for each synthesis, it was possible to understand that the synthesis has
more environmental impacts than the disposal scenario in all the subcategories (Figure S2).
Thus, the potential impacts of synthesis vary between 91-100% for CD-1, 90-100% for
CD-2, 89-100% for CD-3, 97-100% for CD-4, 71-100% for CD-5, and 76-100% for CD-6. It
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is worth mentioning that the incineration scenario has quite negligible impacts with the
exception of the FET, MET, and HNC subcategories in CD-1 (respectively, 9%, 9%, and 7%),
CD-2 (respectively, 10%, 9%, and 6%), CD-3 (respectively, 11%, 10%, and 7%), and CD-4
(respectively, 3%, 3%, and 2%). On the other hand, the exceptions for CD-5 and CD-6 were
the GW-HH (2% for both CDs), GW-TE (2% for both CDs), GW-FE (2% for both CDs), SO
(CD-5: 2%), FET (CD-5: 29% and CD-6: 24%), MET (CD-5: 27% and CD-6: 22%), HC (CD-5:
4% and CD-6: 3%), and HNC (CD-5: 20% and CD-6: 16%) subcategories.

Comparing all the syntheses (Figure 2) for the incineration scenario it was possible to
understand that CD-5 is associated with lower environmental impacts and CD-4 with the
highest impacts, Once again, it is possible to verify that CD-2 has higher impacts in the
Resources category than the other categories {differences of 12% with HH and 14% with E).

(%)
cS2eses32e8

Human Health Ecosystems Resources
*CBl ~CD2 »CD3 nCha »CDS nCD-0

Figure 2. Relative environmental impacts of syntheses under study for incineration disposal scenario,
applying ReCiPe method. Green scale refers to hydrothermal treatments; Yellow scale refers to
microwave-assisted treatments; Orange scale refers to calcination treatments.

For the landfill scenario, it was also verified that the synthesis is responsible for more
impacts than the disposal scenario in all the syntheses under study (Figure S3). In this
sense, the synthesis potential environmental impacts vary between 87-100% for CD-1,
85-100% for CD-2, 84-100%: for CD-3, 96~-100% for CD-4, 61-100% for CD-5, and 67-100%
for CD-6. For all the syntheses it was possible to understand that the disposal scenario
has quite negligible impacts with some exceptions. In CD-1 and CD-3, these were in ME
(CD-1: 4% and CD-3: 3%), FET (CD-1: 14% and CD-3: 16%), MET (CD-1: 13% and CD-3:
15%), and HNC (CD-1: 12% and CD-3: 13%). On the other hand, for CD-2 and CD+4, the
exceptions were in FET {CD-2: 15% and CD-4: 4%), MET (CD-2: 14% and CD-4: 4%), and
HNC (CD-2: 11% and CD-4: 3%). Finally, GW-HH (3% for both CDs), GW-TE {3% for both
CDs), GW-FE (3% for both CDs), ME (CD-5: 9% and CD-6: 7%), FET (CD-5: 39% and CD-6:
33%), MET (CD-5: 38% and CD-6: 32%), HC {CD-5: 2%), and HNC (CD-5: 33% and CD-6:
28%) were the exceptions in CD-5 and CD-6.

For the landfill scenario, considering all the syntheses (Figure 3), it was possible to
corroborate once again that CD-5 has the lowest environmental impacts and CD-4 is related
to the highest impacts. In this disposal scenario, it also verifies that CD-2 has higher impacts
in the Resources category than the others.

For a better understanding of the relative environmental impacts of different disposal
scenarios, we compared the environmental impacts for CD-5 (the route with lower impacts)
when considering both incineration and landfill, It was observed that incineration has
slightly lower impacts than landfill in the three main categories (Figure S4). However, the
evaluation of the subcategories allows understanding that incineration has significantly
lower impacts in ME, FET, MET, and HNC with differences of 9%, 15%, 15%, and 17%,
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respectively (Figure 4). It is worth mentioning that, in the Resources category (MR and FR
subcategories), landfill and incineration have almost the same environmental impacts.

(%)
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SO CD22 20D-5 mCD4 2 CD-5 nCD-6

Figure 3. Relative environmental impacts of syntheses under study for landfill disposal scenario,
applying ReCiPe method. Green scale refers to hydrothermal treatments; Yellow scale refers to
microwave-assisted treatments; Orange scale refers to calcination treatments.
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Figure 4. Comparative relative environmental impacts of CD-5 for incineration and landfill disposal
scenario, applying ReCile method.

3.2, Impact Assessment by Greenhouse Gas Protocol Method

The individual results regarding the associated environmental impacts obtained for
all the syntheses with the Greenhouse Gas Protocol method can be observed in Figure S5.
It can be seen that, when considering each input of the syntheses under study, the major
contributor to the environmental impacts was electricity in CD-1 (with contributions
of between 55 and 97%) and CA in CD-2 (contributions varying from 50-92%), CD-3
{contributions varying from 51-93%), CD-4 (contributions varying from §3-99%), CD-5
(contributions varying from 56-94%), and CD-6 (contributions varying from 53-93%). It is
worth mentioning that in CD-1 (Figure S5A), the contributions of electricity and glucose
are slightly similar (differences of 10%) in the CO; uptake category. In CD-2 (Figure S3B),
electricity and EDA have a slightly higher contribution to the impacts in the Fossil and
Biogenic CO; categories, in which EDA is higher in the first and electricity in the second
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category. On the other hand, in CD-3 (Figure S5C), electricity has a greater impact on
Biogenic CO; than in the other three categories but is still smaller than CA (a difference
of 4%), Finally, in CD-4, CD-5, and CD-6, electricity has a higher impact on Biogenic CO;
(CD-4: 5%, CD-5: 42% and CD-6: 45%) and urea in Fossil CO; (CD-4: 15%, CD-5 and CD-6:
12%), with CA still being responsible for most impacts in both categories. It is important to
note that, the relative contributions of water in all the syntheses and hydrogen peroxide in
CD-1 appear to be quite negligible.

The comparison of all the syntheses (Figure 5) allowed us to understand that CD-5
is associated with lower environmental impacts and CD-4 has the highest impacts, which
also permitted us to verify that the hydrothermal treatment has more impacts than the
microwave treatment. Despite a hydrothermal treatment being performed in CD-1, the
potential impacts were significantly lower than in CD-4 due to the differences in the
synthesis yield. 1t is noteworthy that the environmental impacts for CD-1 were considerably
higher in the Biogenic CO; category and drastically lower in CO; uptake. This analysis also
allowed us to understand that the Biogenic CO; category in this method is a key category
in CD syntheses since the relative impacts were higher when compared with the other
categories, mainly in CD-1 (differences between 24% and 36%),

({1
90
80
0
o
s
40
3n
20
n

0

(%)

Fossil CO2 eq Biogenic CO2eq  CO2 ¢q from land CO2 uptake
transformation
oCD-l ~CD2 »CD-} 2CD4 #CD-S =CD-6

Figure 5. Relative environmental impacts of syntheses under study, applying Greenhouse Gas
Protocol method. Green scale refers to hydrothermal treatments; Yellow scale refers to microwave-
assisted treatments; Orange scale refers to calcination treatments.

To evaluate the entire life cycle of the synthesized CDs an assessment of incineration
and landfill disposal scenarios was carried out,

For the incineration scenario, the results abtained for each synthesis can be observed
in Figure S6. This analysis also allowed us to understand that the synthesis has more
environmental impacts than the disposal scenario. The contributions of the synthesis vary
between 91-100% in CD-1 (Figure S6A), 85-100% in CD-2 (Figure S6B), 86-100% in CD-3
{Figure 56C), 96-100% in CD-4 (Figure S612), 64-100% in CI-5 (Figure S6E), and 70-100%
in CD-6 (Figure S6F). In this sense, the impacts of incineration are quite negligible with the
exception of Biogenic COy in CD-1 (9%), CD-2 (15%), CD-3 (14%), CD-4 (4%), CD-5 {2%),
and CD-6 (2%). Fossil COy is also an exception in CD-5, with contributions of 36%, and in
CD-6 with 307%.

Comparing all the syntheses for the incineration scenario (Figure 6) it was possible to
verify that CD-5 has lower environmental impacts and CD-4 is associated with the highest
impacts, as we observed in the ReCiPe method, It was possible to observe that, for all the
CDs, in the Biogenic CO; category the impacts are higher when compared with the other
categories. These differences are expressively higher in CD-1, in which the contributions
rise between 26%, and 38%. That allowed us to understand that in this method the Biogenic
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CO; was a key category in CD syntheses, since the impacts of incineration have greater
contributions, mainly in CD-1.
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Figure 6, Relative environmental impacts of syntheses under study for incineration disposal scenario,
applying Greenhouse Gas Protocol method. Green scale refers to hydrothermal treatments; Yellow
scale refers to microwave-assisted treatments; Orange scale refers to calcination treatments,

On the other hand, for the landfill disposal scenario, the results obtained can be
observed in Figure 57, Tt was possible to observe that, once again, the synthesis has higher
impacts than the disposal scenario. Thus, the environmental impacts of synthesis range
between 91-100% in CD-1 (Figure S7A), 86-100% in CD-2 (Figure S7B), 87-100% in CD-3
(Figure S7C), 96-100% in CD-4 (Figure 57D), 66-100% in CD-5 (Figure S7E), and 72-100% in
CD-6 (Figure S7F). As a result, the contributions of the landfill scenario are quite negligible
with the exception of Biogenic CO; in all the syntheses (CD-1: 9%, in CD-2: 14%, in CD-3:
13%, in CD-4&: 4%, in CD-5: 35%, and in CD-6: 29%).

The comparison of all the syntheses for the landfill disposal scenarnio (Figure 7) allowed
us to understand that CD-5 has minor impacts and CD-4 has the highest environmental
impacts, It is worth mentioning that, once again, in all the syntheses of CDs, the impacts
were higher in the Biogenic CO; category, especially in CD-1.
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Figure 7. Relative environmental impacts of syntheses under study for landfill disposal scenario,
applying Greenhouse Gas Protocol method. Green scale refers to hydrothermal treatments; Yellow
scale refers to microwave-assisted treatments; Orange scale refers to calcination treatments,
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Considering the synthesis with lower impacts (CD-5), the disposal scenarios that were
more sustainable were evaluated (Figure 5). In this sense, we verify that for CO; from land
transformation and COy uptake categories, the contributions of landfill and incineration
have the same environmental impacts. However, in Fossil and Biogenic COj, the landfill
has slightly lower impacts than incineration (a difference of 2%,). According to the previous
method (ReCiPe), it was verified that for the Human Health and Ecosystem categories,
incineration has shightly lower impacts, This allowed us to conclude that, for CD-5, the
landfill has minor environmental impacts on CO; emissions (Fossil and Biogenic) and
incineration has lower impacts on Human Health and Ecosystems,
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Figure 8. Relative environmental impacts of CD-5 for incineration and landfill disposal scenario,
applying Greenhouse Gas Protocol method,

3.3, Impact Assessment by AWARE Method

The results obtained by this method for each synthesis under study can be observed in
Figure S8. It was possible to observe that for water use, the major contributor was electricity
in CD-1 (with contributions of 76%) and CA in the remaining syntheses (CD-2: 78%, CD-3:
80%, CD-4: 84%, CD-5: 81%, and CD-6: 80%). In relation to the other synthesis inputs, it
was possible to verify a trend (from the highest to the lowest contributor) of electricity >
glucose > NaOH > H;0; > HyO in CD-1 (Figure S8A), CA > EDA > electricity > HyO in
CD-2 {Figure S8B), CA > urea > electricity > H,O in CD-3 (Figure S8C), CA > urea > H:0 >
electricity in CD-4 (Figure S8D), and CA > urea > electricity > H;O in CD-5 (Figure SSE)
and CD-6 (Figure S8F). In general, it was possible to understand that CD-2, CD-3, CD-5,
and CD-6 appear to have a similar trend, in which we have a carbon precursor as the higher
contributor, followed by the N-containing small organic molecules (EDA or urea) and then,
electricity and water. It is worth mentioning that in CD-4 and CD-6, water appears to have
negligible impacts (less than 1%).

Comparing all the syntheses under study (Figure ¥), the first conclusion was that CD-1
is associated with lower environmental impacts and CD-4 with the highest impacts. These
synthesis routes performed a hydrothermal treatment of the precursors, and the major
difference is that CD-1 consists of a high-yield synthesis, Furthermore, the carbon precursor
in these syntheses is different (CD-1: glucose and CD-4: citric acid), which can also explain
the difference (97%) in the potential environmental impacts, It is worth mentioning that this
method allowed us to understand that, when we focus on the potential of water deprivation,
the high-vield synthesis (CD-1) is more sustainable.
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Figure 9. Relative environmental impacts of all syntheses under study, applying AWARE method.
Green scale refers to hydrothermal treatments; Yellow scale refers to microwave-assisted treatments;
Orange scale refers to calcination treatments.

The contribution of incineration and landfill disposal scenarios to the water consump-
tion of the synthesized CDs was also evaluated.

For each synthesis under study, the analysis of the incineration scenario can be ob-
served in Figure S9. In all the synthesized CDs, the synthesis was responsible for most of
the environmental impacts, meaning the disposal scenario contributions were negligible.
This method allowed us to understand that, for water use, the synthesis has an expressively
higher contribution than incineration (CD-1: 99.81%, CD-2: 99.96%, CD-3: 99.97%, CD-4:
99.99%, CD-5: 99.89%, and CD-6; 99.91%),

Comparing all the syntheses for the incineration scenario (Figure 10), we concluded
that CD-1 has lower environmental impacts and CD-4 is associated with higher impacts.
These syntheses have a difference of 97% in the potential impacts, despite both having a
hydrothermal approach.
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Figure 10, Relative environmental impacts of all the syntheses under study for incineration disposal
scenario, applying AWARE method. Green scale refers to hydrothermal treatments; Yellow scale
refers to microwave-assisted treatments; Orange scale refers to calcination treatments.

The evaluation of the landfill scenario of each synthesis under study can be observed in
Figure 510, It was possible to conclude that, in all synthesized CDs, the contributions of the
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disposal scenario were quite negligible, meaning the synthesis step had more environmental
impacts. In this sense, the synthesis was responsible for 99.95% in CD-1 (Figure S10A),
99.99% in CD-2 (Figure S10B), CD-3 (Figure 510C) and CD-4 (Figure S10D), 99.97% in CD-5
(Figure S10E), and 99.98% in CD-6 (Figure S10F),

In the evaluation of the landfill scenario, a comparison of all the syntheses under study
was also performed (Figure 11). That allowed us to conclude that in this scenario CD-1
is also related to lower impacts and CD-4 with higher environmental impacts, Thus, this
shows once again the sustainability of CD-1 regarding water deprivation.
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Figure 11, Refative environmental impacts of all syntheses for landfill disposal scenario, applying
AWARE method. Green scale refers to hydrothermal treatments; Yellow scale refers to microwave-
assisted treatments; Orange scale refers to caleination treatments.

According to the synthesis with lower impacts in this method, an evaluation of the
disposal scenario (Figure 12) was performed. This analysis permitted us to conclude that
no significant differences exist between the disposal scenarios, despite landfill having
slightly lower environmental impacts than incineration (a difference of 0.14"%). Therefore,
as verified in the previous method (Greenhouse Gas Protocol method), the landfill scenario
appears to be more sustainable regarding CO; emissions and water consumption,
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Figure 12, Relative environmental impacts of CD-1 for incineration and Landfill disposal scenario,
applying AWARE method,
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3.4. Impact Assessment by USEtox Method

The assessment of human and ecotoxicological impacts for each synthesis under study
can be observed in Figure S11. This allowed us to conclude that the major contributor
was electricity in CD-1 (with contributions between 80 and 93%) and CA in the remaining
syntheses {CD-2: 44-61%, CD-3: 52-67%, CD-4: 87-93%, CD-5: 56-71%, and CD-6: 54-69%).
In CD-1 (Figure S11A), it was possible to observe that glucose has the highest contribution
to the Human Toxicity non-cancer category, being responsible for 16% of the impacts (a
difference of 13% when compared to the other subcategories). For CD-2 it was verified
that the highest contributor is not completely isolated from the other inputs, especially
from EDA in Human Health (differences of 12%), It is still worth mentioning that, in this
synthesis, EDA has a higher impact than electricity. In CD-3, a similitude of potential
environmental impacts between CA and electricity exists in the Human Toxicity cancer
subcategory (difference of 10%). For CD-4 (Figure S11D), in all subcategories, urea has
more environmental impacts than electricity. On the contrary, in CD-3 (Figure S11C), CD-5
(Figure S11E) and CD-6 (Figure S11F), electricity was responsible for more environmental
impacts than urea in all the subcategories, It is noteworthy that water appears to have
quite negligible environmental impacts in all the syntheses, as compared with hydrogen
peroxide in CD-1,

The comparison of all syntheses under study (Figure 13) allowed us to conclude that
CD-5 18 associated with lower impacts and CD-4 with the highest environmental impacts.
Thus, this method observed that, for toxicological impacts of chemicals, CD-5 appears ta be
more sustainable than the other syntheses, as we observed in the ReCiPE and Greenhouse
Gas Protocol method.
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Figure 13. Relative environmental impacts of all syntheses under study, spplying USEtox method.
Green scale refers to hydrothermal treatments; Yellow scale refers to microwave-assisted treatments;
Orange scale refers to caleination treatments.

For this method, the incineration and landfill disposal scenarios of the synthesized
CDs were evaluated.

The results obtained for incineration in each synthesis under study can be observed
in Figure $12. It was possible to observe that the synthesis was responsible for more
environmental impacts than the disposal scenario. In this sense, the contributions of the
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synthesis varied between 94-99% in CD-1 (Figure 512A) and CD-3 (Figure 512C), 95-99%
in CD-2 (Figure SI12B), 99-100%, in CD-4 (Figure S12D), 83-96% in CD-5 (Figure S12E), and
86-97% in CD-6 (Figure S12F). Thus, the potential impact of incineration appears to be
quite negligible, especally in the Human Toxicity cancer subcategory for CD-1, CD-2, and
CD-4 (contributions less than 1%). However, for CD-4, in the Human Toxicity non-cancer
subcategory the impacts were also less than 1%. For CD-3, it was observed that the impacts
were lower in the Human Health category (i.e., human toxicity with cancer and human
toxicity without cancer subcategories) than in Freshwater ecotoxicity. [t is worth mentioning
that for CD-5 and CD-6, in all subcategories, the environmental impacts of incineration
were lower, when compared with the previous syntheses, On the other hand, for CD-5
and CD-6, the difference in potential impacts between Human Health and Ecosystems was
higher. That is expressively evident in the Freshwalter ecotoxicity subcategory, in which
incineration was responsible for 17% and 14% of environmental impacts, respectively, in
CD-5and in CD-6.

Comparing all the syntheses for the incineration scenario (Figure 14), it was possible
to understand that CD-5 has lower environmental impacts and CD-4 has higher impacts.
Furthermore, CD-1, CD-2, and CD-3 have higher impacts in the Human Health category
than in the Ecosystem category. It is worth mentioning that CD-1 has expressively higher
impacts on Human toxicity with cancer, with differences of 12% and 15% when compared
to Human toxicity without cancer and Freshwater ecotoxicity, respectively. This allowed
us to conclude that CD-1 presents less sustainability when we assessed the ecotoxicity of
chemicals. That can be explained due to the alkaline peroxide treatment performed in this
synthesis route.
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Figure 14, Relative environmental impacts of all the syntheses under study for incineration disposal
scenano, applying USEtox method. Green scale refers to hydrothermal treatments; Yellow scale refers
to microwave-assisted treatments; Orange scale refers to calcination treatments,

On the other hand, the analysis of the landfill disposal scenario of each synthesized CD
can be observed in Figure 513, It was possible to understand that, once again, the synthesis
scenario is associated with higher environmental impacts than the disposal scenario. In this
sense, the contributions of synthesis vary between 91-100% in CD-1 (Figure S13A), 92-99%
in CD-2 (Figure S138) and in CD-3 (Figure S13C), 98-100% in CD-4 (Figure S$13D), 76-98% in
CD-5 (Figure S13E), and 81-98% in CD-5 (Figure S13F). [t is noteworthy that, in CD-1, CD-2,
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and CD-3, the impacts of the landfill scenario were quite negligible in the Human Toxicity
with cancer subcategory. Whereas in the remaining subcategories the contributions were
responsible for more than 2% of impacts. In CD-4, the contributions of the landfill category
appear to be very insignificant in both subcategories of the Human Health category (less
than 0.5% of impacts). Finally, in CD-5 and CD-6, the environmental impacts of the disposal
scenario were lower in all subcategories when compared with the other synthesis. However,
the difference in impacts between the Human Health subcategories and Ecosystems was
higher than in the other syntheses. This is expressively evident in freshwater, where the
contributions were 24% and 19% of impacts in CD-5 and CD-6, respectively.

The evaluation of all the syntheses in respect of the landfill scenario (Figure 15)
allowed us to understand that CD-5 has lower impacts and CD-4 was associated with
higher environmental impacts, Once again, it was verified that CD-1, CD-2, and CD-3 have
higher impacts on Human Health than in the Ecosystem category. This is expressively
evident in CD-1, where differences between both subcategories of Human Health and the
Human toxicity, cancer with Freshwater ecotoxicity were 12% and 14%, respectively. Thus,
once again, when we compared the impacts of CD-1 considering the other methods, it was
concluded that CD-1 presents less sustainability related to the ecotoxicity of chemicals,
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Figure 15, Relative environmental impacts of all syntheses for landfill disposal scenario, applying
USEtox method. Green scale refers to hydrothermal treatments; Yellow scale refers to microwave-
assisted treatments; Orange scale refers to calcination treatments.

Considering the synthesis with lower impacts in this method (CD-5), we verified
that the incineration scenario has slightly lower environmental impacts than the landfill
scenario {a difference of 0.9% for Human Health and 8.1% for Ecosystems), as is noted in
Figure 16, This was also seen for the ReCiPe method. However, it was observed that in the
Human Health category, incineration has lower impacts on human toxicity without cancer
and higher impacts on human toxicity with cancer.
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Figure 16, Relative environmental impacts of CD-5 for incineration and landfill disposal scenario,
applying USEtox method.

4. Conclusions

The present work allowed us to conclude that CD-5 has lower environmental impacts
when analyzed using the ReCiPe, Greenhouse Gas Protocol, and USEtox LCIA methods
On the other hand, in the AWARE method, the most sustainable synthesis was CD-1.
Nonetheless, in all the methods, CD-4 has a higher environmental impact.

According to the disposal scenario, for CD-5, it was verified that incineration has
slightly lower impacts than the landfill scenario in the ReCiPe and USEtox methods, On
the contrary, in the Greenhouse Gas Protocol, the landfill scenario has lower impacts than
incineration, In the AWARE method, for CD-1, it was shown that no significant differences
exist between both disposal scenarios with landfill being somewhat more sustainable than
incineration.

In the ReCiPe method, CD-1 was associated with lower impacts than CD-4 (despite
both performing a hydrothermal treatment), which can be explained due to the difference
in the synthesis yields. Additionally, in the three analyses (synthesis, incineration, and
landfill) performed, it was verified that CD-2 has higher impacts in the Resources category.

In the Greenhouse Gas Protocol, considering all the subcategories, it was noted that
the impacts in CD-1 were higher in Biogenic CO; and lower in CO; uptake. Beyond this,
Biogenic CO, appears to be a key category in this method, since the environmental impacts
were higher in all synthesized CDs.

In the AWARE method, we verified that the synthesis routes where a hydrothermal
treatment was performed (CD-1 and CD-4) were either the most sustainable (CD-1) or were
responsible for higher impacts (CD-4). This could be explained by the distinct synthesis
vields and carbon precursor used in the synthesis or the huge input of water in CD-4, Tt is
worth mentioning that CD-1 was more sustainable in water deprivation.

In USEtox, the analysis of the disposal scenario showed that CD-5 and CD-6 have
lower environmental impacts when compared to the remaining syntheses, However, in
CD-5 and CD-6, the difference in potential environmental impacts between the two main
categories (Human Health and Ecosystems) was higher than in the other syntheses. Beyond
this, the impacts of incineration and landfill in CD-1 were higher in Human Health, and
ecotoxicity cancer than in the other subcategories. Due to the higher impacts of CD-1 in
comparison with the other methods, it was concluded that CD-1 presents less sustainability
related to the ecotoxicity of chemicals.

In short, we concluded that, for CD-5, landfill has minor environmental impacts on
CO; emissions (Fossil and Biogenic) and incineration has lower impacts in the Human
Health and Ecosystems categories (ReCiPe and USEtox methods).

In general, it is possible to conclude that high-yield synthesis (CD-1) is not assaciated
with lower potential impacts than some “standard” bottom-up syntheses, such as CD-5
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and CD-6. Actually, in three of the methods used (ReCiPe, Greenhouse Gas Protacol, and
USEtox), despite the difference of 12-13% in the synthesis vield between CD-5, CD-6, and
CD-1, the impacts were lower for the “standard” bottom-up synthesis. More importantly,
in terms of sustainability, CD-1 is not so much “greener” than CD-2 and CD-3, which
are “standard” bottom-up syntheses with low yields (CD-2: 7.3% and CD-3: 9.85%). In
this sense, it was concluded that current high-yield procedures may not yet be readily-
available alternatives for cleaner production, since higher synthesis vields appear to come
with higher environmental costs. Nevertheless, the higher impacts associated with higher
synthesis yields appear to come from increased consumption of electricity associated with
the hydrothermal and drying processes, Thus, if electricity consumption could be reduced
in those steps, these new strategies could indeed be more suitable choices for producing
CDs in a more environmentally friendly way.

Supplementary Matedals: The following supporting information can be downloaded at: hilps
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(C) CD-3; (D) CD-4, (E) CD-5 and (F) CD-6. The abbreviations are explained in Section 2.4; Figure S2
Relative environmental impacts of the synthesis under study and the disposal scenario of incineration,
applying the ReCiPe endpoint method. (A) CD-1; (B) CD-2, (C) CD-3; (D) CD+4, (E) CD-5 and
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of syntheses under study, applving the Greenhouse Gas Protocol method, (A) CD-1, (B) CD-2,
(C) CD-3, (D) CD4, (E) CD-5, and (F) CD-6; Figure S6. Relative environmental impacts of syntheses
under study for the incineration disposal scenario, applying the Greenhouse Gas Protocol method.
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under study for the incineration disposal scenario, applying the AWARE method. (A) CD-1, (B) CD-2,
(€) CD-3; (D) CDH4, (E) CD-5 and (F) CD-6; Figure S10. Relative environmental impacts of syntheses
under study for the landfill disposal scenario, applying the AWARE method. (A) CD-1, (B) CD-2,
(C) CD-3, (D) CD4, (E) CD-5, and (F) CD-6; Figure 511. Relative environmental impacts of syntheses
under study, applying the USEtox method. (A) CD-1, (B) CD-2, (C) CD-3, (D} CD4, (E) CD-5, and
{F) CD-6; Figure S12. Relative environmental impacts of syntheses under study, for the incineration
disposal scenario, applying the USEtox method. (A) CD-1, (B) CD-2, (C) CD-3, (D) CD+4, (E) CD-5,
and (F) CD-b; Figure S13, Relative environmental impacts of syntheses under study, for the landfill
disposal scenario, applying the USEtox method. (A) CD-1, (B) CD-2, (C) CD-3, (D) CD-4, (E) CD-5,
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2.1.2. Supporting Information

Supplementary Materials
Table S1. Inventory of raw materials for each CD under study, in which quantities are referred to 1 kg
of CD.
Ecoinvent® 3.5 database CD-1 CD-2 CD-3 CD-4 CD-5 CD-6

Glucose  |GLOJ Imarket for | 5 49 kg
glucose | APOS, S

Sodium  hydroxide, without
water, in 50% solution state | 1-49Kg
{GLO) Imarket for| APOS, S
Hydrogen peroxide, without
w::h.-r(.ﬁlln %IP;N‘ solution state | 0.239ky
|GLO) Imarket for| APOS, S

Citric Aad  |GLO) Imarket 7 - : 4L

forl APOS S 7.2kg 7.61 kg 50 kg 24 kg Ikg
Ethylenediamine |IRER] | 72kg

market forl APOS, S

Urea, as N (GLO} market 254 kg 16 kg 0.8 kg 1 kg
forl APOS, S

Water, deionized, from tap
water, at  user (Europe
without Switzerland) | market 249 kg 779 kg 1015 kg 330 kg 20kg 20 kg
for water, deionized, from tap
water, at user| APOS, S
Electricity, medium voltage
|RER) Imarket  group for!
APOS, S

1468 242 4609 17 12 17
kWh kWh kWh kWh kWh kWh
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Figure S1. Relative environmental lmpacts of the synthesis under study applying ReCiPe endpoint method. (A) CD-1; (B) CD-2, (C) CD-3; (D)
CD-4, (E) CD-5 and (F) CD-6. The abbreviations are explained In Section 2.4
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Figure S2. Relative environmental impacts of the synthesis under study and the disposal scenario of incineration, applying ReCiPe endpoint
method. (A) CD-1; (B) CD-2, (C) CD-3; (D) CD-4, (E) CD-5 and (F) CD-6. The abbreviations are explained in Section 2.4.
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Figure 53, Relative environmental impacts of the synthesis under study and the disposal scenario of landfill, applying ReCiPe endpoint method.
(A) CD-1; (B) CD-2, (C) CD-3; (D) CD-4, (E) CD-5 and (F) CD-6. The abbreviations are explained in Section 2.4
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Figure S5. Relative environmental impacts of syntheses under study, applying Greenhouse Gas Protocol
method. (A) CD-1; (B) CD-2, (C) CD-3; (D) CD-4, (E) CD-5 and (F) CD-6.
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Figure S6. Relative environmental impacts of syntheses under study for inaneration disposal scenario, applying
Greenhouse Gas Protocol method. (A) CD-1; (B) CD-2, (C) CD-3; (D) CD-4, (E) CD-5 and (F) CD-6,
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Figure S7. Relative environmental impacts of syntheses under study for landfill disposal scenario, applying
Greenhouse Gas Protocol method. (A) CD-1; (B) CD-2, (C) CD-3; (D) CD-4, (E) CD-5 and (F) CD-6.
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Figure S8. Relative environmental impacts of syntheses under, applying AWARE method.
(A) CD-1; (B) CD-2, (C} CD-3; (D) CD-4, (E) CD-5 and (F) CD-6.
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Figure $13. Relative environmental impacts of syntheses under for landfill disposal scenario, applying USEtox
method. (A) CD-1; (B) CD-2, (C) CD-3; (D) CD-4, (E) CD-5 and (F) CD-6,
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2.1.3. Conclusion

This study presents a comparative LCA of six representative synthesis routes for
CDs, enabling a systematic evaluation of high-yield and conventional bottom-up
fabrication strategies. Adopting a cradle-to-grave perspective and a mass-based
functional unit of 1 kg of produced CDs, the analysis provides a detailed understanding
of the environmental trade-offs associated with synthesis yield, energy demand, and

process complexity.

The results demonstrate that synthesis yield alone is not a reliable indicator of
environmental sustainability in CDs production. While high-yield strategies enhance
material efficiency, their potential benefits are frequently offset by higher energy
consumption, longer reaction times, and increased use of chemical reagents. Across
most impact categories, energy and carbon precursor were identified as the dominant

contributors to the overall environmental footprint.

Evaluation using the ReCiPe, Greenhouse Gas Protocol, and USEtox methods,
the microwave-assisted synthesis based on citric acid and urea (CD-5) consistently
exhibited the lowest overall environmental impacts, while the hydrothermal route with
very low yield (CD-4) was associated with the highest impacts. Although the high-yield
synthesis route (CD-1) significantly reduced environmental burdens when compared to
low-yield hydrothermal synthesis, it did not systematically outperform simpler “standard”
bottom-up approaches that combine moderate-to-high vyields with lower energy

requirements.

End-of-life scenarios, including incineration and landfill disposal, contributed only
marginally to the total impacts, indicating that sustainability improvements should
primarily focus on the synthesis stage. Interestingly, the AWARE method highlighted a
different trend, identifying the high-yield route as the most favorable regarding water
deprivation potential. This result underscores the importance of assessing multiple
environmental dimensions, as conclusions on sustainability may vary depending on the

selected impact category.

Consistently with these results, a previous study [227] has also shown that
increased yields do not necessarily reduce environmental impacts, with precursor
selection, energy consumption, and process complexity remaining key drivers of

environmental performance.

Overall, these results emphasize the importance of a life cycle perspective when

evaluating CDs synthesis strategies. Sustainability claims based solely on yield may be
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misleading, and integrated assessments that consider both material efficiency and
process-related environmental burdens are essential for informed decision-making. This
work establishes a methodological and empirical foundation for subsequent studies in
this thesis, which further explore sustainable synthesis pathways, precursor selection,
and design strategies for CDs targeting lighting applications. In line with these findings,
complementary work (Appendix 1) has further explored the environmental performance
of waste-derived CDs, reinforcing the importance of precursor selection and process

design in shaping the sustainability profile of CDs production.

In conclusion, higher synthesis yields do not inherently lead to improved
environmental performance. In many cases, the increased energy demand and process
complexity associated with high-yield strategies offset the advantages of enhanced
material efficiency. Consequently, relatively simple bottom-up routes that achieve
moderate-to-high yields while maintaining manageable energy and reagent
requirements may offer the most environmentally balanced options for CDs production,
although the optimal choice ultimately depends on the specific objectives and conditions

of the production process.
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3. Conversion of organic waste into multicolor
CDs

3.1. Article Il: Development of a Facile and Green Synthesis
Strategy for Brightly Fluorescent Carbon Dots from Various Waste

Materials

Sénia Fernandes, Manuel Algarra, Antonio Gil, Joaquim Esteves da Silva, and Luis Pinto
da Silva

3.1.1. Contextualization and author contributions

CDs have emerged as a versatile class of carbon-based nanomaterials due to
their tunable photoluminescence, high photostability, low toxicity, and broad applicability
in sensing, bioimaging, optoelectronics, and lighting-related technologies [101, 177,
178]. These properties, combined with their potential for synthesis from abundant and
renewable carbon sources, make CDs particularly attractive within the framework of

sustainable nanomaterials development.

In recent years, increasing attention has been directed toward the use of biomass
residues and organic waste as carbon precursors for CDs synthesis, aiming to reduce
environmental impacts while promoting waste valorization within a circular economy
perspective [243, 244, 264]. However, the heterogeneous composition of waste-derived
feedstocks often leads to significant variability in the optical properties of the resulting
CDs. In particular, waste-based CDs frequently exhibit limited fluorescence quantum

yields (QYFrL), restricting their use in high-performance optical applications.

Against this background, the central objective of this work [116] was to develop
a generic, reproducible, and environmentally responsible synthesis strategy capable of
converting a wide range of organic waste materials into brightly fluorescent CDs with
QYr. values exceeding 20%. Achieving high photoluminescence efficiency while
maintaining sustainability constraints remains a major challenge, as improvements in
emission intensity are often associated with harsher reaction conditions, increased

energy consumption, or more complex multistep procedures.

To address this challenge, a facile and green hydrothermal synthesis route was
developed, combining waste-derived carbon sources with citric acid as a co-carbon
precursor and ethylenediamine as a nitrogen dopant. This approach enables controlled

carbonization, nitrogen incorporation, and surface passivation under mild reaction
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conditions, while preserving a high degree of flexibility with respect to precursor
selection. Importantly, the procedure was designed to be broadly applicable to different
waste streams, rather than optimized for a single feedstock, thereby supporting the

development of a versatile and scalable synthesis platform.

Within the scope of this thesis, this study complements the life cycle-oriented
assessment presented in the previous work (Article I) by highlighting precursor selection
and waste valorization as critical design parameters for sustainable CDs synthesis. In
combination, these studies aim to contribute to the development of CDs that reconcile

high optical performance with environmentally responsible fabrication strategies.

| was responsible for the synthesis of all CDs and for the optical characterization,
LCA, and data analysis associated with this study, under the supervision of Professor
Dr. Luis Pinto da Silva. X-ray photoelectron spectroscopy (XPS) and X-ray diffraction
(XRD) analyses were performed by the research group of Dr. Manuel Algarra (University
of Malaga). Atomic force microscopy (AFM) measurements were conducted at CEMUP
(Materials Centre of the University of Porto), while Fourier-Transform Infrared
spectroscopy (FT-IR) and zeta potential measurements were carried out by me in
collaboration with the laboratory Lab&Services (Chemistry and Biochemistry Department

of the Faculty of Sciences of Porto University) team, particularly Claudia Alves.

The interpretation and discussion of all experimental results, including structural,
chemical, optical, and environmental data, were carried out by me under the supervision
of Professor Dr. Luis Pinto da Silva. | prepared the initial manuscript draft, which was
subsequently reviewed and refined by Professor Dr. Luis Pinto da Silva, Professor Dr.

Joaquim C. G. Esteves da Silva, Dr. Manuel Algarra, and Dr. Antonio Gil.
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Development of a Facile and Green Synthesis Strategy for
Brightly Fluorescent Carbon Dots from Various Waste

Materials

Sénia Fernandes,”™ Manuel Algarra,”" Antonio Gil,™ Joaquim Esteves da Silva,

Luis Pinto da Silva*™

Carbon dots (CDs) are flucrescent carbon-based nanomaterials
mm&mmmmmmmm
traditional fluarophores. Consequently, researchers focused on
their development and application in fields such as sensing and
bioimaging. One potential advantage of employing CDs s using
organic waste as carbon precursors in their synthesis, providing
o pathway for waste upcycling for a circular economy. However,
waste-based CDs often have low fluorescence quantum ylelds
(QYy,), limiting thelr practical applications. So, there is a need
for a well-defined strategy to consistently produce waste-based
CDs with appreciable QYy, irrespective of the starting waste

Introduction

Carbon dots (CDs} are fluorescent carbon-based nanoparticles,
which are known for havinq good stability, water-solubility, and
being biocompatible.'™ Due to these properties, they have
been studied for use in applications as diverse as bioimaging,
sensing, and phototherapies, among others.” ™

CDs can be produced via either top-down or bottom-up
approaches, The former Involves the breakdown of large
graphite materials,”" while the latter consists of producing
larger nanoparticles from smaller organic molecules™ ™' Bot-
tom-up routes are typically preferred, as they are commonly
considered to be a low-cost and environmentally friendly
strategy to produce CDs,*'“ CDs produced from top-down
approaches can also present refatively low fluorescence
quantum yields (QY,).”

Moreover, various precursors can be used to produce CDs
when following bottom-up routes.”” ™ However, when devising
different production strategles, it Is crucial to consider their
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the hydrathermal treatment of waste materlals, using citric acid
as a co-carbon prmandmm as N-dopam.

'mmmmmmsm indudhgm

mzmmwmmmmmmw
~40%, A Life Cycle Assessment (LCA) study demonstrated that
producing these waste-based CDs has lower environmental
impacts compared to CDs made solely from commercial
reagents. Thus, we have established a framework for the
mwmmdmswumngm

ent waste materials without significant sacrifices in performance

QY.

environmental impact and ensure their sustainability, This
aspect Is even more critical with engineered nanomaterials,
including CDs, as their production processes have been
recognized as being of environmental concern,”' "

Ufe cycle assessment (LCA) is an approach capable of
measuring the environmental impacts of a given system or
product during its entire life cycle.”*™ In fact, it has been used
previously to Investigate the environmental impacts of synthe-
sizing D' More relevantly, these LCA studies have
indicated that the carbon precursor is the main contributor to
the environmental impacts that result from the production of
CDs. 7% This finding has been consistent, being common
to various bottom-up processes and different carbon precursors
{including commonly employed ones, such as citric acid, or
CA) W Notably, typical carbon precursors of CDs are
commercial chemicals, such as acids, carbohydrates, and other
more complex compounds, ="

Thus, reducing the amount of carbon used or replacing
typical carbon precursors In synthesizing CDs Is essential to
minimize their environmental Impact Interestingly, CDs can
also be produced using different types of organic waste and
blomass as carbon precursors  Instead of commercial
chemicals.”™ Given this, the focus should be reducing or
replacing commercial precursors using organic waste.

In fact, different researchers have already studied the
fabrication of CDs from different types of waste and renewable
carbon sources, such as fruits, biomass, residues, and
others. ™" However, CDs obtained from these carbon sources
have been shown to present relatively low QY,, values, typically
below 20%.*** This is problematic because typical applica-
tions in which CDs are used require as high of a QY value as

© 2024 Wiky VCH GetiH
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possible. So, current examples are reducing environmental
impacts by sacrificing the performance of CDs, meaning that
using these nanomaterials is not viable for practical applications
In which strong luminescence Is needed.

Thus, there is a need to develop novel and cleaner
strategies for producing CDs that do not sacrifice their perform-
ance. That is, there is a need for fabrication strategies that
reduce the amount of commercial chemicals by incorporating
organic waste while consistently producing CDs that retain
appreciable QY,, values (higher than 20%), irrespective of the
selected waste material.

Herein, we aim to optimize a bottom-up route in which
different CDs can be produced from diverse types of waste
material while consistently obtaining higher QY,, values. More
specifically, it will establish a framework to produce different
waste-based CDs with strong enough fluorescence for future
application-oriented research while allowing for waste upcy-
cling In a circutar economy approach,

We successfully developed CDs from different waste materi-
als (corn stover, sawdust, cork powder, and spent coffee
grounds), which showed appreciable fluorescence (up to
~40%), higher than found in existing literature. LCA studies
highlighted that introducing waste as co<arbon precursors
decreased the environmental impacts of the synthesis process
over corresponding routes involving only commercial chem-
icals. The CDs were also thoroughly characterized by AFM, XPS,
DLS, FTIR, XRD, UV-Vis, and fluorescence spectroscopy,

Results and Discussion
Preparation of CDs

This study employed a hydrothermal approach to synthesize
CDs due to requiring mild experimental conditions and being
easy to operate, low cost, and secure. It also allows for one-pot
synthesis for  heterogeneous reactions!” The Supporting
Information details the experimental procedures and steps to
optimize reaction conditions. In short, all CDs were produced
via a hydrothermal approach, with a final reaction volume of
10mb of NaOH 0,01 M solution used for all synthesis. The
reaction mixtures were always placed in a 25 mL Teflon-lined

reactor with a stainless-steel shell. Different reaction parameters
were changed: amount and identity of carbon precursor;
identity and amount of N-dopant; reaction time and temper-
ature. The resulting solutions were then subjected to centrifu-
gation and dialysis for purification.

Initially, we attempted to synthesize CDs using only waste
materials as carbon precursors (Figure S1 and Table S1). We
tested 9 types of organic waste, including com stover, orange
peels, spent coffee grounds, and sawdust,

Subsequently, instead of exclusively using organic waste,
we modified traditional hydrothermal routes with a carbon
precursor and an N-dopant molecule, CA is arguably the most
common among traditional carbon precursors, Specifically, we
almed to reduce the amount of CA by Incorporating waste
materials as co-carbon precursors. This approach allows the
upcycling of waste while decreasing the use of CA, which is a
relevant endeavor as previous studies have (dentified commer-
cial carbon precursors (including CA) as the main contributors
to the environmental impacts of the synthesis of CDs, %" ™

Initial optimization of reaction conditions was performed by
investigating the effect of different parameters, such as the
addition of N-dopant, the ratio of N-dopantcarbon precursors,
the identity of N-dopant, and reaction temperature (Table 52),
as described in the Supporting Information, In this analysis, we
employed corn stover as reference waste materlal. We chose
corn stover as it is one of the most abundant agricultural
wastes, and it is ubiquitous around the world, Despite this, com
stover is typically discarded, as it has no relevant valuable end
application.

The final step in this optimization process was to evaluate
the effect of the reaction time. To this end, we performed 4
additional syntheses with increasing reaction times (Table 1 and
Scheme 1): 4 hours, 8 hours, 16 hours, and 24 hours (CS-CDs,,
CSCDs,,, (S-CDs,,, and CSLDs,,, respectively). The exper-
imental conditions are defined in Table 1.

Introducing waste materials as carbon precursors, with the
consequent reduction of commercial chemicals, is a relevant
research topic for upcycling waste in a circular economy
approach. However, this introduction is only worth pursuing if
the performance and environmental impacts of the resulting
nanomaterials are not significantly worse than those produced
only from commercial chemicals.

TS 1S piomonr SV 0 S s G A S 453 NG G S Ch: pmiontnd 38 st Mo
Chs Coen Stover (g) Citnic Aad (g) Ethwlonediamine ig) Reaction Time (h) Ay (nm) A Im) Qv,, %) Synthasis Yiekl (%)
C5-C0s,, Qo0rs 0075 oS a 445 155 9.9 A
C5-CDsy, 0075 007s ors -} 440 50 393 68
CS-Cos,, 0075 ao7s ots 6 440 150 189 62
C5C0s,,  QO75 0078 s 24 440 155 311 55
COs,, s ors kS 440 150 650 kX
CDsy, s ols 8 440 150 c64 24
COs a1s Q15 6 440 350 66.4 15
COs,, s ars 24 440 350 652 45
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1N Characterization of CDs
— _"";. '—-lﬂh ° 2D excitation-emission contour plots (EECP) were measured for
i each CDs using only waste materials as precursors (Figure 51),
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Scheme 1. Scheme of (Ds synthesis. xh refers to different resction times
applied to the synthesis (4, & 16, and 24 h). C5-CDx,, and CD5,, refer to CDs
with and without com stover at several reaction times, as mentionad In
Table 1, C-CDs,,, TK-CDs,, and 5-C0s,, refer 10 CDs fram spent coffee
grounds, cork pawder, and sawdust.

e

To evaluate this, we have then synthesized four additional
CDs using only CA and ethylenediamine (EDA) in a mass ratio of
1:1 and with increasing reaction times (Scheme 1): CDs,,, CDs,,,
CDs,,,, and CDs,,, (the other synthesis parameters are the same
as for CS-CDs.). By not using com staver as a co-<arbon
precursor, the amount of CA used for CDs,, Is double that used
for C5-CDs,;,.

It should be noted that the objective of this work is not the
development of one single CDs from organic waste with
appreciable fluorescence, Instead, it is to develop a synthesis
approach in which waste-based CDs can be produced consis-
tently with appreciable QY,, (higher than 20%), irrespective of
the type of waste material used as starting material/co-carbon
precursor,

With this approach, researchers could have a framework to
develop novel and different CDs In a more environmentally
friendly way and in a circular economy approach without
sacrificing the performance of CDs in terms of QY;, (essential
for most of the practical applications In which CDs could be
applied). Furthermore, establishing a reliable synthesis process
with lower environmental impacts for CDs while ensuring
congistently high fluorescence is essential for future application-
orented research. Tuning the properties/reactivity of CDs
toward specific applications could be done by selecting waste
materials with specific compositions, Thus, while this study
does not present specific examples of practical applications, It
was performed to provide a foundation for future studies in
which CDs are applied in sensing, imaging, light-emitting
devices, etc.

To demonstrate the reliabllity and consistency of our
synthesis approach, we have used it to produce 3 additional
waste-based CDs, by changing only the identity of the waste
material {Scheme 1). Namely, spent coffee grounds, cork
powder, or sawdust {C-CDs,,, CK-CDs,, and S-CDs,, respec-
tively),

ChemSesChese 2025, /8 0202401702 (3 of 11

which showed a similar fluorescence profile between the
samples, Namely, all CDs presented a well-defined luminescent
center with an emission maximum of about 440 nm. However,
the QY,, was below 1.4 % for all syntheses (Table $1), suggesting
that solely using organic waste is not a consistently effective
method for producing CDs with significant fluorescence. As a
result, we explored an alternative synthesis strategy In which
we combined a carbon precussor and an N-dopant molecule.

Reaction conditions were evaluated, such as the addition of
N-dopant (Figure §2), the ratio of N-dopantcarbon precursors
(Figure S3A and S3B), the identity of N-dopant (Figure 54A and
S4B), and reaction temperature (Figure S4A and 54 C). This
optimization allowed us to identify EDA as a suitable N-dopant.
The mass ratio of N-dopantcarbon precursor ratio was set to
1:1, with CA and com stover being used as co-carbon
precursors in a 1:1 mass ratio {meaning a 50% reduction of CA
by using organic waste as a co-carbon precursor),

The obtained EECPs for CS-derived CDs (Figure ! and
Figure S5} present a single luminescent center with an emission
maximum at ~440 nm and an excitation maximum at =350 nm,
There are differences in fluorescence intensities between CDs,
consistent with their respective QY (Table 1). There are also
relatively small differences in the emission and excitation
maxima for the different CS-COs (Table 1). Thus, the reaction
time has limited influence on this type of CDs' emission and
excitation wavelength.

The absorption spectra of these CDs showed that for CS-
CDs,,, C5CDs,,,, and CS-CDs,,,, there is an absorption band
with a peak at about 350 nm (associated with to n—n*
transitions) and a small shoulder at =238 nm (Figure S6A),
Absorption spectra for C5-CDs,, (Figure S6A) exhibit a shoulder
at arounsd 275 nm, attributed x—g* transitions***'*" Interest-
ingly, for C5-CDs,, the band at 350 nm is almost nonexistent,
This means that the reaction has some effect on the structure
of the synthesized CDs. Regarding QY,, (Table 1), we cbserved a
quite relevant increase from 9.9% at 4 hours to 393% ot
8 hours. Further Increases in reaction time started to decrease
the QY;,, down to 33.1%, which is still a significant value. These
values are encouraging as CDs obtained from different bio-
mass/organic waste had previously been showing QY,, below
20%.“74l4¢—4ﬂ

So, we successfully produced (Ds with appreciable
fluorescence by incorporating comn stover as a co-carbon
precursor while reducing the amount of commercial carbon
Precursor.

The EECPs obtained for CDs without waste materials (CDs,)
are presented in Figures 1 and Figure S7. They present a well-
defined luminescent center with an emission maximum of
~440 nm and an excitation maximum of ~350 nm. These EECPs
are like those obtained for corn stover-based CDs (Figure 1),
This result is of note as the similarity between EECPs could
mean that the different C5-CDs,, and CDs,, nanoparticles are all
being produced from just CA and EDA, with corn stover not

© 2024 Wiky VCH GrbH
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Figure 1. Optical characterization of C5-COs,, and CDs,,. EECPs of CS-CDs,, (A) and COs,, (BL Absorpticn (C) and emassion (D} spectra. in emission spectra, the

excitation wavelength was 350 nm. Water was the solvent used in all analyses,

being incorporated in the CDs despite its addition to the
reaction mixtures for the former,

However, further analysis does not support the notion that
both €5-CDs,, and CDs,, are the same CA:EDA-based CDs. For
one, the synthesis yields (Table 1) are higher for CS-CDs,,, than
for CDs,,.. The synthasls ylelds for the former alse decrease with
increasing reaction time, a relationship not fully observed for
the latter,

More relevant are the differences in QY,, between CS-CDs,,
and CDs,, (Table 1 and Figure S8). While the maximum QY;, for
CS5-CDs,, is 39.3%, we measured a maximum value of 664 % for
CDs,;,. Moreaver, while the QY for CS-CDs, varied between
9.9% and 39.3%, there was Just a variation of ~1% for CDs,, In
the same time range. Thus, the QY| is quite dependent on the
reaction time for CS-CDs,,, while being essentially independent
of this parameter for CDs,. These relevant differences can be
ascribed to the introduction of comn stover as a co-carbon
precursor, as the properties of CDs can vary greatly when
changing precursors and dopants.”* The absorption spectra
of CDs,, (Figure S6B) are composed of a well-defined band and
shoulder at =350 nm and = 238 nm, respectively. These can be
attributed to the n—x* transition at the edge of the carbon

ChiemSeaChee 2025, 18 0202401702 (4 of 11|

fattice and n—g* transition of the C=C bond, respectively, ™" *"
By comparing these spectra with those for CS-CDs,, (Fig-
ure S6A), we can see that the overall shape of the spectra Is
different between the two sets of nanoparticles, The shape of
the spectra of C5-CDs,;, also varies relevantly with reaction time,
which Is not the case for CDs,,. It should be noted that, at the
same mass concentration, the absorbance measured for the
latter increases with reaction time, which is not the case for the
former. Thus, these results show relevant differences between
CS-CDs,, and COs,, (Figure 1C), further highlighting the effects
of corn stover as a co-carbon precursor,

Emission spectra (Figure 10) were also measured for CS-
CDs,, (com stover-based CDs with higher QY,,) and CDs,, (non-
corn stover-based CDs obtained at the same reaction time), A
single band with monomodal behavior was obtained for both,
with differences in fluorescence intensity (Figures 1 and Fig-
ure 59). The simllarity can be explained by the fact that despite
the former including a different co-carbon precursor, both CDs
are prepared from CA and EDA. Thus, some similarity between
their properties is to be expected.

To gain further insight into the characteristics of CS-CDs,
and how they differ from CA.EDA-only CDs, we proceeded to

© 2024 Wiky VCH GmhH
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their analysis by AFM, XPS, FTIR, DLS, and XRD. In this analys:s,
we have focused on CS-CDsy, as representative corn stover-
based CDs, due to it presenting the highest QY,,. CDs,, was also
analyzed to understand better how the absence of comn stover
affects the CDs.

AFM determined the average particle sizes of CS5-CDs,, and
CDsy: 1.14L025nm and 5411157 nm, respectively (Fig-
ure 2A and B). There is a significant difference between the
sizes of the two CDs (p<0,05), which further highlights that
these should not be the same type of CAEDA-based particles.

Another potential question regarding our results could be if
the synthesis including corn stover could produce two types of
CDs: one from CA and EDA [with this being the highest emitting
CDs), and one from corn stover (with participation or not of CA
and/or EDA]. We do not think that the data support this
hypothesis, but instead, our initial one in which the introduc-
tion of com stover produces only one type of CDs from comn
stover:CA:EEDA. For one, analysis of the size distribution of both
C5-CDs,, and CDs,, (Figure 2A and B) shows a homogenous
distribution for both but without overiap, as the sizes are
centered around ~1 and ~5 nm (respectively). Thus, CS-CDs,,
appears to be composed of a single population of nano-
particles, but with relevantly different sizes from CDsg,
Furthermore, the EECP (Figure 1A and B} and emission spectrum
(Figure 10} measured for CS-CDs, showed a monomodal
behavior. Thus, there is no evidence for the co-existence of two
types of particles.

XPS spectroscopy was performed to understand the surface
composition of these two CDs (Figure 510). As expected, the
measured XPS atomic compeosition reveals that both CDs are
mostly composed of € (~70-74%). More specifically, the
chemical surface composition of C5-CDs,, is 70.0% C, 185% O,
and 11.6% N. CDs,, presents a surface comprising 744% C,
155% 0, and 10.1% N (Table $3). These results suggest that
Including corn stover results in similar N-doping efficiency while
enhancing the incorporation of O heteroatoms and decreasing
the C content,

High-resolution spectra for the C 1s, N 15, and O 15 leveis
were obtained for the samples. The respective deconvolution,
chemical state, and quantitative analysis were performed to
Identify the functional groups present In the CDs' surface
(Figure 2C-H).***

The C 15 spectrum of C5-CDs,, splits into three peaks with
binding energies of 285.0 eV, 286.4 eV, and 2882 eV, These can
be attributed to C-C/C=C, CN/C-O/C-OH/C-O-C, and
N-C=0/C=0/C--OH, respectively!*" By its tum, the C 1Is
spectra for CDsy, vield four peaks with binding energies of
285.0 eV, 2B6.4 eV, 2B7.7 eV, and 2886 eV, The peak at 287.7 eV
can be attributed to C-0/C-C*" with the other peaks being
already mentioned above,

On the other hand, the N 15 spectrum of CS-CDs,, reveals
two peaks at 400 eV and 401.8 eV, ascribed to -NH,/N-H/C-N-C
and N-H, respectively.”™ For CDsg, deconvoiution of N 1s
spectra shows two peaks at binding energies of 399.98 eV and
401.3 eV that result in amide carbonyl groups (—CH./-NH,) and
amide carbonyl groups {—N-C=0), respectively.

ChiemSeaChee 2025, 18 0202401702 (S of 11|

Finally, the CS-CDs,, deconvolution of the O 1s spectrum
results in two peaks, with binding energies of 531.4eV and
532.9eV, which result from C=O and C-OH/C-O-C/C-O
groups, respectively.”*" Otherwise, for CDs,, the O 1s spectra
split into three peaks with binding energies of 531.1eV,
532.2 eV, and 5335 eV, The C-O contribution at 531.1 eV results
from carbonyl and carboxylate groups, while the peak at 532.2
is attributed to C-OH/C-O-C This shows that the surface is
dominated by the carbonyl group up to 2.5 times, indicating
the high level of the oxidation process. Finally, the peak at
533.5 eV can be attributed to C-O.

These results show differences in surface composition
between the studied CDs, which may explain the different QY,,
between them while showing the impact of adding corn stover
to the reaction mixture.*"*"

 potential measurements of these CDs (Figure S11) yielded
values of —9.1 mV for CS-CDs,, and —8.0 mV for CDs,,.

FT-IR spectra are shown In Figure 2. Both samples pre-
sented a broad absorption band from 2500-3500 cm ' that
clearty demonstrates overlapping O-H and N-H stretching
vibration modes”"*" Besides, there are bands located at
21653, =1527/1546 (CDs,,/CS-CDsy), = 1390/1395 (CDs,, /€S-
CDs,), and =1052/1045 (CDs,/C5-CDs,) cm ' that can be
assigned to C=0, N-H, C-N stretching, and C-O-H bending
vibration modes, respectively.”'*" C=C and C-0-C stretching
vibration modes were identified at = 1477 and = 1219 cm ' for
C5-COsy, " These results are in line with the XPS results, it
should be highlighted that there are some relevant differences
between relative band intensities, which further indicates the
disparity between the surface composition of the studied CDs,

Finally, the XRD spectra of both CD% (CS-CDs,, and CDs,)
displayed a non-crystalline character, with the CDs presenting
an amorphous structure (Figure 2J).

S0, the obtained results demonstrate that we successfully
used corn stover as a carbon precursor for producing waste-
based CDs with strong fluorescence. However, our objective
was not 1o produce one specific waste-based CDs, but instead
to develop a synthesis strategy to produce CDs from different
waste  materials  that consistently show appreciable
fluorescence, To demonstrate the validity of our approach
{Scheme 1), we have then analyzed CDs produced from other
waste materials (Table 2): spent coffee grounds {C-CDsy,), cork
powder (CK-CDs,,), and sawdust (5-CDs,.).

The obtained EECPs (Figure 3A-C) for these CDs present a
similar fluorescence profile to com stover-based CDs, with
emission and excitation maximums at ~440 and -350 nm,
respectively, The absorption spectra of these new CDs can be
found In Figure 3D. They consist of a band with a peak at
=35 nm and a small shoulder at =238 nm that can be
attributed to n-—-x* and m-—®* transitions, respectively,” "
Compared to C5-CDs,,, the most similar nanoparticies appear 1o
be S-CDs,,.

Consistent with our expectations, all CDs presented refevant
QY values (Table 2). Specifically, 35.9% for 5-CDs,., 24.7% for
C-CDs,,, and 21.8% for CX-CDs,,. Thus, this synthesis approach
produces CDs from waste with relevant QY,,, irrespective of the
starting waste material, This demonstrates the validity of the
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presented synthesis strategy toward the consistent production
of waste-based CDs with appreciable fluorescence. It should be
noted that CS-CDs,, still presents the highest QY,, among
waste-based CDs.

It should also be highlighted that these results do not
support the possibility that CDs produced in reaction mixtures
containing waste would only orlginate from reactions between
CA and EDA (with waste material not participating). That is, if
the obtained CDs were only similarly generated from CAEDA
(and waste was not a relevant factor), we would expect similar
QY,, for all and not varlations from 21.8% to 39.3%.

ChemSesChese 2025, 18 0202401702 (7 of 11]

Life Cycle Assessment

While the results presented in the previous section are
promising, one should always assess the environmental impacts
of a new synthesis strategy. This is particularly true for nano-
materials, as their production has been identified as being of
environmental concern ™'

Given this, we have performed an LCA study about the
synthesis processes for the 4 corn stover-based CDs highlighted
in the previous section: CS-CDx,,, C5-CDs,,, C5-CDs,,,, and CS-
CDs,,,- This cradle-to-gate study, in which laboratory data was
scaled up to an industrial level (by considering the production
of 100 L), was made with the assumption that, with the goal
being the commercial use of CDs, scaled-up data would be
more relevant and representative than information on a purely
laboratory scale, This was performed by considering the scale-
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up framework developed by Plccinno et al,™ as described In
more detail in the Supporting Information.

This LCA study was started by considering a volume-based
functional unit (FU) of 100 L Our Intention was not to make
quantitative appreciations of the environmental impacts of
each material input but rather to compare the contributions of
the different impact categories from the input involved in each
synthesis with each other.

The individual results of corn stover-based CDs (Figure 512}
demonstrated that, for all of them, the major contributor
toward its assoclated environmental Impacts is EDA (in terms of
endpoint indicators: Human Health, Ecosystems, and Resour-
ces), with CA also being a relevant contributor, In terms of
midpoint Indicators, EDA s also the highest contributor to most
of the different categories, except for Stratospheric Ozone
Depletion (SO, Land Use (LU}, and Water Consumption -
Human Health (WC-HH). In these cases, CA is associated with
more environmental iImpacts.

When comparing the impacts of each synthesis {Fig-
ure 513A), we can observe that the relative environmental
Impacts Increase with an Increasing reaction time for the three
considered categories. This increase can be attributed to two
factors: the increased amount of electricity required for the
longer reaction times and the fact that increasing the reaction
time appears to decrease the synthesis yield of the studied CDs
(Table 1), resulting in a lower CDs' production yield for the
same volume,

We have also compared the environmental impacts of the
four CDs by considering a function-based FU {Supporting
Information and Figure $13B). Using a function-based FU is
important to evaluate if better performances in the use stage
offset higher environmental impacts resuiting from production
stages. Given the relevance of the QY for various typical
applications for which CDOs are tested,” "™ '"*' and its previous
use In this manner,” ™" we have chosen this parameter as
the basis for our selected function-based FU {Supporting
Information section 1.5.1).

Interestingly, a function-based FU significantly changes all
categories’ results {Figure 513B). The increased reaction times
are not transtated into higher relative environmental impacts.
The CD associated with higher impacts is CS-CDs,,, presenting a
considerably higher relative impact than the other three (Ds.
The relative distribution of the four CDs indicates that the
higher QY,, values offset the higher impacts resulting from
electricity and lower ylelds. In fact, CS-CDs,, presents the lower
relative impacts while presenting the higher QY,. Thus, this
CDs can present appreciable fluorescence with lower environ-
mental Impacts.

An LCA study was also performed to understand the
environmental impacts of producing CDs from commercial
reagents (CDs,.), We have found that the highest contributor in
the Human Health and Ecosystems categorles Is generally CA,
while EDA is the highest contributor in the Resources category
(Figure 514), This differs from com stover-based CDs, in which
the highest contribution was from EDA for the three studied
categories (Figure $12). These results align with the literature, in
which the commercial chemicals used as carbon precursors

ChiemSeaChene 2025, 18 0202401702 (8 of 11|

{including CA} are the main responsible for the environmental
impacts of producing CDs,”*"™ So, reducing the use of CA is
supported as the key approach to reducing these impacts, The
contribution of electricity &s relatively small, consistent with
previous studies that show that the contribution of electricity
decreases with scaling-up, ™

There are no significant differences when comparing these
CDs when using FU of either 100L or based on the QYj
(Figure 515), CDs,, is associated with the lowest environmental
impacts, whereas CDs,,, Is associated with the highest. It is
worth mentioning that the differences in relative environmental
impacts between (Ds,,, and CDs,, are lower than 4% (in both
comparisons),

So, our results Indicate that we could produce COs using
waste (com stover) that still presents appreciable QY In
contrast to CDs produced solely by organic waste. This is a
relevant development toward upcycling waste into nanotech-
nological solutions. However, It is a fact that corresponding
corn-stover-free CDs still present higher QY than CS-CDs,,
(Table 1), Thus, it is essential to verify if the incorporation of
comn stover (s still environmentally beneficial for the synthesis
process when considering their relative performance In terms of
QYy.

To that end, we have compared the environmental impacts
associated with the production of C5-CDs,, (com stover-based
CDs with the highest QYy) and the four CDs produced solely
from CA and EDA (Table 1), This study only considered a
function-based FU (Supporting Information). The results are
presented in Figure 4.

The results indicate that using com stover as a co-carbon
precursor does result In a synthesis process with lower environ-
mental impacts. When comparing C5-CDs,, with CDs,, (same
reaction time, but in the presence or absence of corn stover,
respectively), the relative environmental impacts of CS-CDs,,
are 30% lower than those of CDs,,. Even when comparing CS-
CDs,, with the CDs produced without com stover with lower
impacts (CDs.g), the latter is associsted with lower relative
enviranmental impacts, Regarding Individual contributors, EDA

[CJenen, Escm, (0Yeo, QCw,, EIC,,

Figure 4. Comparison of relative environmental impacts of SCDs,, with
CDs without com stover (CDs,,) using a QY based FU.
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Is the major contributor In the Resources category for all five
CDs (Figure S128 and Figure S14), However, there are relevant
differences in the Human Health and Ecosystems categories,

For CS-CDs,, the major contributor In the three categories
is EDA (Figure 5128), while for the four non-corn stover-based
CDs, the highest contributor is CA (Figure 514), These results
show that using waste material reduces the impacts assoclated
with using commercial reagents as a carbon precursor, Thus,
this LCA study shows that the QY, of CS-CDs,, is still high
enough for their synthesis processes to have lower environ-
mental Impacts than those of CDs,;.

An additional LCA study was conducted considering the
synthesis of the C-CDs,, CK-CDs,, and S-CDs,, (Figure $16).
This allowed us to observe that, as seen for C5-CDs,,, EDA is the
major contributor to the environmental impacts in all endpoint
indicators (Human Health, Ecosystems, and Resources). This
shows that CDs synthesized using waste as a co-carbon
precursor reduce the environmental impacts of the commercial
carbon precursor.

When comparing the CS-CDsg, C-CDs,,, CX-LDs,,, and 5-
CDsy, using & volume-based FU of 100L (Figure S17A), we
observe that {5-CDs,, and S-CDs,, present the lowest and
highest relative environmental impacts, respectively, CS-CDsg,
and C-CDs,, have almost the same environmental impacts (a
difference of less than 1 %), When considering a function-based
FU invofving QY5 it is possible to conclude that corn-stover-
based CDs still present the lowest relative environmental
impacts (Figure S178). Finally, the associated impacts of cork-
based CDs were increased.

Comparison with other Biomass/Waste-Based CDs

Thus, we have shown that this synthesis approach consistently
results in waste-based CDs with appreciable QY,,, irrespective
of the starting waste material. Regarding the environmental
impacts of the production step, we have also demonstrated the
advantages of adding waste as a co-carbon precursor to CA and
EDA.

At this stage, it is important to compare the QY of
produced CDs with values obtained by other organic waste/
blomass-based CDs already presented In the literature (Table 3).

From Table 3 we can conclude that the CDs obtained with
this procedure present higher QY; than basically all their
counterparts from other works.“ ** This is especially true for
CDs based on corn stover (39.3%) and sawdust (35.9%), the
waste-CDs with the highest QY;,.

It is also worth noting that the CDs with higher QY,, from
other reports (entries 2, 4, and 8] have reaction times between
11 and 24 hours, whereas our process occurs in only 8 hours,
saving time and energy, Finally, several published works,
induding entries with higher QY,, (4 and 8, did not include
dialysis or chromatography as a purification technique. How-
ever, it is known that the synthesis of CDs can also generate
fluorescent molecules that should be removed from solution by
either dialysis or chromatography. By performing neither, the
QY;, presented in those studies may be impacted by fluorescent
impurities.

Thus, our approach allowed the production of different
waste-based CDs with better performance, in terms of QY
than existing Iiterature.

Tebls 3. Cornpertsan of ifferecst hydrothermel troutmerit mathods for the production of CDy with blomess or organic waste a3 (ool carbon precumor.
CDs  Carbon precursor Ntrogen Dopant Temperature Reaction Twne Cralysis o chromatogra. QYa Reference
ro H phy (%)
! Pear Truit - 180 6 Yes 108 -
2 Dwarf banana peel ammonia 200 24 No 23 "
i C retusies frult extract Ammania 180 ) No 9 "
A Orange juice EDA 200 n Yes ns "~
3 Citrus aurantiven - 130 12 No 113 -
6 Pinespple juke 150 3 No 101 aa)
? Watermedon juce - 180 1 Yes 06 e
] Lemon juice - 260 P No n v
9 Red onions peel EDA 120 25 No 12 -
0 Eucolyptus twigs amman|um 180 4 No 2-10 L
chiceide
9 Corn stover/citric acid EDA 200 8 Yes 393 This woek
0 Spent Coffee Grounds/dtric EDA 200 ] Yes 247 This work
aod
"n Cark powdar/citric ack EDA 200 Yos N8 This work
12 Sawedust/citric ackd EDA 200 a8 Yos 359 This work
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Conclusions

In this work, we aimed to develop a more envircnmentally
friendly production strategy for waste-based CDs, consistently
with appreciable QY; and irrespective of the selected waste
material. This was achieved by developing a strategy based on
the hydrothermal treatment of waste material and CA as co-
carbon precursors while employing EDA as the N-dopant. CDs
were produced from different waste carbon sources, such as
corn stover, spent coffee grounds, cork powder, and sawdust,
with appreciable QY,, values being consistently obtained (up to
~40%). An LCA study demonstrated that the production of CDs
from waste material, with our approach, is associated with
lower environmental Impacts than the production of corre-
sponding CAEDA-only CDs. The waste-based CDs reported in
this work showed a generally better fluorescent performance
than other reports concéming organic waste/biomass-based
CDs. Thus, this work provides the framework for consistently
producing CDs with high QY;, and from different types of waste
in a manner that favors a circular economy.
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1. Experimental Section/Methods

1.1, Waste material

Comn stover was collected at an agriculture field in Mindelo, Vairao (Vila do Conde) that belongs to Porto University. First, this
material was washed with deionized water 1o remove the contaminants and then dried at 50 “C in a DRY- Line® Prime oven
from VWR until it was completely dry. Afterward, It was crushed using a Laarmann CNS0 mill with 2 sieve size of 0.5 mm
trapezoidal. Finally, the crushed biomass from com (com stover) was stored in a freezer at -80 °C to prevent the growth of
microorganisms. Organic waste from tea was acquired after letting lemon and ginger tea bags from Portuguese Continente
supermarket, for 5 minutes in bolled water. The contents of the bags were subsequently collected. Spent colfee grounds were
collected after using a coffee capsule of Ardenza type from Dolce Gusto. Tea and coffee residues were placed in glass beakers
and left at room temperature until they were completely dry. They were then stored at -80 °C. Undiferentiated forest biomass,
sawdus! and cork were supplied by different Portuguese companies. These materials were dried for 24 hours at 105 ®C ina
DRY- Line® Prime oven from VWR, and then stored in a freezer at -80 °C, Organic waste from onion and orange were domestic
organic residues that were dried at room temperature for 1 day and then crushed using a Laarmann CM50 mill with a sieve size
of 0.5 mm trapezoldal and stored at -80 “C. Biomass from eucalyptus leaves (Eucalyplus globuius) was obtained from local
plantations in Portugal and then washed with deionized water 10 remove the contaminants, Later, these leaves were dried at
room temperature and ground until & fine powder was obtained. Finally, this biomass was also stored in a freezer at -80 °C.

1.2. CDs synthesis

All CDs were produced via a hydrothermal approach in which synthesis conditions were varied (such as carbon pracursor,
Identity of nitrogen depant, precursors quantities, reaction time, and temperature). A final volume of 10 mL of NaOH 0.01 M
solution was used throughout &Il the syntheses. The mixture of precursors was placed in a 25 mL Teflon-lined reactor with a
stainless-steel shell from Cambridge Energy Solutions (CES) and then heated in a D-6450 Hanau oven from Heraeus.
Afterwards, the resulting CDs solution was placed for 20 minutes in a sonicator from VWA, type USC100TH (ultrasonic cleaner).
Later, the sample was centrifuged for 30 minutes at 6000 rpm through a MIKRO 220R from Hettich to remove suspended
particles. The precipitate was discarded and the supernatant was further purified. Namely, the CDs were submitied to dialysis
for 24 hours, using a Float-A-Lyzer®G2 Dialysis Device, MWCO: 3500 Da. The commaercial chemicals that were used were
citric acid anhydrous (99%), ethylenediamine {=89%), urea, and sodium hydroxide (=97%), from Sigma-Aldrich.

The first CDs were synthesized via hydrothermal freatment (200 “C for 4 hours) using 0.3 g of diferent organic waste such as
corn stover, biomass, 1ea, coffee, cork, sawdust, onion peel, orange peel, and eucalyptus (CS-CDs, B-CDs, T-CDs, C-CDs,
CK-CDs, §-CDs, OnP-CDs, OrP-CDs, E-CDs, respectively).

For the following synthesis, a commercial carbon precursor (CA - citric acid) and‘or an N-dopant (U — urea or EDA —
ethylenediamine) was added. The healing stage lasted 4 hours at 200 °C. In a first approach, for a final weight of 0.3 g of
precursors, urea (CDss.04) was added 1o corm stover, with a mass ratio of 1:1 (0.15 g each). Secondly, we added citric acd and
com stover as co-carbon precursors, while using urea as the N-dopant. This was done considering a mass ratio (CS:CA:U) of
1:1:1 (CDsy 1 1) and 0.5:0.5:1 (CDsos041). In the first case, 0.15 g of each precursor were used, while in the second, 0.075 g of
each co-carbon precursors were added to 0.15 g of U. Finally, for 0.3 g of precursors, the CDs were synthesized using 0.15 g
of citric acid and 0.15 g of N-dopants (either urea or ethylenediamine). In this case, citric acid and L/EDA CDs weve synthesized
at 200 °C for 4 hours (CDso14_uand CDsav1_ena, respectively. Similarly, an additional citric acid and U CD was prepared at 180
G for 4 hours.

Considering a carbonvnitrogen ratio of 1:1 and using EDA as the N-dopant, CDs using a conjugation of com stover and citric
acid as co-carbon precursors (CS-CDsa) or using only citric acid (CDs«) were prepared at 200 °C with reaction times of 4, 8,
16 and 24 hours.

1.3. CDs characterization

Fluorescence measurements were collected with Horiba Jobin Yvon Fluoromax-4 spectrofiuorometer, using a standard 10 mm
fluorescence quartz cell. The fluorescence spectra were obtained with slits widths of 2 nm,

Absorbance spectra were acquired with a UV-3100PC spectrophotometer from VWA, using quartz cells.

AFM analysis was conducted using the tapping mode in a Veeco Metrology Multimode/Nanoscope VA, For this analysis was
used a s#ica plate to deposit the sample for analysis and an AFM TESP-SS cantilever (curvature radius of 2 nm). Samples were
prepared via drop evaporation of a diluted CDs solution and NanoScope was the software used for the AFM data analysis.
Particle size measurements were made based on the height of the particles and the average size was calculated by averaging
the measurements of 100 indwidual particles.
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{ Potential measurements were performed in a polycarbonate Omega Cuvette with a particle analyzer Anton Paar LitesizerTM
500,

X-ray photoelectron spectroscopy (XPS) data were acquired with a Kratos Axis Ultra HSA, using moncchromatic Al-Ka radiation
with a hemispherical multichannel detector (30 W and 15 kV), To prepare the sampies, a droplet of CDs solution was deposited
onto a silicon waler and left to dry until it formed a uniform layer. Analysis and quantification of spectra were made using the
CasaXPS software and as a reference 1o obtain the binding energy values was consider the carbon C 15 signal at 285.0 eV,
applying Gauss-Lorentz curves and Shiriey-type background.

Fourier transform Infrared (FT-IR) spectroscopy was performed with PerkinElmer Spectrum Two (ATR module) FT-IR
spectrometer, using Spectrum software. FT-IR-ATR technique was accomplished with 4 scans per spectrum and a wavenumber
range of 4000-400 cm-1,

Laboratory X-ray powder diffraction { XRPD) patterns were collected on a PANanalytical EMPYREAN automated diffractometer.
The powder patterns were recorded using the PiXcel 3D detector in Bragg-Brentano reflection conliguration, A step size of
0.017° (20) was used, and the patterns were recorded between 5 and 70 In 28. The total measuring time for recording the
patterns was 60 minutes.

1.4. Fluorescence Quantum Yield Determination

A standard procedure (1, 2] was followed to determine the Fluorescence Cuantum Yield (QYr). This procedure involved
comparing the integrated luminescence Intensities and absorbance values of the samples (CDs) with a reference flucrophore
(quinine sulfate). QYr is cakculated according to the following equation: Grad refers to the gradient from the plot of integrated
fluorescence Intensity versus absorbance, and n is the refractive index.

<
Grudummh "mm,tb
x
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e ('rad"[nmn
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In this study. quinine sulfate (QS) was chosen as the reference fluorophore, with a QY of 0.54 [3]. QS is a typical choice as a
reference for the determination of QYr for COs, given that it absorbs at the chosen excitation wavelength and emits in a similar
region to typical CDs (including the ones analyzed here), The refractive index used for the reference was 1.33 (0.1M HzS0:)
and 1.34 (water), respactively [4, 5]. QYr. determination assays were performed by considering different solutions of increasing
concentration for each sample (including solvent blank), First, the absorbance at the excitation wavelength was recorded for all
samples. The same excitation wavelength (350 nm) was used for all. The recorded absorbances did not exceed 0.1, The
fluorescence spectra of the same studied solutions were recorded, and the integrated fluorescence intensities (the area of the
spectra) were calculated. All the fluorescence spectra were recorded with constant slit width. Finally, for each sample, it was
plotted a graph of integrated flucrescence intensily as a function of absorbance at the excitation wavelength. This preduces a
straight line: the slope 15 Gradamuersieence, and the intercept is zero.”

1.5. Life Cycle Assessment

The expernmental section of the LCA study is divided into four sub-sections: goal and scope dafinition {1.5.1), life cyde inventory
data (1.5.2), life cyle impact assessment (1.5.3), and scale-up (1.5.4), as described below.

1.5.1. Goal and Scope Definition

This LCA study aims to evaluate and compare the potential environmental impacts of each synthesis by using a cradle-to-gate
approach, To this end, a scale-up modelling of the laboratory-scale synthesis procedures was made In which two bottom-up
procedures for CDs production were considered. These synthesis routes differ in the carbon precursors used. The first type
used a waste material (corn stover, coffee, cork, and sawdust) and a commercial chemical reagent (aitric acid) as co-carbon
precursors. The second type only considers citric acid as the carbon precursor (Scheme S1). The present LCA study focus on
the Industrial manufactunng stage of tasget nanoparticles by scaling up the synthesis of CDs at a laboratory scale. It considers
either the direct emissions resulting from CDs production, as well as the indirect impacts associated with upstream resource
extraction and energy generation.
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Scheme S1. Diagram for the Carbon Dots syntheses,

Thus. in a first stage, the environmental impacts were analyzed and compared using a volume-based functional unit of 100 L
to allow the comparison of an equivalent quantity of nanomaterial [6. 7). This was determined by the scale-up of the laboratory-
scale manufacturing considering a batch reactor of 100 L, which is specfied in section 1.5.4. A volume-based functional unit of
100 L was considered once the energetic consumption of equipment used at a laboratory scale may not be adjusted to the
quantities of CDs produced. Therefore, it is more pertinent 1o evaluate data at an industnal scale when assessing the potential
commercial of COs preduction. In a fater stage, it was consider a different funclional unit by normalizing the impacts based on
the fluorescence quantum yield (QYr) of the CDs under study, thus considering the functional benefits of the synthesized
nanomaterials,. It is important to consider that the evaiuation of potential environmental impacts using a volume-based functional
unil may not account scenarios where the synthesis method requires more resources that posteriorly could be justified in the
use stage, Thus, QYrL was selected as the normalization factor since the QYrL s a refevant property in several CDs applications,
such as light-emitting devices, photocatalysss, and sensing [8). In this sense, adhering to a standard practice, the QYr. was
eslablished as the framework for a functional unit (FU) aiming 1o assess the performance of the CDs, which has been previously
applied in LCA studies of CDs {9, 10). The FU used in this LCA study s retated to the highest QYr. of COs under study and
then compared to each CD, leading 1o a factor calculated as follows:

QY P e perence
QY

1.5.2. Lite Cycle Inventory

The assessment of potential environmental impacts linked to the synthesis of CDs was conducted using inventory data obtained
from laboratory-scale synthesis procedures (foreground data) found in the Ecolnvent® 3.9.1 database. This foreground system
consists of raw materials (chemicals) and electricity (oven referred to in section 1.2) used in the synthetic procedures. For the
study of CDs, the synthesis procedure consists of a hydrothermal-based treatment of the precursors in a NaCH sofution for a

4
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specitied reaction time. Centrifugation and dialysis steps were the same lor all CDs, so they were not considered since they
should have provided the same petential environmental impacts for all procedures. Thus, the foreground system consists of the
electricity and the preduction of chemicals (CA, EDA, NaOH solution, and deionized water) used as raw materials in the
manulacture of CDs. The environmental impacts associated with the production of the used waste materials were not
considered, as these wasle materials are produced irrespectively of their potential subsequent use as carben precursors for
CDs. Their production results entirely as a by-product/waste from other industries and would not be avoided either way. Thus,
their relative environmental impacts were attributed fo the industry that generated them, and not to the production of CDs.

In this LCA study, the processes and chemicals were modelied with the following data present in the Ecoinvent® 3.9.1 database
(GLO standing for global, RER for regional market for Eurcpe, and PT for Portugal): aitric acid {GLO}| market for] cut-off, S;
ethylenediamine {RER}| market for ethylenediamine] cut-off, S; sodium hydroxide, without water, in 50% solution state{GLO}|
market for sodium hydroxide, without water, in 50% solution state| cut-off, S; water, deionized, {Europe without Switzerland}|
market for water, deionized| cut-off, S; electricity, medium voltage (PT)| market for electricity, medium voltage] cut-off, S. The
dataset for electricity in Portugal describes the available electricity data on the medium voltage level in 2014 (Ecoinvent® 3.9.1
database).

1.5.3. Life Cycle Impact Assessment

As referred above, the present LCA study consists on a cradle-to-gate study concerning stages from the precursors fabrication
to the CDs production. In this sense, SimaPro 9.5.0.0 software was used to performed this LCA study, and on the other hand
ReCiPe 2016 V1.08 endpoint method, Hierarchist version [11] was used to model the potential environmental impacts.
Considering the most widely accepted policy principles related to the time frame and plausibdity of impact mechanisms 1o deal
with uncertainties and assumptions it was adopted the scientfic consensus model of the Hierarchist perspective, This method
evaluates three endpoint indicators: Human Health, Ecosystems, and Resources, in which each one evaluates different midpoint
indicators. Human Health midpoint indicators are Fine Particulate Matter formation (FPM), Global Warming — Human Health
(GW-HH), Human Carcinogenic toxicity (HC}, Human Non-Carcinogenic toxicity (HNC), tonzation Radiation (IR), Ozone
formation — Human Health (OF), Stratospheric ozone depletion (80Q), and Water Consumption — Human Health (WC-HH). In
Ecosystems were assessed the subcategories: Freshwater Eutrophication (FE), Freshwater EcoToxicity (FET), Global Warming
~ Freshwater Ecosystems (GW-FE), Global Warming - Terrestrial Ecosystems (GW-TE), Land Use (LU), Marine
Eutrophication (ME), Manne EcoToxicity (MET),Ozone Formation - Terrestrial Ecosystems (OF-TE}, Terrestrial acidification
(TA), Terrestrial EcaToxicity (TET), Water Consumption — Aquatic Ecosystems (WC-AE), and Water Consumption — Terrestrial
Ecosystem (WC-TE), Midpoint indicators of Resources are Mineral Resource scarcity (MR) and Fossil Resource scarcity (FR),

1.5.4. Scale-up

By implementing a volume base functional unit of 100 L, this LCA study effectively addresses specific uncertainties linked to
the industrial production of CDs. For that, the laboratory results were successiully scaled up 1o an industral level by extrapolating
the framework developed by Piccinno et al. [12]. The quantities of precursors used (citric acid, EDA, NaOH solution) were
linearly increased to 100 L (processing quantity). On the other hand, the electricity was scaled based on the work referred
above, which determined the energy required for the heating. The heating energy required for the synthesis is determined by
the equation:

_Q,‘m+q,m_c,xm,.,,x(r,-'r,)+4x!"lx(rr-'r,,,)xt
MNhent Mhear

Qreact

In which, Cp (WK/kg), mmix (kg), Tr {K), To (K), Teu (K), A (m?), ka (W/m<+K), s (m), L (h), and nheal (%) are respectively the
specific heat capacity of the main solvent, the mass of the reaction mixture, the reaction temperature, the starting temperature,
the temperature outside the reactor, the surface area of the reactor, the thermal conductivity of the insulation material, the
thickness of the insufation, the time of the reaction, and the efficiency of the heating device [12} It is worth mentioning that
were considered the values suggested by [12], Cp parameter for the solvent refers 10 waler, and the remaining parameters were
obtained from the CDs synthesis.
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2. Results

2.1, Characterization of CDs produced
2.1.1. CDs from different organic waste

Previous LCA studies of CDs syntheses have wdentified the carbon precursor, typically a commercial chemical reagent, as one
of the major contributors to their environmental impacts [9, 10, 13-15]. So, replacing these commercial chemical reagents with
waste materlals as the carbon precursor could reduce the environmental impacts resulting from the CDs symbesis, Considering
this, we have synthesized a series of CDs via hydrothermal treatment from different waste matenials as precursors: com stover,
biomass, tea, spent coffee grounds, cork powder, sawdust, onion peel. orange peel, and eucalypius biomass {CS-CDs, B-CDs,
T-CDs, C-CDs, CK-CDs, S-CDs, OnP-CDs, OrP-CDs, and E-CDs, respectively)

20 excitation-emission contour plots (EECP) were measured for each CDs (Figure S1), which showed a similar luorescence
between the samples. Namely, all CDs presented a well-defined luminescent center with an emission maximum at about 440
nm. However, all the CDs presented negligible QY. values in a range between 0.5% and 1.4% (Table S1), which are too low
for in the typical appications for CDs. Moreover, the fact that all waste-derived COs presented negligible QYr, suggests that
using waste materals by themselves might not be enough 1o produce CDs with an adequale fluorescence. Given this, we
optimized the synthesis procedure by Investigating different parameters, such as the carbon precursor and dopant, their
respective ratios, and the temperature and duration of the synthesis.

Figure S1. EECPs of CDs with corn stover {CS-CDs), biomass (B-CDs), tea (T-CDs), coffee (C-CDs), cork (CK-CDs), sawdust
(S-CDs), onion peel (OnP-CDs), orange peel (OrP-CDs), and Eucalyptus (E-CDs). Water was the solvent used in all analyses.
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Table S1. Fluorescence Quantum Yield (QYs ) of Carbon Dots from different organic waste.
Organic Waste

CDs QYeL (%)

Carn Stover CS-Chs 11
Biomass 8-CDs 06
Tea T-CDs 12
Coftee C-CDs 14
Cork CK-CDs 06
Sawdust S-CDs 12
Onion Peol OnP-CDs 0.5
Orange Peel OrP-CDS 09
Eucalyptus E-CDs 06

2.1.2. Initial optimization of CDs synthesis from Corn Stover

The previously shown results indicated that just replacing commercial chemical reagents with waste materials as carbon
precursors was nol enough to obtain CDs with high QYr. values. So, our aim shifted from replacing commercial reagents
altogether to reducing their use on the process by conjugating them with waste materials as co-carbon sources.

Typical synthesss procedures of CDs include both a carbon precursor and a heteroatom-dopant. The use of this type of dopants
allows the incorporation of chosan heteroatoms (such as N, S, B, and P} into the structure of CDs. This is a commonly employed
strategy to improve the fluorescent propearties of this type of nanomaterials [16-18]. Among heteroatom-doping strategies, the
use ol N-copants is arguably the most frequent [19-21), as carbon and mitrogen have comparable sizes and nitrogen atoms
offer five valence electrons to form bonds with carbon atoms [22]. Given this, the next step of this study was to produce CDs
via hydrothermal treatment using mixtures of carbon precursors and N-dopants, in which waste matenal is introduced as a co-
carban precursor, thus reducing the need of commercial reagents.

In this optimization step, com slover was usaed as the waste matenal. it was one ol the materials that resulted in the highest
QY= in the previous section and, more importantly, It is a highly relevant, but underused, agricultural waste. Worldwide, com
production is circa 1 billion tons, with com stover consisting being around half the weight of the aboveground part of the corn
[23]). Moreover, less than 10% of com stover is utilized (i.e., less than 1% is processed for industriai production and
approximately 5% is used in animal feed and kvestock bedding) (24, 25]. Thus, most of the corn stover remains unused, being
either discarded or burned directly, meaning that the resource is wasted and the environment polluted (24, 25]

The first step of the synthesis optimization was made by preparing CDs (CS-CDs121) from com stover (as a carbon precursor)
and a commercial N-dopant (urea) in a 1:1 mass ratio. This synthesis was made with the objective of seeing if adding an N-
dopant 1o the synthesis is encugh to obtain a higher QY. without introducing commercial reagents as co-carbon precursors.
The secend step consisted on the synthesis of other CDs (CS-CDs111) in which citric acid was added to corm stover and urea
as an addition carbon precursor. This mixture presented a mass ratio of 1:1:1 (com stover: citnc acid: urea), This was followed
by the synthesis of another CDs (CS-CDsos0s:1), in which the mass ratio of corn stover and citric acid was half of that of urea.
This was made to verify if reducing the amount ol commercial reagents by adding com stover as a co-carbon precursor while
maintaining a 1:1 ratio of carbon precursors:urea was possible without limiting the obtained QY= significantly.

The EECP for CS-CDs101 (Figure S2) was similar to that of the CDs produced from comn stover (CS-CDs, Figure S1), presenting
an emission wavelength maximum at ~435 nm. More relevantly, the QY= of CS-CDs: 01 is just as negligible (0.5%, Table S2),
This indicates that introducing N-dopant alone to a synthesis using only waste material as the carbon precursor is not a
promising strategy 10 Increase the QY.
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Figure S2. EECP of CD with com stover and urea {CS-CDs: ¢1). Waler was the solvent used in alt analyses.

Table S2. QYr. of CDs with the addition of another carbon precursor (citric acid) and/or nitrogen dopant (urea or EDA:
ethylenediamine).

CDs Corn Stover (g) Citric Acid (g) Urea (g) EDA(g) Temperature (°C) QYe (%)
CS-CDsy 01 0.15 - 0.15 - 200 05
CS-CDs1 41 0.15 0.15 0.15 - 200 73

CS-CDsasoes 0.075 0.075 0.15 - 200 13.0
CDsrs v . 0.15 0.15 . 200 232
CDsp11_eom - 0.15 . 0.15 200 65.0
COsg11_tae . 0.15 0.15 . 180 244

The analysis of both CS-CDs: .11 and CS-CDso sa51 was performed to verify if the introduction of a commercial reagent (even
in reduced amounts) allowed an increased QYrL. Here, citric acid (as carbon precursor) and urea (as N-dopant) were used
given their frequent use in the synthesis of CDs [13, 14, 26]. The EECPs (Figure S3) for these CDs showed a similar emission
wavelength maximum at -440 nm, with excitation at both ~310 and ~365 nm. Interestingly, CS-CDs:.11 showed more intense
emission when excited at ~385 nm, while CS-CDsoscs+ presented more intense emission with excitation at ~310 nm.
Furthermore, we did see increased values of QY. with the introduction of citric acid. CS-CDsy.1 and CS-CDsosn 51 presented
QYn of 7.3% and 13.0%, respectively (Table S2)
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Figure S3. EECPs of CDs with comn stover, citric acid, and urea in a mass ratio of 1:1:1 (CS-CDs) 1) and 0.5:0.5:1 (CS-
CDss5041). Water was the solvent used in all analyses.
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While stil relatively jow, these values of QYr show the potential of cplimization using a mixture of co-carbon precursors
comprised of waste material, commercial reagent, and N-dopant. That the highest QYr was obtained with a lower amount of
citric acid was also promising.

Given that the highest QYrL was obtained with a corn stover:citric acid.urea ratio of 0.5:0.5:1, this means that the best overall
carbon precursor:N-dopant ratio was 1:1. Gitric acid was found to enhance the obtained QYr., and so, i1s inclusion as a co-
carbon precursor in subsequent synthesis should be explored. Base on that, we subsequently Iried to investigate the impact of
different N-dopants, urea (CDsa 14_u and CDso.1.1_1a0) and ethylenediamine (CDsa14_eoa) and the influence of difierent synthesis
temperatures, 200°C (CDse11_vand CDsor s soa) and 180°C (CDss 14 1), in the synthesis. The expenmental conditions are
described in Table S2. In order 1o understand the effects of these parametars without limiting ourselves to the results of a single
waste material (corn slover), these syntheses were performed using citric acid and N-dopants. This combination of citric acid
and N-dopants is very common in the literature and can be considered representative of CDs in general [13-15, 26-31].

The EECPs obtained for these CDs showed some differences depending on the N-dopant (Figure S4). Namely, the CDs
obtained from urea (CDsp 14 vand CDso1+ o) showed the same emission maximums with an excitation wavelength maximum
below 300 nm, irespective of the reaction lemperature. These CDs displayed mora than one luminescent centar, with the same
emission wavelength, As for CDs2 14 soa, It showed a similar emission wavelength maximum, presenting just ane well-defined
luminescent center with a red-shifted excitation, when compared with urea-based CDs. More relevant were the obtained QY
(Table S2). All QYr. were significantly higher than those measured before. Urea-based CDs presented QY between 23 and
24% for the tested temperatures, with the negligble difference In terms of QYr suggesting that temperalture is a reaction
parameter with less potential in terms of optimization. Interestingly, using EDA as an N-dopant increased the obtained QYr to
65.0%. indicating that EDA should be preferred as an N-dopant in subsequent synthesis.
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Figure S4. EECPs of CDs with citric acid and N-dopants (U: urea, or EDA: ethylenediamine) at 200 °C (respectively, CDsa 11 u
and CDso:s1_gow), as well as CDs with citric acid and urea at 180 *C (CDso:11_sa0). Water was the solvent used in all analyses.
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2.1.3. Carbon Dots with and without corn stover
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Figure S5. EECPs of CDs with corn stover at difierent reaction times, 4h (CS-CDsu), 8h (CS-CDse), 16h (CS-CDsyan), and
24h (CS-CDszan). Water was the solvent used in all analyses
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Figure S6. Absorption spactra of CDs with corn stover (A) and withou! corn stover (B), increasing reaction time. Water was the
solvent used in all analyses
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Figure S7. EECPs of CDs with comn stover at different reaction times, 4h (CDse), 8h (CDsan}, 16h (CDs\&). @nd 24h (CDsaw).
Water was the solvent used In all analyses.
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Figure S8. Aqueous solutions of CS-CDsw, and COsw, (0.5 mg/mL), under blacklight irradiation,
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Figure S9. Emission spectra of CS-CDs« and CDs. at different reaction times, 4h (A), 16h (B), and 24h (C). The excitation
wavelength was 350 nm, except for CS-CDsan (355nm) and CS-CDszen (360nm), Water was the solvent used in all analyses.
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Figure S10. XPS Survey of CS-CDswm (A) and CDsp- (B).
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Figure S11, Zeta Potential curve of CS-CDsan (A) and CDsan (B),
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3.1.3. Conclusion

This study demonstrates that brightly fluorescent CDs can be successfully
synthesized through a simple, scalable, and environmentally benign hydrothermal route
using a variety of organic waste materials as carbon precursors. The combined use of
citric acid and ethylenediamine enabled consistent nitrogen incorporation and effective
surface passivation, leading to enhanced photoluminescence despite the intrinsic

compositional variability of waste-derived feedstocks.

The results confirm that waste valorization can be effectively integrated into CDs
synthesis without compromising optical performance, supporting the feasibility of
transforming low-value residues into functional luminescent nanomaterials. This
outcome highlights the potential of waste-derived precursors as viable alternatives to
conventional molecular sources, in alignment with green chemistry principles and

circular economy strategies.

Within the context of this thesis, this work provides an experimental complement
to the life cycle-oriented analysis presented in Article I. While LCA emphasizes the role
of energy demand and process complexity in determining environmental impacts, the
findings reported here demonstrate that precursor sustainability and feedstock selection

are equally critical factors in shaping the overall sustainability profile of CDs production.

Comprehensive structural, chemical, and optical characterization confirmed that
high photoluminescence efficiency can be achieved under mild reaction conditions,
without reliance on energy-intensive or chemically aggressive synthesis routes.
Moreover, the systematic evaluation of different waste precursors provided insight into
the relationship between precursor chemistry, synthesis conditions, and photophysical
behavior, contributing to a deeper understanding of structure-property relationships in
CDs.

Beyond lighting-oriented applications, related work (Appendix 2) has
demonstrated the potential of waste-derived CDs for advanced biomedical applications,

highlighting the versatility and functional relevance of sustainably synthesized CDs.

Overall, this work shows that simple and green synthetic strategies can deliver
CDs with competitive fluorescence performance, while maintaining environmental
responsibility. These findings support the development of scalable and sustainable
production routes for functional carbon-based nanomaterials and provide a solid

foundation for the rational design of environmentally conscious CDs synthesis strategies.
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3.2. Exploratory studies on emission modulation of waste-derived
Carbon Dots

Beyond the synthesis strategy presented in Article Il (Section 3.1), several
exploratory studies were conducted to assess the feasibility of tuning the
photoluminescence of waste-derived CDs toward longer wavelengths. These
investigations were motivated by the limited emission tunability observed for CDs

synthesized from biomass precursors under mild and environmentally benign conditions.

Initial tests indicated that partial red-shifting of the emission toward the green
region could be achieved when hydrochloric acid was employed during synthesis,
leading to emission maxima close to 500 nm for corn stover-derived CDs (Figure 13).
However, these procedures suffered from practical limitations, including reproducibility
issues and material loss during reactor cooling, and relied on acidic conditions that are
not aligned with green chemistry principles. For these reasons, this approach was not

pursued further.

EM wavelength (nm)
EM wavelangth (nm)

WO M0 M0 0 @l s AW 0 v

EX wavelongeh (rfem) EX wavelength (nm)

Figure 13. 2D excitation-emission contour plots (EECP) of CDs with corn stover (CS), citric acid (CA), ethylenediamine
(EDA) and HCI solution. (A) 0.35M HCI and (B) 0.40M HCI.

Subsequently, alternative strategies were explored, focusing on parameters more
compatible with sustainable synthesis. These investigations focused on strategies
commonly reported in the literature included variations in solvent environment, reaction
time, and precursor composition, as well as the use of different lignocellulosic residues
and biomass pre-treatments. Despite these efforts, the resulting CDs consistently
exhibited blue photoluminescence, indicating a strong tendency for waste-derived CDs

to favor blue-emissive surface states.

Notably, green emission was only observed when replicating a literature-reported
synthesis that employed molecular precursors rather than biomass-derived feedstocks

[131]. Although the emission maximum differed from the reported values, this result
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further highlighted the contrast between conventional precursors and complex waste

materials in controlling emission wavelength.

Collectively, these exploratory studies demonstrate that achieving long-
wavelength emission from waste-derived CDs under sustainable synthesis conditions
remains challenging. Importantly, these findings directly motivated the focused
investigation of heteroatom chemistry, particularly the role of sulfur-containing
precursors, which is addressed in Chapter 4 to elucidate the mechanisms governing

photoluminescence modulation.
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4. Heteroatom doping, influence of Sulfur in
doped CDs

4.1. Atrticle llI: Insights into the role of common sulfur precursors in
hydrothermally synthesized N,S-doped Carbon Dots: Fluorescence

modulation via surface oxidation rather than sulfur doping

Sénia Fernandes, Manuel Algarra, Ana T.S.C. Brandao, Antonio Gil, Carlos M. Pereira,

Joaquim C.G. Esteves da Silva and Luis Pinto da Silva

4.1.1. Contextualization and author contributions

Heteroatom doping is widely employed to tailor the photoluminescent properties
of CDs, with nitrogen and sulfur among the most frequently explored elements due to
their ability to modify the electronic structure, surface chemistry, and radiative
recombination pathways of carbon-based nanomaterials [182, 184, 208, 266]. Although
numerous studies report enhanced QYr. upon heteroatom incorporation, the
mechanistic origin of these improvements remains under debate, particularly regarding
the distinction between effective lattice doping and surface-related or precursor-induced

chemical modifications [182, 184].

The investigation of sulfur-containing precursors emerged from earlier
observations in this thesis, where attempts to modulate emission color through waste-
derived carbon sources consistently resulted in blue-emissive CDs, in contrast with
several reports in literature. These observations highlighted the limitations of precursor-
based emission tuning and motivated a focused mechanistic study on the role of

heteroatom chemistry in fluorescence modulation.

Sulfur-containing precursors are commonly employed in combination with
nitrogen sources to produce N,S-modified CDs, often under the assumption that sulfur
atoms are incorporated into the carbon framework and directly contribute to
photoluminescence enhancement [176, 247, 267]. However, increasing evidence
suggests that certain sulfur precursors may primarily act as oxidizing or surface-
modifying agents rather than as true dopants, influencing surface states and non-
radiative recombination pathways without significant sulfur incorporation into the carbon
core [244, 268].

Within this context, the present work systematically investigates the influence of

sulfur-containing precursors on the structural and photophysical properties of nitrogen-
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modified CDs. By comparing N-CDs and N,S-CDs synthesized under identical
hydrothermal conditions, this study aims to clarify whether the observed changes in
photoluminescence originate from genuine sulfur doping or from indirect effects
associated with surface oxidation and defect formation. A comprehensive set of optical,
structural, and surface-sensitive characterization techniques is employed to establish
robust structure-property relationships and to provide a critical assessment of sulfur-

based heteroatom modification strategies in CDs synthesis.

I conducted all CDs syntheses and was responsible for the optical
characterization, including fluorescence quenching, photostability, and solvent-
dependent emission studies, as well as data analysis and interpretation, under the
supervision of Professor Dr. Luis Pinto da Silva. XPS and XRD analyses were performed
by the research group of Dr. Manuel Algarra. AFM measurements were carried out by
the research team of Professor Dr. Carlos Pereira, namely Dr. Ana Branddo. FT-IR,
dynamic light scattering (DLS), and zeta potential measurements were conducted in
collaboration with the Lab&Services team, while electron paramagnetic resonance

(EPR) measurements were performed at CEMUP.

The interpretation and discussion of the structural, chemical, and optical results
were carried out by me under the supervision of Professor Dr. Luis Pinto da Silva. |
prepared the initial manuscript draft in collaboration with Dr. Manuel Algarra, which was

subsequently reviewed and revised by all co-authors.
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While heteroptom doping i widely used ta enhance the fluorescence of carbon dots, 1he actual mecha

nism underlying this claimed anhancement remains unclear. Herelrn, we report a systermatic comparson
between nitrogen-doped carbon dots IN-CDs) and nitrogen/sulfur co-doped carbon dots (N 5-CDs) syn

thesized hydrothormally, with othylenediamine and sodium theosulfate as the N« and S-dopants, respect

woly. Contrary to expectations, the inclusion of the 5-precursor significantly reduced the quantum yweld
by 63X from 359% to 152% whie leaving the emasion grofte and response lagely unchanged
Charactorizotion assays revealod that S-doping in N.S-CDs was residual wheress the surface oxygen contant
ncromed markedly, indicating surface oxidabion, The data suggest that sodium thiosdlate acted not as 4
dopant but overall as an oxidant. generating axygen-based surface defects that introduced nonradistive
recombiration pathways. Thus, our findings show that co-doping with this S-precunsor can decreme the
Quantum yiekd by promoting surface oxidation and the effective formation of more oxdized N-CDs, rsther
than hetercatom Incorporation and production of co-doped CDs. This decreasing offect on the quantum
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Introduction

Carbon dots (CDs) are a type of carbon-based nanomaterial, with
stzew typleally lower than 10 nm, and known for their fluo-
rescence, blocompatibility, (photo)chemical stability, water solu-
bility, and tunability,'™ These chameteristies make CDs highly
attractive for a range of applications, Including in lightemiting
devices, biolmaging, photocatalysis, and sensing.' *

Another attractive feature of CDs Is that they can potentinlly
be generated from a varlety of renewable carbon sources using
environmentally friendly and non-toxic bottom-up routes,”
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This is particularly relevant when considering the development
of engineered nanomaterials with a “sustainable-by-design”
approach, given that the fabrication stage of nanomaterialy
has been (dentified as a potential enviconmental concern,* !
Mare specifically, CDs can be obtained from o wide variety of
organic waste, such as agriculeural (e.g., corn stover and rice
husks), food (e.g., frait peels and nut shells), urban waste (¢4,
spent coffee grounds), forestry residues (eg, eucalyptus
leaves), und industrial byprodocts (eg, sugarcane bagasse,
olive pit liquor, and seafood shells),™' "

While €Dy are known for their fluorescence and are used in
Muorescence-based applications, thelr intrinsic guantum yield can
be bow (for both waste- and non-waste-based CDs)'" " Thus, €D
synthesls processes typleally Involve heterostom-doping strategles,
In which compounds containing desired heterontoms (such ns N,
S, P, and B) are added an dopants, resulting in the incorporation
of these elements Into the resulting nanoparticles.” ™ The rtion-
ale behind this type of strategy is that heteroatom doping gener
ates additional electron lone pairs, defect sites, and active centers,
which facilitate mdintive recomblination and markedly enhance
the fluorescence efficiency of CDy ™

This kurral 8 © Tre Roval Society of Chamstry 2026
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Among the various possible options, the maost common
doping strategies are arguably N-doping and N,S-doping, with
Sdoping being less employed.™ ***" Commonly used N-dopants
are urea, cthylenediamine (EDA), and phenylenediamine, among
others."*" ™ Regarding S-dopants, typical ones are Na.S,0,,
H2S0,, and NaS, among others.”' =" Besides binary dopant
systems (such as phenylenediamine/Na 8,0, urea/H,50,, and
EDA/H,S0,), singlesource NS-dopants (eg, cysteine and
thiourea) can also be used. " Relevantly, both N- and NS
doping strategies have been associated with high fluorescence
quantum yields (QYy,) and even red-shifted emission, *#**

However, despite these apparently promising reports of the
potential of heteroatom-doping strategies for QY,, enhance-
ment, there are still unclarified issues that prevent their
rational use in the fabrication of suitable and sustainable CDs
for commercial/industrial applications.

For one, while different authors claim that N-doping is a
suitable strategy for enhancing the QYy, of CDs, there are
different studies that either did not find any clear relationship
between N-doping and the resulting QYy or concluded that
N-doping alone is not enough for QYy, enhancement, """
Furthermore, studies that associate higher QYy, with N-doping
tend not to synthesize and study the corresponding non-N-
doped €D Without this comparison, it Is ambiguous
whether the observed high QY values are related to the
inclusion of nitrogen heteroatoms in the structure of CDs.
Finally, it is known that bottom-up synthesis routes used to
produce CDs can also generate highly fluorescent molecular
by—pmducts."'"" which can mask the luminescence of CDs,
Furthermore, dialysis is considered an essential step to separ-
ate these by-products from CDs,**** Despite this, several
studies reporting N-CDs with elevated QYyy, did not incorpor
ate adequate purification methods, and so, it is possible that
the observed yields are not from CDs but from molecular
fluorophores present in solution, ™%

Thus, the litcrature indicates that despite the widespread
use of N-doping as a strategy for enhancing QYy,, there are sig-
nificant doubts about its overall success and potential, as well
as its actual mechanism of action. Relevantly, while the N,S-
doping strategy is relatively less used and studied than
N-doping, there are some indications that the efficiency of the
former as a general strategy should be equally questioned.

For one, there are also reports of highly emissive N.S-CDs
(over 50%), but they did not include proper purification (as by
dialysis).”* ** This means that there is a question of whether
the high QY;, results from the N,SCDs or from fluorescent
molecular by-products. Some studies that also report highly
emissive N,S-CDs did not include comparison with mono-
doped and/or undoped CDs. Thus, it is also unclear whether
the observed values result from synergistic effects of combin-
ing $- with N-doping.***>" Finally, there are also a number of
synthesized NS-CDs whose QYy values are still low
(£~10%)."7 Therefore, there are discrepancies between the
expected benefits of N,S-doping and the observed results.

Herein, we report the systematic characterization and com-
parison of N,§-CDs and N-CDs obtained from the hydro-

This journal is € Tre Roval Society of Chemistry 2026
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thermal treatment of sawdust and citric acid (as co-carbon pre-
cursors), EDA (as the N-dopant), and Na,$:;0; {as the
S-dopant). Our main goal is to gain insight into the ole of
combined N,S-doping regarding the optical properties and
composition of CDs. The resulting data are essential to under-
stand the true impact of N,S-doping as 4 QY -enhancement
strategy, with the systematic comparison with N-CDs allowing
for the evaluation of whether combined doping results in any
synergistic or additive effects. To this end, we performed com-
prehensive optical, microscopic, and structural characteriz-
ation of both CDs, by using atomic force microscopy (AFM),
X-ray photoelectron (XPS), Fourier-transform infrared (FTIR),
X-ray diffraction [XRD), electron paramagnetic resonance
(EPR), UV-Vis spectroscopy, steady-state fluorescence spec-
trascopy, and dynamic light scattering (DLS).

Notably, our results indicate that, contrary to potential
expectations, combined N,S-doping reduces the QY from
35.9% to 13.2% [a ~63% reduction] when compared with
N-CDs. Despite these large alterations in QY the optical pro-
perties of both CDs (studied in different media and in the
presence of different quenchers) were rather similar, which
indicates that including Na,5.0, as a co-dopant had a limited
effect. Finally, it was observed that the incorporation of § into
the CDs was not effective and that Na,S;0; did not act as a
true S-dopant {contrary to expectations). However, its use had
an oxidative effect, resulting in surface oxidation of the Chs
and a lower QYy,. Thus, this study provided new insight into
the efficiency of N.S-doping strategies for QY enhancement,
as well as some mechanistic insight into the role of dopant
precursors in the synthesis of CDs and how they can modulate
the nanomaterials’ properties in unexpected ways,

Results and discussion

In this study, CDs were obtained through the hydrothermal
treatment of the precursor mixture, which requires mild
experimental conditions, is easy to operate, and is safe and
Tow-cost.'*™" It can be regarded as a representative method for
creating these nanomaterials since it is also a common syn-
thesis pathway for the creation of (g, 5505257

Citric acid was chosen as a co-carbon precursor, as it Is
arguably one of the most widely used traditional carbon
sources for CD production,™ 774" gawdust, 4 residue of
the wood industry, was included as a co-carbon precursor, in a
50:50 mass matio with citric acid. Its inclusion allowed for
replacing half of the commercial carbon source with organic
waste, which has already been shown to be an effective
method for mitigating the environmental effects of €D
manufacturing.”*"* Both EDA and Na,S,0, are common N-
and S-dopants,****'#* respectively, and they were used as a
binary doping system to generate N,S-CDs. For N-CDs, only
EDA was used.

It is worth highlighting that we have selected widely used
synthesis routes and common precursors to ensure that the
conclusions obtained here are not limited to highly specific

Nanastale, 2026, 18, 9694-3207 | 9895
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conditions but instead provide insights that are broadly rele-
vant to this field of research, The synthesis procedures here
used are also based on a synthesis strategy developed pre-
viously by us for the generation of brightly fluorescent waste-
hased CDs.™* The details of the synthesis procedures are pro-
vided in the Experimental section.

Optical characterization of CDs

The study began with & comparative characterization of the
optical properties of N,S-CDs and N-CDs, towsrd understand-
ing the resulting effect of S-inclusion on bi-doped CDs.

The fluorescence of both CDs was initially analyzed by
measuring their 2D excitation-emission  contour  plots
(EECPs), which are shown in Fig. 1. Interestingly, the two CDs
exhibit a similar fluorescence profile, with the EECPs exhibit-
ing a welldefined and single luminescent center, character-
ized by an emission maximum at ~440 nm and an excitation
maximum at ~350 nm, This indicates that going from mono-
to bi-doped CDs, with inclusion of §, had a limited effect on
the properties of CDs. Moreover, and contrary to potential
expectations, the inclusion of an S-dopant did not lead to a
red-shifted emission.**="

280

MO 30 M M0

EX Wavwlength (nm|
Fig. 1 EECPs of N-CDs (Al and N,5-CDs (8) In water
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The emission specttum of each €D, measured at an exci-
tation wavelength of 350 nm, s also presented (Fig. 2}, The
spectral shapes (Fig. 2A) are similar between CDs and are con-
sistent with published spectra for this type of nanomaterial.”
The emission spectrum of N-CDs is slightly hroader than that
of N,S-CDs (Fig. 2B), a5 can be seen from their full width at
half maximum (FWHM) values of 79.4 and 73.5 nm, respece
ively. Nevertheless, this difference is  rather modest
Interestingly, we can still see that the Muorescence intensity of
N,S-CDs is lower than that of N-CDs, at the same concentration
(Fig. 24).

The UV-Vis spectra of the CDs were also recorded (Fig. 2C),
The spectrum of N-CDs exhibited an absorption band with a
maximum at 350 nm (attributed to n — =* transitions) and
two small shoulders at ~240 nm and ~280 nm that were
associated with x — =n* transitions. Interestingly, the spectrum
of N,S-CDs did show some relevant differences. Namely, while
still present, the relative intensity of the 350 nm band is
greatly reduced, and the shoulder at 240 nm is now not clearly
visible. The shoulder at ~280 nm is still seen, nevertheless,
Thus, the data indicate that the addition of an S-dopant affects
the surface or structural features of these CDs,

The QYyy, values of the CDs were also determined by a rela-
tive method using quinine sulfate as a reference and were
found to be 35.9% and 13.2% for N-CDs and N,S-CDs, respect-
ively. It should be noted that the QYg obtained for N-CDs is
relatively high, given that waste-based CDs tend to have a rela-
tively low QYjy, (below 20%)."7 " Thus, the followed synthesis
strategy was useful for obtaining brightly emissive waste-based
CDs." Nevertheless, the co-addition of an S-dopant did not
result in the predicted effect.™ 242379 hay is in a QY
enhancement. In contrast, the use of an S-dopant decreased
the QY by 63%. Furthermore, even when considering just the
QYyy of NS-CDs, a value of 13.2% Is rather modest, Thus, for
this system, adding an Sdopant in a binary system with an
N-dopant not only does not produce brightly emissive CDs but
also impairs fluorescence efficiency. This adds more doubts
about the true benefits of heteroatom-doping strategies as a
general solution for enhancing the QY of CDs.

We also examined the relationship between the absorbance
at 350 nm and the mass concentration of each €D (Fig, 2D).
The variation was moere significant for N-CDs than for N,
$-CDs, which indicates that the former are stronger absorbers
on a mass basis. Thus, not only does co-S-doping reduce the
QYyy, but it may also impair fluorescence intensity by reducing
the hight-absorption potential of the CDs,

In summary, so far, while co-S-doping has had littie effect
on the emission band position and shape, it has impaired the
fluorescence efficiency of the Chs, while also affecting their
surface/structural features. To gain further insight into the
effects of this co-doping strategy on the optical properties of
Cbs, we performed additional fluorescence assays under
various conditions,

In the initial assays, we aimed to investigate the fluo-
rescence behavior of the CDs by measuring their emission
intensity in water/methanol and water/glycerol mixtures with
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Fig. 2 Emission (A) and normalized emession (B) spectra of N-CDs and N.5-CDs; UV-Vis spectra of N-CDs and N,S-CDs (Cl; and absorbance as a

function of concentration for bath CDs (D)

increasing water content (Fig. 3). With these mixtures, we tried
to probe the effect exerted by solvent polarity and viscosity
{respectively). Interestingly, both CDs had the same hehavior
in these scenarios, That s, Increasing the water percentage In
both mixtures did not have a significant alteration in the fluo-
rescence intensities of the nanoparticles, except just in both
pure methanol and glycerol, but even then, the difference com-
pared to pure water is somewhat modest. Therefore, these data
indicate that the excited states of N-CDs are not strongly
affected by solvent polarity and that nonradiative decay due to
intramolecular motion does not appear to be relevant, "
Additionally, co-S-doping did not alter these outcomes.

We subsequently cvaluated the effects exerted by KI and
KNGO, on the fluorescence of N-CDs and NS-CDs (Fig. 4). Kl is
a well-known heavy-atom quencher, given that its addition can
result in fluorescence quenching by enhancing intersystem
crossing in organic fluorophores.”**”*¥ KNO, was selected to
evaluate the potential effect of another small lonie compound
that shares the same counter-cation as KI but has different
characteristics. Specifically, while KI can act as a hole scaven-
ger, KNO, is known to function as an electron scavenger.”™""

Both ionic compounds induced quenching in the two CDs,
and the resulting Stern-Volmer plots (Fig. 4) showed a linear
relationship, which is usually associated with dynamic
quenching, However, the quenching was rather limited in both

This jourral is € The Royal Sodety of Chemistry 2026

cases, given that the obtained Stern-Volmer constants (Kgy)
were only 5.1-6.7 x 107" and 3-5 x 107" mM™', in the presence
of KI and KNO,, respectively. Nevertheless, these assays did
allow us to make two conclusions: (1) the €Ds are more sensi-
tive to KI than to KNO,, probably due to the heavy-atom
quenching effect of the former;"*”™ and (2) the fluorescence of
N,5-CDs appears to be more sensitive to both quenchers than
that of N-CDs (Fig. 4), which indicates some effect exerted by
the co-S-doping.

In Fig. S1A, the relationship between fluorescence intensity
and absorbance for N-CDs and N.,S-CDs is presented. Both
CDs showed the trend of a general increase in fluorescence
intensity with increasing absorbance, which is not an unex-
pected behavior, Nevertheless, some studies have shown a
decrease in fluorescence intensity with increasing concen-
tration of CDs, which is attributed to aggregation-caused
quenching (ACQ) and self-absorption quenching.”*”" Thus,
these results indicate that neither ACQ nor self-absorption
quenching plays a relevant role within this absorbance range,

The photostability of the CDs was also tested by continuous
irradiation at 365 nm for 30 minutes (Fig. S1B). Interestingly,
both CDs were found to be photostable, with F/F; remaining
constant throughout the assays. This stability suggests their
suitability for optical applications, where sustained fluo-
rescence is required under prolonged exposure to light,

Nanascake, 202618, 9894-9907 | 9897
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Fig. 3 Vanation in fuorescence emission imensity In water/methancl
{A) and water/glycerot (B) mixtures for N-CDs and N,S-CDs. Excitation at
350 nm.

Furthermore, the behavior of both CDs was identical, meaning
that co-S-doping had no effect on this characteristic,

The influence of the solvent on the fluorescence of the CDs
was further probed through assays in water, methanol,
ethanol, acetonitrile, and dimethylformamide (DMF), as pre-
sented in Fig. 5. Fig. 5A and C enable the measurement of the
shift in the emission wavelength maximum caused by the
solvent for N-CDs and N,S-CDs, respectively. Specifically, there
is a little blue shift of about 10 nm from water to acetonitrile/
DMF in both CDs. The variations in fluorescence intensity
with solvent can be better observed in Fig. 5B (N-CDs) and
Fig. 5D [N,5-CDs). Once again, the CDs behave similardy, with
an ~20% (slightly higher for N,S-CDs) decrease in intensity
from water to acetonitrile/DME, These changes can be attribu-
ted to the different hydrogen-bonding interactions that the
CDs can make with the solvent. That is, we observed variations
associated with changing from protic to aprotic solvents, and
there are reports in the litersture that indicate that the fluo-
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Fig. 4 Stern-Volmer plots for different quenchers: K [A) and KNO; (B),
for both CDs.

rescence of CDs can be more significantly modulated by hydro-
gen bonding than by solvent polarity,”

Furthermore, the fluorescence emission behavior of both
CDs was also analyzed in the same solvents using the
Reichardt solvent polarity scale, ET[30). The results indicate
that both N-CD and N,S-CD samples exhibit similar emission
maxima (Fig. S2A) across different solvents, suggesting a
limited solvatochromic effect. Fig, S2B shows comparable
trends in fluorescence intensity ratios (F/Fy o). Additionally,
the regression slopes observed in Fig. S2B indicate that both
samples respond similarly to changes in solvent polarity, with
only minor variations in fluorescence intensity.

One matter of debate regarding CDs is the origin of their
fluorescence, and the relative relevance between core and
surface states in their emission.”” Here, we performed a
comprehensive analysis of the fluorescence of the two CDs
studied, specifically, by assessing their responses to external
stimull (fonie quenchers) and modifications in the external
media {solvent polarity, hydrogen bonding, and viscosity). It is
interesting to note that we have discovered that both CDs are
virtually unaffected by these variations, exhibiting only slight

Tha jeurral & © The Rayal Socety of Chemstry 2026
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Fig. 5 Norrmalized emission spectra for evatuation of maximum
5-CDs (C and D, respectively] in different solvents.

alterations, This suggests that their fluorescent moietles are
partially protected from outside stimuli and media. This
implies that their predominant emissive states are probably
connected to core or protected states rather than less accessi-
ble surface-related ones.'

1t should be noted that while N,S-CDs are, to a great extent,
almost as unresponsive as N-CDs to these stimuli/changes, the
resulting variations are slightly more relevant, Thus, it appears
thot the fluorescent moieties of N,S-CDs are somewhat less
protected from the external environment, but co-S-doping does
not change the overall situation,

Therefore, the emission of N,S-CDs appears to have a
greater contribution from more surface-accessible states, indi-
cating some changes in the surface/structure of these CDs
with the addition of the S-dopant. This is consistent with their
light absorption data (Fig. 2C).

Microscopy, structural and surface characterization of CDs

After analyzing the optical properties of both CDs, it is important
to perform their microscopy, structural and surface characteriz-
ation, More specifically, the focus is on performing a comparative
analysis to gain Insight Into the changes induced by co-S-doping
and how they can account for the reduction in QY.

AFM height analysis of the topography of both samples
showed distinet and separated objects with sub-10 nm particle

This jourral is € The Royal Sodety of Chemistry 2026

intensity of N-CDs (A and B, respectivety] and N,

height (Fig. 6). This indicates that N-CDs and N,5-CDs possess
a nanosize nature, consistent with the literature reports for
‘:D&?U-!U

The CDs were also studied by DLS at two different mass
concentrations (0.06 and 0.14 g L™') (Fig. S3 and $4). Their
hydrodynamic diameters and mean ¢ potentials are presented
in Table 1. Regarding the latter, we can see that N,S-CDs have
higher { potentials at both concentrations and, therefore,
should be more stable in solution (Fig. S3B}.

DLS analysis of N-CDs and N,S-CDs at concentrations of
0.06 g L' and 0.14 g L' reveals significant differences in size
distribution and aggregation behavior (Table 1 and Fig, $4).

The intensity-weighted data (Fig. S4A) indicate that at
0.06 g L', N-CDs exhibit a bimodal distribution with peaks at
approximately 0.3 pym and 14 pm, However, at 0.14 g L™
(Fig. S4B), the bimodal distribution transitions to a single
peak around 0.5 pm, accompanied by an increase in hydrodyn-
amic diameter from 0,3949 pm at 0.06 g L™ to 0.7199 pm at
0.14 g L7, suggesting increased aggregation at higher concen-
trations. In contrast, N,S-CDs exhibit a bimodal distribution at
both concentrations, with peaks at approximately 0.2 ym and
5 pm at 0,06 g 1.7°, and at approximately 0.2 pm and 14 pm at
0.14 g L™, The hydrodynamic dismeter of N,S-CDs decreases
from 0.3652 pm at 0.06 g L™' to 0.2626 pm at 0.14 g L7,
suggesting improved colloidal stability with increasing concen-
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79nm

00nm

Fig. 6 AFM analyss of N-CDs (top) and N,S-CDs [bottomnl, showing
representative 3D height images selected from full 10 x 10 ym IN-CDs)
and 5 x 5 ym (N.5-CDs| scans. Z-Scale: 7.9 nm (N-CDs, top) and 81 nm
{N.S-CDs, bottom).

Table 1 Results of DLS and { potential of N-CDs and N,S-CDs at
different concentrations

Hydrodynamic Mean { potential
CDs dismeter (um) [mv)
NEDs o6 gL' 0.3949 ~-11.9
NCDsO4g Lt 0.7199 124
NSCDs 006 gL' 0.3652 ~16.6
NSCDsO14gL" 0.2826 ~18.1

tration. The number-weighted distribution (Fig. S3A) further
highlights key differences in particle size. At 0.06 g ™', N-CDs
predominantly exhibit particle sizes with a peak at =007 pm,
whereas at 0.14 g L', the peak shifts to =0.03 pm, confirming
a reduction in primary particle size with increasing concen-
tration. In contrast, N,S-CDs maintain a relatlvely stable size
distribution across both concentrations, with a consistent
peak at 0,11 pm. These findings suggest that the tendency for
aggregation is strongly dependent on particle composition, as
N-CDs show a reduction in primary particle size with increas-
ing concentration, whereas N,S-CDs maintain a stable size dis-
tribution, indicating higher colloidal stability. These differ-
ences in aggregation behavior for the CDs are in line with their
respective mean { potentials,

Two additional topics should be addressed when discussing
DLS data. One is that while the hydrodynamic diameters of the
CDs (a few hundred nanometers) are significantly higher than
the particle height estimated by AFM (sub-10 nm), this differ-
ence is actually in line with the literature.”’ That is, due to
their functionalized surface, the particles are capable of inter-
acting between themselves via hydrogen bonding and e¢lectro-
static interactions, leading to their aggregation in solution.®

Another noteworthy aspect is that the variation in hydro-
dynamie diameter with concentration (Table 1) indicates that
N-CDs aggregate with increasing concentration, while NS-CDs
become less aggregated. However, despite this different behay-
lor, Fig. S1A shows that the fluorescence of both CDs increases
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with concentration. Furthermore, the fluorescence increase is
more pronounced for N-CDs, whereas their aggregation behav-
jor would suggest the opposite. Given this, N-CDs appear to
exhibit  aggregation-induced  emission  behavior.'™
Meanwhile, co-S-doping decreased the aggregation potential of
the CDs, which could be due to changes in surface functionali-
zation of the nanoparticles, This is in line with the expected
incorporation of additional functional groups in heteroatom-
doping strategies and aligns with the data presented so far,

The XRD patterns of N-CDs and N,S-CDs are depicted in
Fig. 7. In both XRD patterns, chamcteristic wide peaks near
268 ~ 25.0° (002 plane) and around 39.19 (100 planes) are
observed, which reflect the presence of amorphous
carbon.™"" The occurrence of oxygen-bearing functional
groups that resemble amorphous carbon phases justifies this
wide band."” The peak below 10.0° is ascribed to the (001)
plane, to the presence of N and O groups and to the presence
of organic compounds in the structure.*” CDs having an amor-
phous nature are consistent with previous studies,”™ ™’

EPR analysis of N-CDs and N, S-CDs [Fig, §5) did not reveal dis-
tinct peaks within the measured magnetic field range (2500 to
4500 G), indicating the absence of strongly detectable paramag-
netic species. The lack of significant EPR signals sugyests that
unpaired electrons are either absent or present at coneentrations
too low to be detected under these conditions. This result high-
lights that the introduction of sulfur into the carbon dot structure
does not induce notable paramagnetic behavior.

The CDs were also analyzed by FT-IR (Fig. 8}, to gain valu-
able insights into how co-Sdoping affects the functional
groups present in the CDs. The obtained spectra are typical of
doped CDs, with a broad band in the 2500-3500 cm™" range,
which demonstrates overlapping O-H and N-H stretching
vibration modes.' ™" Other relevant and common peaks can
be found at ~1548/1557 em ™' (N-CDs/N,S-CDs), ~1384 em ™,
and ~1043/1039 cm ™" (N-CDs/N,S-CDs), According to previous
studies, these peaks can be attributed to C=C/N-H, C~-H/O-H,

, 50,5793 495

and C-0 groups, respeetively.

790
~——N-COs
1 N SCOs
200
4
-

Counts
5
A

50
LR T T T T 1
° 0 = 0 a0 % €0 ]
20
Fig. 7 XRD patterns of hoth CDs
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Fig. 8 FT-IR spectra of both CDs.

Given the use of an S-dopant to produce N,S-CDs, we would
expect the presence of groups such as C-S, S-H, and
0=5=0.""7""" some studies have indicated that C-§
groups are associated with peaks at 690,” 713,%7 1198 (ref. 30)
and 1317 em™"."* S-H groups have been associated with bands
at ~2500 em " while O=8=-0 with peaks between 1000 and
1180 em™' (1009, 1036, 1126, and 1176 cm™' 1" Unexpectedly,
we did not find any particular peak in the FTIR spectrum of N,
S-CDs that could be associated with S-based groups (Fig. 8), or
that differed from what was found for N-CDs, In fact, the
spectra of both CDs are quite identical in peak position and
shape (Fig. 8), which indicates that the identity of the func
tional groups that they are composed of is very similar. Given
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this, the FTIR data suggest that despite the relevant effect that
S-dopant addition had on the QYy, of NS-CDs, S-doping
might not have been particularfy efficient.

The surface composition of both CDs was investigated by
XPS. The survey XPS results (Fig. 56 indicate that N-CDs are
composed mainly of C (69.45%), O (19.26%), and N (11,30%),
High-resolution spectra for the C 15, N 15, and O 15 levels were
obtained for the N-CDs. To determine the functional groups
on the surface of the CDs, the corresponding deconvolution,
chemical state, and quantitative analyses were carried out, The
G 1s spectrum of N-CDs (Fig. 9A) consists of four contri-
butions: 284.5, 286.2, 247.9, and 289.32 eV. The produced gra-
phitic structure carbon is responsible for the main contri-
bution at 284.5 eV. The contributions at 286.2, 287.9, and
289.2 eV are due to the presence of C-O/C-N, C=0, and O-
C=0 groups, respectively. The N 15 spectrum (Fig. 9B) reveals
three peaks, with their full wideh at half maximum (FWHM)
values given in parentheses: 3984 (1.85), 399.4(2), and 401.0
eV (2), which are ascribed to the pyridinic, pyrrolic, and qua-
ternary N atoms, respectively.” The O 15 spectrum showed two
contributions at 531,2 ¢V (C—0} and 532.8 ¢V (C-0) (Fig. 9C).

The survey XPS results reveal that N,S-CDs are superficially
composed of C [63.70%), O (21.82%), N (10.14%}, and §
(1.679%), respectively, as shown in the full-scan spectrum
(Fig. S6). The deconvoluted C 1s spectrum (Fig. 9D) shows
three peaks: at 284.8 eV, attributed to C=C/C-C; at 285.9 eV,
attributed to C-O/C-N/C-S; at 287.6 eV, actributed to C=0
groups. The N 1s spectrum (Fig. 9E) showed a complex of 4
different contributions: 398.5 eV (2.7), 399,96 ¢V (1.97), 401.52
eV (2.03), and 402.5 eV (2.29), corresponding to pyridinic N,
pyrrolic N, quaternary N, and oxidized N, respectively, The O
15 spectrum showed three contributions at 531, 532.6, and
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Fig. 9 XPS core-level spectra of N-CDs: € 15 (A), N 15 (Bl and O 15 (C); and of N.S-CDs C 15 (D), N 15 (E}, © 15 (F), and S 2p (G).
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534.4 eV, which are assigned to C=0, C-OH/C-0-C, and O-
C/O-S bonds (Fig. 9F).” The S 2p spectrum s shown in
Fig. 9G and consists of two distinet doublets: one at 162.3/
163.5 eV and the other at 168.1/169.3 eV. The former is indica-
tive of reduced sulfur species, such as thiophene-like or
sulfide groups. The latter is characteristic of oxidized sulfur
forms, such as C-8Oy groups. This spectrum is consistent with
that observed for S-doped Cbs. However, the higher intensity
of the 168.1/169.3 eV doublet and the presence of a Na signal
in the XPS survey (Fig. $6) could also indicate the presence of
residual thiosulfate.

Postulated mechanism for QY -reduction

Consistent with FTIR, the XPS results reveal that S surface
incorporation is residual and that the main compositional
difference between N-CDs and NS-CDs lies in surface oxi-
dation rather than S content. Specifically, N,S-CDs exhibit a
lower C content (~64% s, ~70%) and a higher O content
{22% ve ~19%), which corresponds to an ~24% increase In
the O:C ratio {from 0.27 to 0.34), Meanwhile, the S content
was below 2%, despite the addition of Na,S,0, in a
1:1:1 mass ratio with the N-dopant and the combined carbon
precursors, This indicates that Na.S,0; did not act as an
cffective dopant under the employed conditions,

This last finding is surprising given the marked decrease of
QYyy observed for N,S-CDs (by 63%), which appears to be too
large a variation to be caused by such residual co-S-doping.
Nevertheless, the low § matio in N,S-CDs helps explain why
their optical properties (besides QY ) are quite similar (o
those of N-CDs,

As stated in the Introduction section, while different
researchers have claimed that heteroatom doping has some
QY -changing properties,*"***** j¢ is still not proven that
the measured effects are truly due to the inclusion of those
heteroatoms." ™" Given this, it is possible that the QYy,
decrease is not due to the {residual) S-doping here achieved.

Nevertheless, any difference between N-CDs and N,S-CDs
results, in a way or another, from the inclusion of Na,S;0; in
the synthesis mixture of the latter.

Repeated syntheses of NS-CDs consistently produced a
“rotten-egg” odor upon opening the hydrothermal reactor,
suggesting the release of reduced sulfur species.'™ This obser-
vation, together with previous reports of Na,$,0, decompo-
sition and disproportionation in aqueous solutions under
heating,""" "™ indicates that this compound was not inert but
chemically transformed during the reaction. Thus, the
measured compositional changes between N-CDs and N,S-CDs
are most likely due to (secondary) redox effects arising from
thiosulfate decomposition, mather than surface S-doping.

In fact, the observed increase in the O:C ratio in XPS
demonstrates that Na,S,0, addition promoted surface oxi-
dation of the CDs, producing & more oxygenated material. This
was achieved while the CDs maintained an identical N : C ratio
of ~0.16. Consequently, the N,S-CDs here obtained can be
interpreted as oxidized N-CDs rather than as true co-doped
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nanomaterials. Interestingly, this oxidant-like role of Na,s,0,
was described before,"™

Finally, the observation that N,S-CDs are more akin to an
oxidized version of N-CDs, rather than an actual co-doped
nanomaterial, helps to explain the measured QY reduction,
specifically, Chahal et al."' have claimed that QYy, is corre
lated with the O0:C matio and that N-doping is insufficient to
increase QYgp. This is in line with our data, as the N: C ratio
difference between N-CDs and N,5-CDs is negligible, while the
latter nanoparticles are more oxidized than the former (0:C
mtio is increased by ~24%), Previous authors have also corre-
lated fower QY with higher oxidation degrees.'™"™ This can
be explained by the formation of oxygen-based surface defects
that act as non-radiative centers, therchy allowing for non-
radiative relaxation pathways,""'™ ‘This is compatible with
our data, especially considering the fact that despite the QY.
being markedly lower in N,S-CDs, their emission band posi-
tion and shape remained mainly unchanged (when compared
with N-CDs). Furthermore, the fluorescence of N,S-CDs pre-
sented a similar variation to external media/stimuli as N-CDs,
with some apparent contribution from more surface-accessible
states,

It should be noted that the potential presence of residual
thiosulfate (Fig, 9G and S6) could mise the question of
whether the QY decrease could be attributed to it instead (by
quenching effects). To investigate this, we measured the poten-
tial quenching effect of Na,5,0, toward N-CDs and N,S-CDs, at
quencher concentrations up to 100 mM [Fig, S&). The quench-
ing effect was found to mange from negligible to small
Specifically, at 30 mM, the F/F ratio for N-CDs was still ~1 and
just ~1.20 for N,S-CDs. These small effects. are unlikely to
account for the observed 63% decrease in QYy,, especially
given that the residual concentration of potential thiosulfate
should be significantly lower than the range investigated here
(mM levels). Finally, it should also be said that even if residual
thiosulfate is present, it still supports our conclusion that
Na;$,0; did not act as an effective dopant under these
conditions,

To better assess the extension of our conclusions, we also
synthesized owo additional CDs: NS-CDSyjpaes and N,
S-CDSjuy. The former was produced in the same way as N,
S-CDs, except that Na,S,0; was replaced with thiourea. N,
§-CDspy,y were produced with Na 5,0, but in a 1:1:0.5 mass
ratio (C, N and § sources, respectively), that is, half the amount
of Nia:S,0; used to produce N,SCDs. Their EECPS are shown
in Fig. 89, and their QYsy are 3.8% (N,S-CDSiunes) and
34,19 (N,S-CDspp).

This shows that the use of thiourea has also resulted in a
significant decrease in QY,, (by 89%), when compared with
N-CDs. This indicates that the detrimental effect attributed to
the S-precursors is not limited to Na,S,0;. Regarding N,
S-CDSpu, thelr QY Is actually similar to that of N-CDs (3%
decrease), This indicates that the detrimental effect of Na,S,0,
is concentration-dependent, which is expected for redox/
surface-modification routes. Furthermore, while similar, the
QYye i still inferlor to that of N-CDs. Thus, it is another
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example where co-S-doping does not provide a visible perform-
ance enhancement over N-doped CDs.

Overall, our data show that the co-addition of Na,$,0,
during hydrothermal synthesis does not lead to effective S surface
incorporation but instead promotes oxidation of the carbon
surface. The resulting N,S-CDs are therefore best described as oxi-
dized N-CDs with a higher O: C ratio, where oxygen-based surface
traps are hypothesized to account for the observed 63% decrease
in quantum yield. This finding highlights the possibility that
some S-precursors commonly used for S-doping muay act primarily
as redox modifiers rather than dopants, emphasizing the need
for careful surface-composition correlation when interpreting
QY changes Iin doped CDs.

Beyond this specific case, our results may reveal a broader
issue in CD research. While many studies attribute optical
property modulation to heteroatom doping, in the field there
is a limited guantitative assessment of heteroatom incorpor-
ation into CDs and how it correlates with the observed
changes. Given this, the role of “dopants™ may be misinter-
preted, and non-doping surface oxidation/modification effects
may be overdooked, Compounds intended as dopants may in
fact act primarily as redox-active agents, catalysts, or surface
modifiers. Henee, there is a need for systematic compositional
analysis and mechanistic validation when evaluating the true
impact of doping strategics on CD emission. Nevertheless, it
should be noted that our work focused solely on hydrothermal
reactions and not on other synthesis routes (such as micro-
wave-assisted or dry-heating), It was also focused on Na,S,0,
rather than other common S-precursors (such as cysteine).
Therefore, future work is needed to properly assess the impact
of our results in the field of CDs,

Experimental
Carbon dot synthesis procedures

N-CDs and N,S-CDs were produced by following a general
hydrothermal treatment route previously developed by us for
the synthesis of brightly emissive waste-based CDs."
Specifically, the precursor mixtures for both CDs were pre-
pared in a NaOH (0.01 M) solution, with the final reaction
volume being 10 mL. For N-CDs, the precursor mixture con-
sisted of the carbon precursors citric acid and sawdust (the
waste material), in a 50:50 mass ratio (total 0.15 g), and the
N-dopant (EDA, 0.15 g). N,S-CDs were prepared from a similar
mixture, with the difference being the addition of also 0,15 g
of Na,5,0; pentahydrate as an Sdopant. Both reaction mix-
tures were placed in a 25 mL Teflon-lined reactor with a stain-
less-steel shell from Cambridge Energy Solutions (CES) and
then heated at 200 °C for 8 h in a D-6450 Hanau oven from
Heraeus. Afterwards, the resulting CD solutions were placed in
an ultrasonic bath from VWR, model USCI100TH, for
20 minutes, Later, the samples were centrifuged for
30 minutes at 6000 rpm through a MIKRO 220R from Hettich
to remove suspended particles, The precipitate was discarded,
and the supernatant was further purified. The CDs were sub-
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sequently subjected to dialysis for 24 hours, using a Float-
A-Lyzer®G2 dialysis device, MWCO: 3500 Da. The commercial
chemicals used in the synthesis were citric acid anhydrous
(»99%), EDA (299%), and NaOH (>97%) from Sigma-Aldnich,
as well as Na, 8,0, from Merck. The sawdust was supplied by a
Portuguese company specializing in timber trading and the
production of derivative products, The efficiency of the dialysis
process was assessed by measuring the absorbance of the dia-
lysate solutions at 350 nm (the excitation wavelength of the
CDs), at the first cycle of water replacement and at the end of
the 24 h dialysis (Fig. §7). While the absorbance at the end of
the first cycle was 0.116-0.123, at 24 h, only basal absorbance
values were observed for both CDs (0,003-0.007). These
decreases correspond to almaost 100% (~95% for N-CDs and
~97% for N,S-CDs) and support the adequacy of our dialysis
conditions.

Characterization techniques

Fluorescence measurements were performed using a Horiba
Jobin Yvon Fluoromax-4 spectrofiuorometer, using a standard
10 mm fluorescence quartz cell, The fluorescence spectra were
acquired with slit widths set to 2 nm. Samples were analyzed
at a fixed concentration of 0.1 g L™, except in concentration-
dependent assays. Absorbance spectra were recorded using a
UV-3100PC spectrophotometer from VWR, using quartz cells,

Dynamic light scattering (DLS) and (-potential measure-
ments were conducted using an Anton Paar Litesizer™ 500
particle analyzer. {-Potential measurements were performed
using a polycarbonate Omega cuvette, and size measurements
{by DLS) were carried out using a disposable polystyrene
cuvette,

Fourier transform Infrared {FT-IR) spectroscopy was con-
ducted using a PerkinElmer Spectrum Two FI-IR spectrometer
(ATR module) and Spectrum software, The analysis included 4
scans per spectrum and covered a wavenumber range from
4000 to 400 cm™.

Using monochromatic ALK, radiation {49.1 W, 15 kV, and
1486,6 ¢V), X-ray photoelectron spectroscopy (XPS) was con-
ducted on a Physical Electronics PHI VersaProbe 1T spectro-
meter to analyze the core-level signals of the components of
interest using a hemispherical multichannel detector. Over a
circular analysis region of 200 pm in diameter, the sample
spectra were recorded with a constant pass energy value of
29.35 eV. PHI SmartSoft software was used to analyze the
acquired XPS spectra, and MultiPak 9.3 was used for proces-
sing. The adventitious carbon € 15 signal (284.8 eV) served as
the reference for the binding energy measurements, The
binding energies were found using Gaussian-Lorentzian curves
and Shirley-type backgrounds,

Laboratory X-ruy powder diffraction (XRPD) patterns were
collected using a PANalytical EMPYREAN automated diffract-
ometer. Powder patterns were recorded in Bragg-Brentano
reflection configuration by using a PIXcel 3D detector with a
step size of 0.01° (24). The powder patterns were recorded
between 5 and 70 in 26 with a total measurement time of
60 min.
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Electton paramagnetic resonance (EPR] spectra  were
recorded using o Bruker Elexys 11 E580 spectrometer, which
operates in the X-band (9.5 GHz).

Atomic force microscopy (AFM) analysis was conducted
with a Nano-Observer AFM (CSInstruments AFM Microscopes,
Les Ulls, France), For this purpos¢, a mica substrate treated
with 0.01% poly-1-lysine hydrobromide was used to deposit the
sample, and measurements were carried out using a sharp Si
N-type probe with a resistance of 0.01-0.025 Q ¢m and a reso-
nance frequency of 200-400 kHz. Samples were prepared by
drop evaporation of a diluted €D solution, and Gwyddion soft-
ware was used for AFM data analysis.

Fluorescence quantum yield

The fluorescence quantum yield (QYy, ) was determined follow-
ing a standard methodology, which involves comparing the
integrated luminescence intensities and absorbance values of
the sample (in this case, the CDs) to those of a reference
fluorophore, quinine sulfate (QS). The calculation of QY is
based on the following equation,

. 2
QY =Q¥p, % % % "‘:—;';;& % 100

where “Grad" represents the gradient derived from the plot of

integrated fluorescence intensity wrsus absorbance and 7~

denotes the refractive index,

In this study, QS was utilized as the reference fluorophore
due to its established QY of 0.54. QS is commonly used for
QYyy. determination of CDs because it absorbs at the selected
excitation wavelength and emits in a spectrl region compar-
able to that of typical CDs, including the ones analyzed in this
study. The refractive index of the reference (QS) was 1,33 (0.1
M H.50,), and the sample (CDs) was 1.34 (H,0). To minimize
reabsorption effects, the absorbance at the excitation wave-
length was kept below 0.1.

Conclusions

In summary, this study provided a comprehensive and com-
parative characterization of N-CDs and N.S-CDs synthesized
from sawdust, citric acid, EDA, and Na;5,0; under hydro-
thermal conditions, More specifically, while heteroatom-
doping strategies are widely used to enhance the QYy, of CDs,
there is a limited understanding of the mechanism behind it
In fact, it is still unclear how truly effective these strategies are,
One example is the lack of a comprehensive demonstration
that co-N,S-doping provides additional advantages over single
N-doping approaches, Herein, our study aimed to provide
insight into these processes by focusing on commaonly used
precursors, N- and S-dopants, and synthesis strategies, thereby
ensuring a broader generalization of the conclusions within
this research field.

Despite the broadly cleimed benefits of co-N,S-doping
and the commaon use of Na,5,0; as an S-dopant, the results
revealed that its inclusion markedly reduced the QY of

9904 | Nanuscak, 2026, 18, 9824-2907
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N,5-CDs by 63%. Detailed microscopic and spectroscopic
analyses Indicate that this loss in QYy, is not due to suc-
cessful S-doping, but rather to a more oxidized surface, as
evidenced by the higher O: C ratio measured by XPS. These
findings suggest that the inclusion of Na,5,0. had a pri-
marily oxidizing effect during the synthesis rather than the
compound scting as a dopant, promoting oxygen-based
surface defects that introduce nonradiative traps. In other
words, the addition of Na,S.0, resulted in more oxidized
N-CDs rather than co-doped N,S-CDs. It should be noted
that thiourca was also found to cause a marked reduction
in QY5

Beyond this specific case, this study highlights the possibility
that heteroatom-containing compounds can behave as redox
active modifiers rather than true dopants. As such, future studies
should perform more quantitative assessments and validation of
heteroatom incorporation into the resulting CDs, to better dis-
tinguish between real doping cffects and surface modifications
mediasted by heterostom-based compounds.  Furthermore,
S-precursors (eg., csteine), which are also commonly used,
should be specifically imestigated to assess whether they induce
this QY -reducing effect, at least under some experimental con-
ditions. Thus, this study provides valuable insight into the use of
heteroatom precursors, which can Inform a more rational design
of better-performing CDs.
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4.1.3. Conclusions

This study provides a critical assessment of the role of sulfur-containing
precursors in the synthesis of nitrogen- and nitrogen/sulfur-modified CDs, offering new
insights into the mechanisms governing their photoluminescent behavior. Contrary to the
common assumption that sulfur precursors directly enhance fluorescence through
effective heteroatom incorporation, the results demonstrate that the inclusion of sodium
thiosulfate leads to a significant reduction in QY., despite preserving the emission profile

and excitation-dependent behavior.

Comprehensive structural and surface analyses reveal that sulfur incorporation
into the carbon framework is minimal, while the surface oxygen content increases
markedly in N,S-CDs. These findings indicate that the sulfur precursor primarily acts as
an oxidizing agent, promoting the formation of oxygen-related surface defects that
introduce non-radiative recombination pathways. As a result, the reduced
photoluminescence efficiency is attributed to surface oxidation effects rather than to

successful sulfur doping.

By distinguishing between true heteroatom doping and precursor-induced
surface modification, this work highlights the need for caution when interpreting
fluorescence enhancement claims based solely on the use of heteroatom-containing
precursors. More broadly, the findings emphasize the importance of mechanistic
understanding and comprehensive characterization in the rational design of CDs with
controlled optical properties. Within the scope of this thesis, this work complements the
preceding studies by deepening the understanding of structure-property relationships in
CDs and reinforcing the importance of precursor chemistry in determining photophysical

performance.
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5. Conclusions and future perspectives

5.1. Conclusions

This thesis investigated CDs as sustainable luminescent nanomaterials by
integrating LCA, green synthesis strategies, and fundamental studies of
photoluminescence modulation. The work was developed within the broader context of
climate change mitigation, energy efficiency, and responsible resource utilization, with a
particular focus on bottom-up synthesis approaches compatible with environmentally

benign conditions.

The LCA conducted in this thesis demonstrated that higher synthesis yields do
not inherently correspond to improved environmental performance. While high-yield
routes enhance material efficiency, their benefits are frequently counterbalanced by
increased energy demand, longer reaction times, and additional chemical inputs. Simpler
bottom-up approaches, combining moderate-to-high vyields with lower process
complexity, were identified as more balanced and environmentally favorable options.
These results emphasize the necessity of adopting a life cycle perspective when

evaluating the sustainability of nanomaterial synthesis routes.

From a materials development perspective, this thesis showed that waste-
derived carbon sources can be successfully employed to produce brightly fluorescent
CDs through facile and green hydrothermal strategy. The incorporation of organic
residues, combined with controlled nitrogen doping and surface passivation, enabled the
production of CDs with high photoluminescence efficiencies while maintaining synthesis
simplicity and environmental compatibility. These findings support the feasibility of waste

valorization as a viable pathway for sustainable CDs production.

Despite systematic efforts to tune the emission toward longer wavelengths, the
incorporation of waste-derived precursors consistently resulted in blue-emissive CDs
under the explored synthesis conditions. This behavior highlights intrinsic constraints
associated with the complex and heterogeneous nature of waste feedstocks, which tend
to favor the formation of high-energy emissive surface states. Rather than representing
a limitation of the approach, this observation provides valuable insight into the dominant
role of precursor chemistry and surface-state formation in governing CDs

photoluminescence.

This challenge directly motivated a focused investigation into the role of
heteroatom chemistry in fluorescence modulation. The study of sulfur-containing

precursors revealed that emission tuning in N,S-CDs is primarily governed by surface
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oxidation processes rather than by sulfur incorporation into the carbon core. This
mechanistic insight helps reconcile discrepancies in the literature regarding sulfur doping

and clarifies the pathways through which photoluminescence modulation occurs in CDs.

Overall, the results of this thesis demonstrate that sustainable CDs design
requires a careful balance between environmental performance, precursor selection, and
control over surface chemistry. By combining LCA with experimental synthesis and
photophysical analysis, this work establishes a comprehensive framework for the rational

development of environmentally responsible and optically functional CDs.
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5.2. Future Perspectives

The findings of this thesis open several paths for future research aimed at
advancing the sustainable development and application of CDs. In particular, achieving
controlled green and red emission from waste-derived CDs remains an open challenge.
Future studies should explore alternative strategies such as precursor pre-treatment,
decoupling carbonization and surface-state formation, post-synthetic surface
engineering, or hybrid approaches that combine waste-derived carbons with molecular

emissive centers.

Further integration of LCA into early-stage material design could support the
development of synthesis routes that simultaneously optimize optical performance and
environmental sustainability. Expanding LCA to include scale-up scenarios and device-
level integration would provide additional insight into the real-world impacts of CDs-

based technologies.

From a fundamental perspective, advanced spectroscopic and theoretical studies
could further elucidate the interplay between surface oxidation, heteroatom chemistry,
and emissive states. Such efforts would contribute to resolving remaining ambiguities in

the structure-property relationships governing CDs photoluminescence.

Finally, while this thesis focused on material-level design, the integration of
sustainably synthesized CDs into WLEDs devices represents a natural continuation of
this work. The design principles established here provide a solid foundation for future
research targeting the development of efficient, environmentally responsible lighting

technologies based on CDs.
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ARTICLEINFO ABSTRACT

The effectiveness of various transition metal phosphate-tased acid catalysts, inclading Hium and niobi m
the hydrochermial synthesis of carbon dots (CDs), has been assessed. Two sources of carbohydrates were

Mm Editor: Jin-Kuk Kim

Keywondsc nployed for this ial xylose and liquor of xylose produced by processing olive pits. Catalysts were
Carbon dotx identified wsing the NHyTPD, DYA/TG, XRD, and XPS technigues. The reaction was conducted for 4 h at a
:"::’:ml tempetature of 180 “C. The existence of such nanoparticles, regardless of the carbohydrate source, was conflrmed
p oot by an anslysis of the § and ch istics of CDs nanoparticies. N-doped CDs with increased floorescence
Nancparticls were also created at the same time using a sémilar bydroth | technique, and their photocataly y was
Hydrochermal synthesss investigated. A Life Cycle Assessment (LCA) was conducted for both syntheses with Ihe goul of mmpurlm dn
Photoluminesornee environmental effects of the synthesss from commercial xylose to the h from bé It was

Photocatalysis that, although energy is the peimary er ol both synthesis pamway‘ effect gories, the fund |

Life cycle mssessment variations that seem to d

their

hility are d 1o the nature of the carbon pre-

cursor. Regarding the latzer, It &s determined that eleciricity has the greatest environmenzal impact.

1. Introduction

CDs are recently discovered nanoparticles and present umique
propertics. Each nanoparticle consists of a graphitic lattice core covered
by a functionalized surface composed by several polar functional groups
attached (Hola et al, 2014; Zhu et al, 2020), making these nano-
particles extremely soluble in agueous solutions. CDs can he obtained
via two main synthetic approaches: from small molecules sggregation,
the bottom-up route, or from larger carbon structures such as graphite,
graphene or nanotubes, the top-down route (10 (k et ol 2020)

A current tendency for obtaining CDs s the pursuit of o synthesis
method that fulfils the requirements of green chemistry but keeps pro-
duction costs low. Therefore, CDs obtained from green precursors

* Corresponding aulhor,
** Corresponding suthor,
Lamad addressess rtont b umaes (R Moreno-Tost), manue! algarmas
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coming from biomass is an emergent rescarch topic (Hodngies Padeon
et al., 2018; Algarra et al.. 2019; Sum et al., 2019; Crista et al., 2020; Y
Wu et al, 2021; ELShohosy «t al | 2021; Kurian and Paul, 2021). The
most frequent and best-known method for CDs production is hydro-
thermal or solvothermal mahod (Sim et ul, 2019 Zhu er al, 2020;
Kurian and Paul, 20273 Yie ot al, 2021). This method requires acidic
conditions commonly achicved using mineral acids such as HCl, none-
theless, the hydrothermal method is compatible with beterog
catalysis, providing that the selected catalysts are in the acid environ
ment to promote successive dehydration, condensation and superior
aggregation processes leading to the generation of CDs (Nioog o ol
2021; Singh et al,, 2023),

Due to admitting functionalization on their surface, CDs exhibir

anavarrn.es (M. Algarm).
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photoinduced electronic transference, fluorescence, and up-conversion
photoluminescence (5im ¢t al, 2019). CDs have raised increasing
attention for their undemanding synthesis procedure combined with the
fact that they have been proved to be non-toxic and can be modified to
reach satisfactory quantum yield values (Kaur o1 wl, 2021), CDs pho-
toluminescence presents varlation with size, showing a strong de-
pendency on the energy gap between valence and conduction bands,
that carrespands to the HOMO-LUMO (the highest occupled molecular
orbital and lowest unoccupied molecular orbital, respectively) gap, as
size increases, gap decreases (Macniran ot al., 2022). As CDs are func-
tionalized by a great variety of groups, these nanoparticles exhibit sur-
face state photoluminescence, considering that the functional groups on
their surface have multiple energy levels that can interact and result in
emissive traps, thus dominating the emission. The surface state is a
synergetic contribution of all groups conforming the surface of the CDs
that hybridize with the outer graphitic core. This Interaction between
the core and the functional groups should not be mistaken as molecular
state. Molecule state refers to the phatolumi | when an
orgamﬂuomphomismnchedloﬂwwrfaceoﬁhecns.mcm
show exceedingly high guantum yields and strong photoluminescence,
whereas when surface state Is the predominant effect causing emission,
CDs tend to exhibit much lower photoluminescence, but higher photo-
stability (Zhu et al , 2015),

Several materials have been proposed as semiconductors o carry out
photochemical reactions for a wide varlety of purposes. The materials
put to the test have mostly been metal-based. Currently, the novel trend
is the utilization of metal nanoparticles, such as quantum dots (QDs),
Despite its great performance in vacancy generation and electron
movement, their production method is still costly and time consuming.
Furthermore, metal-based photocatalysts will lead to unavoidable metal
leakage in time (Zha et ol 2022), B of their photolumi
and electron transfer properties, CDs can work as electron mediators,
photosensitizers, as well as photocatalysts by themselves (an e ol
2022). 1t has been proved that CDs when photo excited are 1

(WLEDs)

Journal of Claaner Producton 423 {2023) 138728

further dehydration into platform chemicals, such as 5-hydroxymethyl
furfural (HMF) and furfural, they were sclocted as catalysts for & novel
CDs production method, as one of the main steps of CDs synthesis In-
valves the dehydration and further condensation and aggregation of the

precursors (Xlony et al,, 2023; Yin et al., )0“!) Hydrothermal method
also enables the simultaneous b m doping and g jon of CDs
via a one-pot synthesis with a dopant [ﬁun el .:l 2019; Zhenyg et al.,

2021

Oue of the most appropriated approaches 1o understand the associ-
ated environmental impacts of given products/processes is life cycle
assessment (LCA). This tool can characterize the potentinl environ-
mental impacts of a given system during its entire life cycle. More spe.
cifically, this can be achieved through the Identification and
quantification of potential impacts from raw materials extraction until
to end-of-life, including the manufacturing/use stage (Ramos, Texeira
and Roubla, 2018; Sendao et ol 2020; Fernandez, Esteves da Silva and
Pinto do Silva 2021). It is noteworthy that an LCA study can provide
multiple impact categories for evaluation of target products/systems
(Martas et b, 2015). LCA approaches has already heen used to evaluate
the environmental impacts associated with different systems such as
wind farms (Bi et al,, 2021), dairy products [Kumr, et al, 2021),
ceramic Industry (Montelro, Cruz, and Moura, 2022) and different types
of ﬂ’lxillu!ftd nanomaterials (Crista et al,, 2020; Christe, Lsteves da
SHviand Ploeo do Silva, 2020), En fact, members of this team have been
focused on the evaluation, through LCA studies, of the envi ental
sustainability of fabricating CDs (Crista, Esteves da Silva and Pinto da
Sliva 2020; Senslan et al., 2020 Christe, Esteves da Stva and Pinto da
Silvi. 2020; Fernandez, Esteves da Silva and Pinto da Silva 2021; Fer-
nandez, Esteves da Silva and Pinto da Siiva 2021).

In this research, we successfully produced CDs utilizing o hydro-
thermal technique with ial xylose and olive pit biomass as
carhonous feedstock, as well as VOPO,; and NbOPO, as catalysts, Then,
ﬂwpmdmedcmmmmmlmdunmmm and a confocal

ingly good electron donors and electron accepiors, since elther electron
aoceptors or electron donors are able to quench the photoluminescence
emitted by CDs effectively (Dhamodharan et al,, 2022), CDs provide an
environmentally friendly afternative to their metal analogues. A variety
of technigues can be used over virgin carbon nanoparticles to achieve an
improvement in its photecatalytic and emissive features, such as surface
functionalization and doping. Using CDs as catalysts in photoreactions
bring some advantages along. CDs exceed by far other conventional
catalyst such as Ti0y, ZnO and CdS In terms of solubility in aqueous
solutions, chemo-stability, and toxicity. Surface of CDs can be modified
to tune the absorbance of CDs and up-converted fluorescence that can
help Increasing the effectiveness of the absorption of sunlight of semi-
conductors from infrared to visible regions of the spectrum (Junyg =1 ol
2022),

CDs are exceedingly versatile nanoparticles that find application in
diverse fields such as bioimaging (Hola et ol 2014), Biological (Wang
et ul, 2021), chemical sensors (Campaos et al, 20065 LI et al, 2007,
2018), photocatalysis (Brumbainh et al, 2021; Q. Wi et al, 2021), drug
dedivery (Nocito et ul, 2021), next generation light emitting devices
(Pertlals and Bhardwaf, 2021), and Immunocassays (Shormn et al,
2021). They are usually prepared from biomass and exhibit considerably
Jow quantum yicld (<10%). As a result, doping has emerged as a
promising strategy to improve CDs quantum yields, reaching values near
60% (Liao, Cheng, and Zhow, 2016). Nitrogen is 1 frequent dopant of
CDs, as N doped CDs have abundant surface-state defects (Zheng ot al
20210, Up untll now, three aromatie N species have been identified to
always appear in CDs framework: pyridinic, pyrrolic and graphitic ni-
trogen (Huo of ol 2021). CDs provide an environmentally friendly
alternative 1o their metallic analogues. To the best of our knowledge,
almast oll catalysts assayed in CDs heterogencous-catalysed production
are metal oxides, Since vanadium phosphate (VPO) catalysts and their
Nb anal are ) far being capable of promoting carbohydrates

i micrascope o characterize them. The environ.
menml sustainability of the synthetu: CDs made using commercial xylose
and olive pit bi as carly dstock was d using life
cyche assessment (LCA). The resulting CDs were then successfully used in
the photocatalyst-based degradation of methyl orange.

2. Materials methods
2.1, Materials

Vanadium (V) oxide, V205 (Aldrich Chemie, =99,6%); niobium ax-
alate monooxalate adduct, NB(HCO04s (ABCR); Xylose (Millipore,
>98%); orthophosphoric acld, HyPO, (Panreac, »85%); ammonium
chloride, NH4Cl (Sigma-Aldrich, ~99,5%); nitric acid, HNO; (VWR,
>65%).

2.2 Synthesis
221 Catelys

2211 Pupmn!m o[rhu camtysr. Both VOPO, and NbPOy caralysts
were prepared ac g to pre: ly described (Lun et al.,

2015; Zhu et al,, “‘m) Briefly, VOPO4 was prepared from 1.93 g of
V405 stirred magoetically with HyPO, (10.5 mL), V:P molar ratio of 1;
Hz0 (22 mL) and concentrated HNO; (2 mL) and kept under refiux
conditions for 2h at 105 “C, then the yellow solid was filtrated and left to
dry in the stove ovemight at 60 "C. NbOPO, was obtained following a
similar method, starting from 2.78 g of Nb(HC20)s, stirred magneti-
cally with 20 mL of delonized water and 2.2 mL of phosphoric acid,
being the NP molar ratio of 1, at 115 “C for 48 h. The white solid was
separated from the solution by centrifugation, and it was left to dry
overnight at room conditions. Characterization based in XRD, Raman,

by ek
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TPD is found in Supplementary Information (S.1) Figures S11.3.

2.2.2. Synthesis of carbon dors (CDg)

Two sources of xylase were selected for the CDs synthesis: com-
mercial xylose and xylose contained in the liguor prepared from olive
pits treatment (see below). The preparation of CDs (Scheme 1) from

il xylose involved 50 mL of 0.75 M solution of xylose and 100
mg of catalyst VOPO, or NbOPO, that were added into a hydrothermal
Teflondined steed reactor. After catalyst addition, the pH of the sus.
pension was measured and varied from 2 w 3.5, depending on the
catalyst. The reaction was kept at 180 "C and the reaction time was set at
4 h, respectively. The product obtained following the centrifugation and
filtration of the reaction solution was a vibrant yellowish orange solu-
tion and when irradiated under UV light showed modest fluorescence.
This solution was further purified to obtain a clean solution of CDs, In
this regard, the yellowish orange of CDs underwent a treatment
including three steps. First, the solution was centrifuged aloag with 10
ml of a pH 4,7 buffer solution (Afonso ¢f ol 2021). Next, the solution
was dialyzed v. HzO (1 L). After 48 h of dialysis, a CDs pale yellow so-
lution was obtained, and its photoluminescence was tested under UV
tamp to ensure the dialysis was performed correctly. Finally, the dia-
lysed solutions were treated with Ny 4, (~196 “C) In constant stirring,
when all solution was frozen, it was lyophilized in a Scanvac Coolsafe
110-4 Pro during 48 h, Synthesis of CDs from biomass liquor was
essentially like that of commercial xylose. In Table | are shown the main
characteristics of the liquor obtained from olive pits, The
xylose-enriched liquor from olive pits was produced In an autoclave,
Briefly, 1500 g of crushed olive pits were soaked with 1500 g of a 2%
sulfuric acid solution and put into a crystal bottle Inside the sutoclave,
Target temperature was set at 125 “C for 30 min once this temp
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Table 1

Composition of biomass liguor (g/L).
Sugpars Otler compossuls
Glcose 419 Formic ackl L1
Xylose 04,97 Acetic wod 17.54
Galactoae 8.19 HMF 013
Manmonc 0404 Furfural 02
Arabinose 9.50

catalyst, 25 mL of 0.75 M xylose and NH4CI {5 g and 7.5 g) as dopants
were added into a Teflon lined stainkess steel reactor, pH was measured
to ensure that ackdic conditions were appropriate for the reaction to
proceed, obtaining values from 2.3 to 2.5 for nitrogen solution.

2.3 Liquor aging

With the aim of studying the effect of further degradation of liquor in
the obteation of blomass CDs, the liquor was left to age for different time
periods: a day, a week, and two weeks. Aging the liguor did not worsen
its characteristics and properties, that were measured by means of HPLC,

2.4, Characterization

Transmission Electron Microscopy (TEM) was performed in a FEI-
Talos F200X equipped with FEG 200 kV electroa gun, four STEM de-
tectors and four FEG detector and Thermo Scientific-FEI Tecnai G2 20
‘Twin Transmission Electron Microscope equipped with Labs filament,
tomography software, cryo-transmisséon system and EDS/EDX (Energy
Dispersive X-ray Spectroscopy) elemental analyzer used to carry out the

was attained (in the used device, heating time was approximately 20
min and cooling time also 20 min). After this time, solids and liquid
fractions were separated by vacuum filtration

The autoclave treatment resulted in a high dissolution of the hemi-
cellulose fraction of olive pits, with xylose as the main sugar, Once the
lguor was obtained, the CDs synthesis was carried out following the
same procedure as it was mentioned before, the liquor was transferred
along with 100 mg of catalysts into the hydrothermal reactor and pH
was messured providing values from 1 to 1.3, substantially lower than
with commercial xylose since biomass liquor was prepared from acid
itself. Both temperature and reaction time were the same as with com.
mercial xylose, Furthermore, the CDs was also submitted to the purifi-
cation steps previously described.

2.2.3. CDs doping with N

Cbs doped with nitrogen moleties (N-CDs) were synthesized via a
one-step hydrothermaul method as well. 100 mg of VOPO, or NbOPOy

=R

Hydrothermal reactor

superficlal malyﬂs of CDs The optical properties of the CDs were
evaluated by photol ence 1sing a uwum Od
yssey PL microscope (Horiba), Zeta potentinl ({) was d
an evaluation of the superficial electnc charge of CDs nmopmkles
Measurements were performed using a dmWHeNe Laser Doppler
Velocimetry laser working at a fixed wavelength of 633 nm via an
automatized procedure in o Malvern Zetasizer Nano ZS, The superficial
composition of the CDs was analyzed by XPS This analysis was con-
ducted in & Physical Electronics PHIS700 spectrometer using mono-
dnmmauc Mgl(. radiation of 300 W, 15 kV and 1253.6 ¢V with a
Analysis zone comprised an area of 720 ym of
dlameter and msum pzm energy mode was set at 29.35 eV, The
spectrum obtained was processed using MultiPak v.9.3 software, The
XPS analysis was carried out to the Iyophilized samples. All values were
referenced to adventitious carbon (C 1s at 284.8 eV). Functional groups
were studied by means of FTIR using a Shimadzu FTIR-8304 infrared
spectrophotometer for the case of CDs that were shaped into wafers
along with KBr and irradinsted under a 0.5 mW power IR beam at a fixed

180°C, lillh 7 j
catalyst Comnfugation
dopant Filtration
Dialysis
Lyophilizaton
e )
: El
3
. b
@ 0

Scheme 1. Hydrothermal synthesis of CDs from commescial xylose and biomass Hquor,
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wirvedength of 632.8 nm. Whereas N-CDs were also lyophilized but the
solid was analyzed by means of FTIR-ATR using a Jasco Analytics
6800FV Infrared spectrophotometer coupled with an ATR ProOne
accesary, The remaining xylose in reaction samples was controlled using
HPLC instrument (JASCO) equipped with an autoinjector (AS-2055)
which Injects 6 pL of the sample In a Phenomenex Rezex RCM-
Monosaccharide Ca®' (8%) (300 mm » 7.8 mm, 5 gm) column. The
mobile phase (delonized and degassed water) was pumped by a qua-
ternary gradient pump (PU-2089) at 0.4 mL/min flow rate to the col-
umn. The cofumn is thermastatic at 70 “C.

2.5, Phatocatalytic activity

N doped CDs (0.05 g) were added into 500 mi of 5 ppm methyl
orange (MO) ethanol-water solution, Samples were irradiated by visible
light inside photoreactor (Luzchem Model CCP-4V 220 V 50 Hz 3 A)
with mechanical stirring and equipped with fourteen white visible
lamps, Aliguots were taken after 5, 10, 20, 30, 60 and 80 min to study
MO photodegradation. The photedegradation of MO was followed by
Spectrophotametry UV (UV, 1800 SHIMADZU UV). Sample concentra-
tion was calculated by interpolation to the calibration curve obtained
from standards measurements (2, 3, 4, 5 ppm and 0.2, 0.3, 0.4, 0.5 ppm)
(Figure §I6). The total carbon and/or total nitrogen content of aqueous
samples was analyzed by means of TOC Analyzer (Analyrikjena mult-N/
C 3100).

2.6. Life cycle assessment

This study consists n a cradie-to-gate LCA that intends 10 quantify
and compare the potential environmental impacts associated with the
synthesis of the two studied CDs (Scheme 2). More specifically, the
present study s focused on the laboratory-scale synthests of the target
nanoparticles and considers the direct emissions from CDs production,
as well a5 Indirect impacts related with upstream resource extraction
and energy generation. The environmental impacts were analyzed and
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compared by using a weight-based functional unit of 1 kg (kg). The
environmental impacts related to the CDs syntheses were assessed based
on Inventory data from laboratory-scale synthesis procedures found in
Ecoinvent® 3.5 database. Potential environmental impacts were
assessed according o ReCiPe (2016) V1.03 endpoint method (o))
Dewpts o d0, 2017) and the LCA sudy was performed using SimaPro
9.0,0.48 software. The environmental impacts under study were cate.
gorized In terms of Human Health, Ecosystems and Resources, Detail
information about endpoint indicators is described in Supplementary
Information.

2.6.1. Life cycle inventory data

The chemicals used as raw materials and the electricity used for the
fabrication process constitutes the foreground system of the synthesis
procedure, In this sense, the different processes, as well as the chemicals
included in this study were modelled with the data present in the
Feoinvent® 3.5 database. As referred above, the electricity Induded was
the required for the use of autoclave (power consumpeion of 3200 W and
a vacuum pump with 180 W), centrifuge (power consumption of S00 W),
heating and stirring plate (power consumption of 1000 W) and furnace
(power consumption of 1800 W), For the xylose production it was
considered the synthesis route described previously (Sharmn of
2020), It is worth mentioning that for this LCA study it was not
considered the catalysts used in the CDs production, since they are not
consumed in these reactions. It should alse be noted that olive pits in
biomass liqueur production were also not considered in the inventory, as
they are waste material that Is generated because of the production of
olive oil. Thus, in the framework of this sy, we attributed the envi-
ronmental impacts resulting from the production of olive pits to the
olive ofl industry and considered its use as precursor as the absence of
the need to employ instead commercial precursors (Algarma et al, 2018),
The used materials and electricity are reported in Table 2,

262 Sensitivity anclysis
It was performed a sensitivity analysis by considering “What-if*
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Table 2
Data inventory used from Ecoi 3.5 database of raw sals for eanch CDs
under study, tn which guantities are refesved to 1 kg of CDs. For xylose syn-

thesis/raw materials it was considersd the infi ion provided previoosly
(Sharma ez nl, 2021).
Raom M, ! Etul * 35 datab Amoum
Diomass Ligueur
Sulfunc Ackd Sulluric achd (RER) 003 kg
Water Water, deionized, from tup water, ot user {Ewupe 146 kg
withwst Switzerland )
Elecercity Electricity, medium voltage {£5) 382
AWh
Carbon Dots
Carbon Xylose or Riomass |igueur 129 kg
Provessar
Winter Water, deinnized, from tap water, wt user (Evsupe 17.53 ke
withoat Switzerlsnd)
Electricity Electricity, modius voltage (ES) 742
Awh
scenartos {Manas o1 ol | 2016), which consist of varying the amoant and

country origin of the required electricity. More specifically, in a first
seenario was considered the variation of the amount of electricity for
biomass lgueuar. It was also considered a scenarlo related 1o the origin of
electricity production (Spain, United States (USA} and Brazil (BR)) for
both raw materials (xylose and biomass liqueur). This scenario intends
to determine how the location of electricity production affects the
environmental sustainability of the routes and the raw materials syn-
thesis once each country has a specific energy matrix (Kowar of ol
2021). This analysis is not directly related with countries involved in
olive oil industry but is instead with the evaluation of environmental
impacts of employing electricity with different and known mixes of
renewable/non-renewable energy.

3. Results and discussion

In previous works, we have demonstrated that Chs can be success-
catalysis, thus avoiding the
al,

'

fully sy i by using heterog
CDs impurification with adatoms (Algarrs o

X018, 2009
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Rodrgues Padoon et ol 2018), Here, we propose two solid acid cata
lysts, VOPO42H20 and NbOPOg«H O, for synthesizing CDs free of
Impurities. Afterwards, we will show that the CDs can be functionalized
by heteroatoms (N) using those catalysts to madify their optical prop-
erties. As previously mentioned, those catalysts were both assayed in o
hydrothermal beterogeneous catalysed synthesis of CDs from commer-
cial xylose and biomass liguor.

The presence of CDs in the solution after reaction was confirmed
visually through exposure to UV lamp (PFigure SI7). The samples that did
not show any fluorescence either had no catalyst (blank) or the reaction
time was not enough to develop CDs and thus were discarded. Every
sample treated with VOPO, or NbOPO, showed fluorescence, thus were
analyzed by means of TEM, In addition, remalning xylose after reaction
was controlled by HPLC for both CDs solutions from biomass and from
commercial xylese. Conversion of commercial xylose was estimated at
77.7% (VOPO,) and 65.3% (NbOPO,) and for blomass 86.6% (VOPO.).
1t must be noted that these conversions do not fully correspond to & real
CDs yield, since not all the xylose that is reacting transforms into CDs,

3.1, Momphological analysis

TEM images for commercial xylose derived CDs presented homoge-
neous quasi spherical nanoparticles whose size range varied from 2 to 6
nm (g 1A and B and Figures SISAB), irrespective of the catalyst they
were obtained with and if they underwent doping or not. It was observed
(Vg 1B) that a major density of particles was ined when
working with VOPO, catalyst, NH4Cl as dopant and commercial xylose
for reaction time of 4 h. While for biomass carbon source, a major
concentration was observed when working with NbOPO, catalyst (Fig-
ures S18C,D). Blomass derived Cs were also notably bigger than the
ones synthesized from ¢ cial xylose, presenting an average size of
15 nm. Abundance was strongly affected by the catalyst for biomass k-
quors, While when performing the synthesis with NMOPOy & great
quantity of CDs was obtained, when switching the catalyst to VOPO, in
the same reaction conditions, a greater dispersion, and less quantity,
either working with the absence of dopant (713, 1C) or with the presence
of it (Vi 1D). 1hp 2 shows an example of size histograms for com-
merclal xylose N-CDs and biomass Uguor N-Cls, due to the difficulty of

Fig. 1. TEM images of (A) Pristine CDs from xylose and VOO, eatalyst; (B) N-CDs from xylose and VOPO, catnlyst; (C) CDs from blomass Hquor and VOPO,
catalyst; (D) N-CDs fram béomass liguor and VOPO, catalyst and (E) Graphite spacing in CDs from commescial xylase and VOPO, mitalyst.
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Fig. 2. (A) N-CDs from VOPO, and commercinl xylose size histogram and (B) N-CDs from NBOPO,; anxd blomass liquor gize histogram (B),

measuring CDs when the outline of each nanoparticle is not completely
defined, the size measurements were carried out on commercial xylose
N-CDs from VOPO, catalyst and on blomass liguor N-CDs from NbOPOy
catalyst, slnce for the rest of cases it was not possible 10 measure a
representative number of nanoparticles for the size histogram, The use
of analogue VOPO, and NbOPO, catalysts, provided analogue results in
the synthesis, in particle size and shape.

Since biomass liquors CI» are full of different oxidation-prone
compounds that cannot be separated from the reaction medium,
VOPO4 might be acting as a catalyst promotion further oxidation of
other arganic compounds rather than dehydration of xylose and subsc-
quent aggregation into CDs. For further confirmation of the presence of
CDs, the graphitic lattice was identified in HR-TEM images and the
measurement of the spacing gave out o value of 0,314 nm (Fiy. 1E)
(Hembocher et al, 2003; Zheng et al., 2017). Similar found for CDs from
xylose and NBOPO, catalyst (Figure SIBE).
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3.2. Swrface analysis

After having confirmed, by TEM, the existence of the CDs in the re-
action solution, with the aim of confirming the functionalization in the
surface of CDs, a XPS analysis was performed in a lyophilized sample of
commercial xylase CDs (115 3A). Samples after dialysis were cleaner of
organic residues from reaction solution, hence the band that corre-
sponds to C-C hinding energy is more intense than those corresponding
to ~C—0 and O-C=0 binding energles, as it would be expected from
CDs, since are mainly composed of graphitic carbon. The Cls core level
spectrum obtained was deconvoluted into three mayor contributions
(Tubie 1), The first band {2488 eV) can be related w simple C-C bond
(adventitiows carbon), while second and third bands present maximums
at 286.6 eV and 288.0 eV, respectively that can be related to carbonyl
and carboxylate groups (Patra et al 20279 Wang et o), 2023),

XPS analyss of commercial xylose N-doped samples confirmed N-
doplng was successful (V15 3B and C). Nitrogen atoms on CDs were

284 8 h'_»x’.[f\

286 A(( -H"_/ ;'

- » x4

Bundng eneegy WV}

Fig. 3. XPS cooe bovel spectsa for (A) C 15 of commercial xylose Dy, (B) € 1s of commerceal xylose N-CDs; (C) N 12 of commercial xylose N-CDxs; (D) © 14 of hiamass

Biguar Chs,
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Since CDs main applications in bioimaging, sensing and photo-
catalyst are strongly dependent on their capacity to produce a high
amount of photoluminescent emission, It was necessary to perform
measurements to confirm whether their photo-

Table 3
Assignation of the binding -l lted from the dec lution of Cls cuce
leve! of CDs synith d from Inl xylose and blomass liguoe and YOPO,
as cutnlyst, hatolumin
ClsieV) C Nis(ev] N
asslgmation aonigration
Commencial 48 (5 N/A ip the photol
xylose CDs (49.27%)
2866 =0
{4.5e%)
2880 o.co0
{16.19%)
Hicensxes liguor 2544 - N/AY
ChDs {34.65%)
2867 <0
%:mn 0 ad oluticn of photol
{15.25%)
28591 0.C=0
(LLbON)
Commercial 2848 [ |
xylose, N-Chs 53,22%)
2864 CN A1 Graphitic N ef ol.,
(32.46M) (91.84%)
379 0 2905 Pyreolic v
(B51W) (816%])
2590 0.co0
{(5.81%)

* Note: Biomass liguor N-CDs are not presented in this table due (o the diffi-
culty observed in obtaining and o data from these nano-
Mkk&am:hymuhcmlymndlmlmmolmmmol
the rescticn media,

300t -

mainly found ax graphitic nitrogen, but there was also a small amount in
the form of pyrrolic nitrogen { 1able 3) (Huang et al., 2023). For the Cls
core level, it was also possible to confirm the existence of the C-N boad
(Table ), Biomass liquor CDs were also analyzed by means of XPS
(Fig 3D). Obtaining the following deconvoluted spectrum for C 15 core
level (Table 2). Generally, for CDs, the band for C-C bonding should be
the highest band in intensity, due to the graphite carbon core of the Chs,
but for blomass liquor, since it has many other substances that ase
impossible to separate from reaction mecium, it can be seen in the XPSa
major band for C-O whose contribution can be arose from those sub-
stances. Due to the difficulty of obtatning clear XPS spectra for blomass
CDs samples in general, for those that were doped, the success of the
inclusion of N atoms was confirmed by EDS (Figure SI9), All refated
survey spectra are presented in Figure SI10,

The survey and the XPS core level of Cls and Cls and the spectra
binding energles for CDs from NbOPOs are also compiled In the S1
(Figure S111-12 and Table S13). Additional FTIR analysis were carried
out for further confirmation of the functional groups decorating the
surface of the CDs (Figure §113).

3.3. Photoluminescence (PL) analysis

PL I8 considerably higher for the solutlons where catalysts were
added and for those that wereset at 4 h time, A g
of PL registered can be related to a greater presence of nanoparticles in
the solution, consequently the catalysts, as suspected in TEM, do stim-
ulate the reaction, Similarly, to TEM results, samples where the selected
catalyst was VOPO, exhibited slightly better results, CDs show hugely
particular photoluminescence properties, thus are extremely sensitive to
irradiation wavelength and its maximum emission peak is highly tune-
able. Generally, If lreadiated at longer wavelengths using low energy
fasers, the maximum undergoes a bathochromic shift, that can be
observed for CDs from commercial xylose as well as for biomass CDs
(g 4A and B).

lnnuneﬁocnu emission was as expected and to know their wavelength of
emission. meermm sincedopmg the CDs was pursued a3 & mean o
i values, these measurements were car

ried out to mnobome whether the doping met the target. Wavelength
emission values for CDs depend on several factors that can be sum up in
two main categories particle size and contributions from different
funetional groups. Since for the case of CDs coming from commercial
xylose a greater homogeneity in size was observed, the bands appearing
in the spectra can be related to different groups emitting, mther than to
different size particles, These a-uribuuom can be explored carrying out
ence band. It was selected for decon-

volution the band cotmpondlng to the sample treated during 4 h with
the addition of VOPOy catalyst (U5 4A). Two main contributions
appeared on the spectrum, the first one around 500 nm, the second one
near 600 nm. The main contribution {500 nm) can be assigned 1o the
emission produced by simple C-O bonds, while the second contribution
can be related to the emission of carbonylic groups (-G=0) (vin Dam
2017). Therefore, photoluminescence results suggested that the
surface of the synthesized CDs might be functionalized by carboxylic
acids, and it is possible to confirm that the PL effect is explained by the
transitions n—a* (Beavuer, 20015; Sun e al, 20018 Chen et al, 2021),
The clucidation of the different contributions for the photoluminescence
band of biomass CDs is difficult to perform, since not anly the number of
different groups functionalizing the surface is potentially bigger than for
the case of commercial xykose CDs, but due to the greater heterogeneity
in size. Although the bathochromic shift observed in biomass CDs band
when pared to xylose photolumi « band can be associated to
o bigger size of the nanoparticies.

PL measurements of pristine CDs samples (Vi 1B-D), as expected,
were lower in intensity than those of doped CDs (i, AE and F), since
doping CDs generates defects In the surface that are highly emissive
spots and since new N-C bonds are created with doping, there is also o
contribution in the PL emission that comes from the variety of functional
gmupsmedmmkstodoplng Aging the biomsass liquor nefther

i nor d the Utained from plain liquor (Fip 1G),
lmensky values remained over the same units, The VOPOy catalyst ac-
tivity after the second and third cycle was controlied by photo-
luminescence (Fig. 4H). Although with every cycle the spectra decreased
In Intensity, It remained emitting, indicating the presence of CDs. The
catalyst, thus, can be reused at least for three reaction cycles wntil having
to discard it. Similar tendency was observed when NBOPO, wis recov-
ered and reused in subsequent catalytic cycles (Figure S114). Coatrary to
what it was expected, for the case of CDs from commercial xylose and
NbBOPO, the intensity of photoluminescent emission was lower than for
thelr annlogues obtaived using VOPO, as catalyst, despite of the quan-
tity of CDs being just slightly lower. This behaviour can be attributed to
the fact that a greater aggregation is observed for the case of CDs from
NBOPOy catalyst and thus, the effect of auto-absorption arouses (A1hani,
2004; Gutlerrez e al, 2022), The greater tendency of aggregation of
these CDs was further confirmed by £ potential measurements.

The resulted value was - 11.8 and - 10,6 mV for VOPO, and NbOPO,
respectively, When the obtained value result negative tends to imply
that the surrounding electron cloud ks dense. A high £ poteatial, positive
or negative, often involves excellent electrostatic stability and null
tendency to form aggregates, Highly dispersed nanoparticles frequently
present values ranging from —30 mV to 30 mV, while particles consid-
ered peutral go from ~10 mV to 10 mV (Podza e al | 2020). As the
measured value is certalnly near the neutral Interval, the synthesized
CDs might end up forming aggregate if conserved in solution, although
no aggregate have been observed yet, { potential is also very sensitive 1o
pH. As acldity increases it gradually acquire & more positive value, Since
the pH in this resction is set between 1 and 3.5, it seems only natural that
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Fig. 5. (A) MO degrodation catalysed by N.Ds from commercial xylose and
VOPOS i catalyst, peistine COs from comenercial xylose and VOPO, as catalyst
unel CDs from biomass Liquor and VOPO, as catalyst.

L potential is not ly ive. When working with biomass
derived Chs, however, the quanmy of CDs in the sample treated with
NbOPO, as catalyst greatly exceeded the number of CDs present in its
analogue sample with VOPO, as catalyst, but again, the aggregation is
such that the auto-absorption effect is Incredibly notable, diminishing
the intensity of photoluminescence.

3.4, Photocatalytic degradation of methyl orange

The activity of N-doped and pristine CDs in the degradation of
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Table 4

Methyl orange (MO) final cuncentration obtained from TOC determination.
Susrplin MO comcentration (ppm)
MO A4
NADs "
MO « N.CDx befoeo reaction 4.2
MO~ N.CDy aftor reaction 00443

was obtained as final concentration in the study of discoloration in
Spectrophotometry UV, having into accounts the limitations in the
detection limits.

Furthermore, the results of TOC analysts confirmed that no adsorp-
tion of MO was detected in dark conditions, as in MO | CDs before re.
action sample no alteration of the concentration was observed.

Based on the photocatalytic results, the photodegradation mecha-
nism of MO is portrayed in Scheme %, where CDs would act as photo-
catalysts and electron donors, as the carboxylic groups would enhance
electron movement, while graphitic N would provide the electrons as the
donors. Molecular axygen is proposed as the accepeor and would then
artack methyl orange, causing 11s degradation (Pack o al, 2019; Zhao

e al, 2019; Rajupunds ¢t ol 2022).

3.5. LCA results

The comparison of potential environmental impacts between the
syntheses under study was made by considering a weight-based func-
tional unit of T kg of CDs (Fig ©) (Crista et al,, 2020; Crista, Esteves da
Silva and Pinto da Silva 2020; Fernamndes, Esteves da Silva and Pinto da
Stlva, 2021; Chritlé, Esteves da Silva and Pinto da Silva 2020). Our
objective is to compare the relative contributions of the input materi-
als/energy involved in each synthesis for the different impact categories,
Thus, we will not make quantitative appreciations of the environmental
Impacts. For both syntheses, electricity represents more than 68% of the

methyl orange was compared. N-CDs (Fig 5A and S1164) pr da
better yleld in contrast to the yleld observed for pristine CDs (11 = and
SL15B). The discoloration was ! for the case of pristine CDs,
while for N-CDs, a faster and more effective degradation was observed.,
For blomuss derived CDs (Figure C), the yield was lower In comparison
to CDs from commercinl xylose, bat still the degradation took place, at a
slower rate and lower effectiveness, The differences between commer-
cial CDs and biomass liquor CDs were related to the carbon precursor
used that eventually leads to 8 major or minor formation of CDs, as it
was seen In TEM with different gualities that can affect slightly In thelr
performance,

The photocatalytic activity was therefore strongly related to the
photoluminescence measurements because the surface state of the CDs is
responsible for both their photoluminescent properties and their pho-
wocatalytic activity, The final concentration of MO in the solutions after
fess than 2 h was under the lowest limit of the calibration curved
described by 0,1-0.4 ppm standards and it was not possible to deter-
mine. The real concentration was then studied by means of TOC.

To perform the TOC analysis and confirm the degradation of methyl
orange, an aliquot of reaction medium, that included the presence of N-
CDs from commerclal source, was analyzed before and after reaction.
My , an ali of N-CDs to they would not interfere in TOC
results was also analyzed without MO, TOC proved that the discolor-
ation observed In UV spectrophotometry was, indeed, & sign of degra-
dation of MO. The analyses showed that the presence of organic
compounds diminished after the use of CDs as catalyst for photo-
degradation and that a solution of CDs provided no signal in TOC, thus it
did not interfere in the result of analysis. The TOC results showed
(ltuble 4) thar the carbon was reduced up to 99%. These results
demonstrated the great photocatalytic activity of the CDs and their
potential use in degradation of dyes, The final concentration of MO
present (Tuble 1) in the solution after reaction can be related to what

T ial envir tal mpacts in different categories, which identifies
It as o main hotspot In both processes. On the other hand, the relative
contributions of deionized water appear to be negligible in the two
analyzed processes, The contributions of carbon precursor to the
different Impact categories (in both syntheses) are not neghigible but
appear to be significantly less relevant than that of electricity.

Comparing both syntheses, the immediate conclusion is that the CDs
produced from xylose are associated with lower environmental impacts
in all categories. This does not mean, however, that CDs from biomass
liqueur should not be further explored. For the contrary, this LCA should
be used to investigate why highee environmental impacts results from
CDs Biomass Liqueur, In these conditions, so that we can address it and
reduce the associated impacts. This should be pursued so that biomass
waste can be properly valorised as a raw material,

While electricity is the main hotspot In both syntheses, fts con-
sumption is the same In both processes, and so, it cannot be the reason
for the different relative environmental impacts {Toble 2),

More specifically, the differences should be attributed to the carbon
precurser {which is the different parameter between the syntheses). In
fact, xylose in CDs Xylose contributes 12% for Human Health impacts,
13% for Ecosystems and 14% for the Resources category, while in CDs
Biomass Lig the T about 31% in both
Human Health, Ecosystems nnd Resaurces. So, the carbon precursar
appears t be 4 key purameter 1o determine the sustainability of these
CDs syntheses. This findling is in fine with previous LCA of fabrication
routes for CDs (Fermandes, Esteves do Silva amd Pimte da Silva, 2020,
Seadao et sl 2020). Given this, reducing the environmental impacts
associated with the production of the carbon precursor should the focus
for Increasing the environmental sustainability of CD Blomass Liqueur,
To better understand how this can be achieved, the relative environ.
mental impacts for the synthesis of xylose synthesis are shown in ¢ 5. 7A,
while the results oltained 10 produce biomass ligueur are found on
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Fig. 6, Relative environmental impacts of both syntheses (CDs Xylose and CDs
Hiomass Lquewr) This  graphic was cbmined applying ReQibe
endpoint method,

Fiy. 7B According to Fig. A, the major contributor to the environ-
mental impacts g d by xylose sy is is electricity, as it presents
contributions between 78% and 89%. Deionized water, sulfuric acid,
and calcium oxide have a negligible influence on the associated poten-
tial environmental impacts. However, sugarcane represents about 9% in
&osys(zm categoty nnd steam 15 responsible for approximarely 204 of
R et category.

envir I in

3 B>

rearn
> 3 ® 8 ¥
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On the other hand, the production of bi lig P to have
only one parameter responsible for relevant mvimnmmm! impacts,
since electricity is responsible for about 98% contributions for the Re
sources category and 99% contribution for both Human Health and
Ecosystems assoclated Impacts. Thas, electricity appears to be the main
hatspot in the synthesis of both carbon precursors, with higher relative
contributions to produce biomass liqueur,

Glven this, electricity should be the parameter to be focused on to
reduce the environmental impacts associated with the production of
blomass Hgueur, and consequently of CDs Biomass Liqueur. In fact, we
have used here data obrained at the laboratory-scale, in which the
consumption of clectricity from used equipment might not be the most
cfficiently scaled with the amount of gencrated materials. Therefore,
optimization of the consumption of electricity should lead to lower
environmental impacts associated with this process, To showcase this
possibility, we performed a sensitivity analysis In which we varied the
amount of consumex electricity (reduction of 2, 3 and 6 times the
normil amount). Interestingly, the decrease of the amount of electricity
in the production of biomass liqueur did lead to lower impacts than the
synthesis of xylose, More specifically, the production of biomass liqueur
would be more sustainable than the synthesis of xylose if the amount of
used electricity was at Jeast three times lower than the amount effec-
tively used. To further und d the infl of electricity on the
production of blomass Hqueur we also performed a sensibility analysis,
in which we varied the amount of used electricity (Figure SI16)

Considering this, it was performed an analysis to eviluate the dif-
ferences between three countries regarding electricity peoduction
(I"ig. 9). This analysis showed that for both carbon precursars, there is o

-

——.

v & ¥ X B T S g w9y B®

Mot - ——

Fig. 7. (A) Relative enviroamensal impacts of xylose, This graphic was obtained applyieg ReCiPe endpoint method, (B) Relative enviroamental impacts of hiamass

Byueur, This graphic was obtained applying ReCiPe endpoint method.
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Flg. 8 Relatl

1 img for ibility analysis of bath carbon
precursars syntheses (xylose and biomass liquewr), considering electricity pro-
ductian fram different countries. ES refers to Spain, US refers to United States
and DR refers to Brazil This graphic was obtained applying ReGiPe
endpoint method.

trend regarding the electricity production in different countries (Brazil
< Spain < USA)

That agrees with a study carried out by Ecolnvent database, in which
was discovered that the impacts associated with encrgy production were
smaller in all countries in the European Community than the impacts for
scenarios for the US, This is justified because the energy matrix in the US
is basically based on coal and natural gas, while in Europe the energy
production is also reliant on coal, but many countries also have relevant
sources of renewable energy. On the other hand, the impacts associated
with energy production in Brazil were smaller because the energy matrix
is basically composed of clean and renewable energy sources, such as
hydroelectric dams (Zhao et ol 2019),

4. Conclusions

The capacity of both catalysts VOPO4 and NbOPO 4 of promoting the
synthesis of carbon nanoparticles have been proved, being optimal for
VOPO, sccording to results obtvned for xyloss conversion, photo-
luminescence and TEM that indicated a greater quantity of nanoparticles
present in the solution, Reaction time was also a determinant factor in
the synthesis of CDs, being 4 h the one that showed to be the mast
fruitful. N ticles’ synthesis was feasible from c ial carbon
precursor as well as from blomass precursor. The slight differences in
results established between both carbon sources were almost certainly
due to the concentration and compaosition difference. The synthesized
nanoparticles stand out for their size homogeneity. Surface charscter-
ization proved that the synthesized CDs are functionalized by carbox-
ylate groups that caused the emission observed when irradiated with
UV. ¢ potential analysis suggested a tendency to form aggregates,
although in TEM images no aggregates were spotted, on the contrary, a
great dispersion was observed, thus permitting the (dentification of
graphitic lattice and the measurement of its spacing. Doped CDs, espe-
cially, N-doped CDs showed great potential in photoluminescent appli-
catlons, since thelr emissive values exceeded greatly those obtuined
from pristine CDs. To check the photoactivity of the obtained CDs from
xylose was tested in the photocatalytic degradation of methyl orange as
probe and showed promising results, demonstrated that is possible the
valorisation for further process of catalyst, A LCA was also performed to
understand the environmental impacts associated with each synthesis
route here studied. This was achieved by considering both the synthesis
of CDs and the carbon precursar production. We have fourd that while
electricity was found to be a major contributor to all categorles for
synthesis, the p that the differences in sustainability
between these processes is the identity of the carbonous precursor.
Following this, we have further analysis the sustainability of the

ey

(WLEDs)
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production of each carbon precursor (xylose and biomass liqueur). This
showed that electricity is a main hotspot in the current process to pro-
duce blomass liqueur.
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Nitrogen doped Carbon Dots as a Photocatalyst based on
Biomass. A Life Cycle Assessment Analysis

Gabriela Rodriguez Carballo, Ramon Moreno Tost™, Sonia Fernandes, Joaquim C.G.
Esteves da Silva, Luis Pinto da Silva, Eulogio Castro Galiano and Manuel Algarra”

The catalysts have been characterized by means of different analytical techniques to know
their structural and acid properties. The diffraction patterns of both layered catalysts show
the peaks corresponding to the crystalline phases of VOPO,-2H-0 (PDF: 00-036-1472)
and NbOPO4-xH20 (PDF; 00-037-0378) (Figure S1.1) validating the synthesis procedure
for both catalysts. However, the NbOPO, catalyst is also accompanied by a segregated
phase of niobic acid (PDF: 00-061-0608. Both catalysts were further characterized by
Raman spectroscopy to confirm the structure of the solids.
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Figure SI.1. XRD patterns of the VOPO4-2H20 and NbOPO4-xH2O0 catalysts.

The Raman spectra (Figure S1.2) of NbOPOs show the symmetric stretching vibration of
phosphate groups at 924 ¢cm' [1,2,3] and the corresponding band to the disordered NbOg
octahedra at 992 cm' [3.4.5.6] The band ascribed to Nb=0 described in the bibliography
atroughly 800 em™' [2,4,7.8] is absence in this solid since this band is sensitive to ordering
and its intensity is lowered 1n disordered structures as McConnell ez al. shown [6]. This
was corroborated by XRD analysis showing a low crystallinity for this solid. The Raman
spectra of the vanadium catalyst is like other published in bibliography (9, 10, 11,12, 13].
Thus, the strong band at 925 ¢m! is due to the symmetric stretching vibration of
phosphate groups. In addition, the bands corresponding the symmetric bending vibrations
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at 536 and 576 cm' are observed [9]. Finally, the vanady! stretching vibration lies on

1033 em.

Figure S1.2. Raman spectra of the VOPO4-2H:0 and NbOPO4xH>O catalysts.
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As the synthesis of CDs requires acid conditions, so the acidity was evaluated by means
of NH;-TPD (Figure SL.3). Both catalysts show acid sites titrated by ammonia, the
concentration of such sites is extremely high for the niobium catalyst (7.2 mmol NH1/g)
compared to vanadium catalyst (0.5 mmol NHy/g). This fact could be due to the presence
of the niobic acid which could contribute to the total acidity of the solid. Despite this

difference on the acidity, the two catalysts are acid enough to carry out the reaction.
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Figure S1.3. TPD of the VOPO.-2H20 and NbOPO:- xH:0 catalysts.
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Catalysts were recovered partially from the bottom of the reactor once the reaction
was completed and from centrifuging the resulting CDs solution. The solid obtained was
left to dry overnight at 60°C in stove and then calcined at 550 °C for 4h in muffle furnace
for the elimination of the residual carbon. Recovered catalyst was then used in a new
cycle where its performance was studied. An XPS analysis was carried out for each
catalyst to study the possible changes of the active surface, It is depicted in Figures S1.4
and S1.5 and Tables S1.1 and S1.2.The VOPO4-2H;0 recovered catalyst was analyzed by
XPS analysis. XPS atomic concentration showed that V/P superficial relationship
remained the same after the reaction cycle and calcination (Table S1.1). Furthermore, V2p
(Figure S1.10) band value can be associated to that of the V (V). no reduction was
observed in the surface of the catalyst. Thus, indicating that it can be recovered and reused
in a new cycle.

Table SI1.1. Atomic concentration of V, C and P for VOPO,.

Catalyst V2p V2p Cls Cls P2p P2p V/iP V/P
after before after before after before after before
reaction | reaction = reaction reaction reaction | reaction | reaction | reaction

VOPO, 1198 | 13.02 | 17.29 16.76 10.98 12.76 1.09 1.02
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Figure S1.4. V 2p region of the catalyst after the reaction,

For NbOPO, (Table S1.2) catalyst, the Nb/P ratio also remained unchanged after reaction
as the VOPO,. The characteristic core level of Nb3d (Figure SII1) showed a
characteristic value of 208.5 ¢V Nb3ds: related to Nb(V).

Table SI.2. Atomic concentration of Nb, C and P for NbOPO..

Catalyst P2p P2p Cls Cls Nb3d Nb3d Nb/P Nb/P
after before after before after before after before
reaction reaction | reaction | reaction = reaction | reaction | reaction | reaction
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CDs.

The graphite spacing of commercial xylose CDs (Figure SL8) was also identified by
means of TEM when the NbOPO4 was used as catalyst, confirming that both methods
were adequate routes for the obtention of CDs. XPS of xylose N-CDs (Figure SI.13.)

Figure SL8. TEM images of (A) Pristine CDs from xylose and NbOPOy catalyst. (B) N-
CDs from xylosec and NbOPQOy catalyst; (C) CDs from biomass liquor and NbOPOy4
catalyst; (D) N-CDs from biomass liquor and NbOPQj4 catalyst.
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Figure SL8E. Graphite spacing of CDs from NbOPO catalyst.
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Figure S1.9. EDS analysis of biomass liquor N-CDs.
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Figure SL10. Survey XPS spectra of (A) commercial xylose CDs using VOPOy as
catalys: (B) commercial xylose N-CDs using VOPO, as catalyst and (C) biomass liquor
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CDs using NbOPO, as catalyst.

SI7

175



Supplementary Information

FCUP

Organic Waste into Multicolor Carbon Quantum Dots (CQDs) for use in Energy Efficient White LEDs
(WLEDs)

A o |B
- 400 /\| - | l//\
S /\ § o) /
g /| e\ g /
S 0-c=0 Va SR l [
N . _/GraphiticN'
— e rrole N
S e e W m " 01 © @ e
Binaing energy (eV) Sinding erergy (V)
000
|c
000

N
A

3
2 o d ng |\
§ | /] “‘C('.
wei{ OC0  / fed\ \
| L=0\/ \ \
BSOS 050 060 .00 S\
°1
—r Y T T T~
22 0 b ] 784 m
Binding energy (V)

Figure SI1.12. Deconvolution of the binding energy for (A) C 1s core level of commercial
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Table SI.3. Assignation of the binding energies resulted from the deconvolution of Cls
core level of CDs synthesized from commercial xylose and NbOPO; as catalyst.

Cls (eV) C assignation Nis (eV) N
- assignation
Commercial | 2847(48.13%) | C-C |
xylose CDs 286.1 (31.95%) Cc-0 N/A
287.4 (14.51%) Cc-0
288.7 (5.42%) 0-C=0
284.8 (67.00%) C-C | 3995(2.12%) | Pymolic N
°°;“yl";°s’:'°' 286.2 (21.71%) C-N | 401.3(97.88%) | Graphitic N
N.CDs 287.5 (7.40%) -0 | N/A
288.7 (3.89%) 0-C-0 |
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Figure SL.13. FTIR spectra of (A) commercial xylose CDs and (B) commercial xylose
N-CDs.
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Figure SL.15. MO degradation catalysed by N-CDs from commercial xylose and
NbOPO; as catalyst (A) and MO degradation catalysed by CDs from commercial xylose
and NbOPOy as catalyst (B).

Life Cycle Impact Assessment

This LCA considered the characterization factors at endpoint level that correspond,
according to ReCiPe method to three areas of protection (human health, ecosystems
quality and resources scarcity). Human Health category considers the damage to human
health, using the concept of disability-adjusted life years' (DALY), including years of life
lost and years of life disabled to quantify the damage contributing to this area of protection
[14]. This indicator combines mortality and morbidity. Ecosysiems category, more
specifically ecosystems quality, is described in terms of information flow at the species
level, if the diversity of species properly represents the quality of ecosystems [14]. In this
sense, this indicator has been represented by loss of species. Resources category is based
on the geological distribution of mineral and fossil resources, considering that the use of
these resources causes changes in the [uture resources extraction [14]. In this sense. this
indicator reflects the increase of the extraction cost because of continuous resource
extraction. These endpoint characterization factors are directly derived from the midpoint
characterization factors [15].

Sensibility Analysis

In this sense, we evaluated if the decrease of the amount of used electricity (reduction of
2, 3 and 6 times the normal amount) in the production of biomass liqueur would lead to
lower environmental impacts. The results can be observed on Figure SL.16. According to
Figure 7 and as mentioned above the production of biomass liqueur presents higher
impacts than xylose synthesis. However, the decrease of the amount of electricity in the
production of biomass liqueur synthesis leads to lower impacts than the production of
xylose. More specifically, the production of biomass liqueur would be more sustainable
than the synthesis of xylose if the amount of used electricity was at least three times lower
than the amount effectively used. This indicates that electricity is a hotspot regarding the
environmental impacts associated with the production of biomass ligueur.
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Environmental impacts (%)

Figure SL.16, Relative environmental impacts for sensibility analysis of both carbon
precursors syntheses (xylose and biomass liqueur), considering the decrease of electricity
amount in biomass liqueur synthesis. E refers to electricity. This graphic was obtained
applying ReCiPe endpoint method.
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Simple Summary: Carbon dots (CDs) are carbon-based nanomaterials with versatile applications,
including fluorescence imaging, drug and gene transport, drug delivery, medical diagnosis, and
biosensing, In this study, we successfully synthesized various CDs without significantly impacting
the cell viability of cancer cells, which suggests the potential for future bicimaging and drug delivery
applications. These findings contribute to advancing the potential of CDs in various biomedical
research contexts.

Abstract: Backgroung: The rising complexity and associated side effects of cancer treatments highlight
the need for safer and more effective therapeutic agents. Carbon-based nanomaterials such as
CDs have been gaining prominence for their unique characteristics, opening avenues for diverse
applications such as fluorescence imaging, drug and gene transport, controlled drug delivery, medical
diagnosis, and biosensing. Despite promising advancements in research, it remains imperative to
scrutinize the properties and potential cytotoxicity of newly developed CDs, ensuring their viability
for these applications. Methods: We synthesized four N-doped CDs through a hydrothermal method
Cell viability assays were conducted on A549 and UM-UC-5 cancer cells at a range of concentrations
and incubation times, both individually and with the chemotherapeutic agent 5-fluorouracil (5-FU)
Results: The obtained results suggest that the newly developed CDs exhibit suitability for applications
such as bioimaging, as no significant impact on cell viability was observed for CDs alone.

Keywords: nanomaterials; carbon dots; bioimaging; drug delivery; cancer cells; anticancer activity

1. Introduction

Cancer poses a formidable challenge due to the complexity of available treatments
and associated side effects. In 2020 alone, there were 18.1 million reported cases worldwide,
resulting in 10 million deaths [1]. Numerous research groups have been dedicated to
advancing therapies, such as targeted therapy and immunotherapy, as well as developing
novel chemotherapeutic agents [2-4]. Despite these efforts, the limitations of targeted thera-
pies, which only address specific targets, and the occurrence of severe side effects, including
skin reactions and autoimmune responses, contribute to suboptimal and inefficient cancer
treatments for patients [5-7], Hence, there is a crucial need for developing safer and more
effective therapeutic agents, particularly those capable of precise delivery to the desired
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target site, Over the past few decades, nanotechnology has emerged as a dominant force in
cutting-edge research across different fields, including biomedicine, molecular diagnostics,
pharmaceuticals, optoelectronics, and environmental preservation [5-13]. The prominently
developed components involve nanoparticles, such as liposomes, solid lipid nanoparticles,
dendrimers, polymers, and materials like silicon and carbon, characterized by sizes smaller
than 100 nm [14-15].

Lately, significant focus has been directed towards carbon-based nanomaterials, in-
cluding Carbon Dots (CDs), fullerenes, Carbon nanotubes (CNTs), and Graphene Quantum
Dots (GQDs) [19-22]. CDs stand out as a type of carbon nanomatenal with sizes below
10 nm [23,24] and with a core that is thought to be composed of sp? carbon connected by
sp” carbon atoms in between [25-27]. On their surface, different types of functional groups
{such as carboxylic acids, alcohols, and amines) can be found whose identity depends on
the type of precursor used and the synthesis route employed [25,29]. These nanomaterials
boast unique properties such as high photoluminescence, cost-effective synthesis, chemical
stability, and environmental friendliness. These distinctive properties enable diverse ap-
plications, including imaging, drug and gene transport through conjugation, controlled
drug delivery, medical diagnosis, and bicsensing [25-29]. CDs can be prepared through
“top-down” and “bottom-up” strategies [11,25,25,30]. Top-down synthesis involves the
breakdown of large carbon structures into smaller ones [27,%0,31]. However, bottom-up
synthesis is the more commonly applied method, where CDs are produced from smaller
carbon structures (such as carbohydrates and citric acid) through processes like calcination,
hvdrothermal treatment, and microwave-assisted synthesis [30,32,33]. These pathways are
often favored because they are a cost-effective, environmentally friendly, and non-toxic
approach for CD production [34-36].

Citric acid emerges as the preferred precursor for CD synthesis due to its affordability,
ready availability, and low carbonization temperature [16,28,32]. Nonetheless, using citric
acid in the synthesis process tends to result in low photoluminescence [37 38]). Thus, to
overcome this problem, heteroatom-doping of CDs {using N, 5, P, and B} is employed to
enhance the fluorescence quantum yield (QYp ) [11,16,39]. The most commaonly emploved
strategy is N-doping, where a nitrogen-rich molecule, such as urea [34,40,11) or ethylenedi-
amine (EDA) [41,42}, is added to the carbon precursor. Furthermore, an additional nitrogen
atom offers five valence electrons for bonding with carbon atoms [45,44], Indeed, when
employing bottom-up strategies, a diverse range of precursors can be used, enabling the
production of CDs without the need for sophisticated equipment [32,45]. CDs can be gener-
ated using various biomass or organic waste as precursors, facilitating the valorization of
different residues within a circular economy framework [46,47].

Given the exponential development and study of new CDs, it is crucial to evaluate
their biocompatibility to assess their potential applications and guide further application
studies. Numerous researchers have been synthesizing CDs from several natural sources
and investigating their applicability in cancer treatment and bioimaging. For instance, Li
et al. extracted fluorescent CDs from ginger and tested them on different cancer cell lines,
including the human hung cancer cell line (A549), human breast cancer cell line (MDA-
MB-231), human cervical cancer cell line (Hel.a), and human hepatocellular carcinoma
cell line (HepG2). Their findings revealed a higher growth suppression effect in HepG2
cells [45], In another study, Xie et al. used date pits to synthesize CDs and explored their
impact on the growth of cancer cells, including A549 cancer cells, breast cancer (MCF-7),
and prostate cancer (PC3) cells. The inhibition rates were reported as 52%, 65%, and
26%, respectively [49]. Additionally, Wang et al. combined Metformin (Met) and CDs for
integrated tumor imaging and therapy, demonstrating a significant inhibitory effect on
A549 cancer cells [50].

Despite these promising advancements and positive outcomes in existing research,
it remains crucial to investigate the properties and potential cytotoxicity effects of newly
developed CDs to determine their suitability for in vivo/vitro imaging and drug delivery
applications. Hence, this study aims to assess the chemical properties and the biccompati-

183



FCUP

Organic Waste into Multicolor Carbon Quantum Dots (CQDs) for use in Energy Efficient White LEDs

Citncers 2024, 16, 3332

(WLEDs)

3of22

bility of four N-doped CDs in A549 and UM-UC-5 cancer cell lines, To that end, these CDs
were prepared through a hydrothermal approach based on routes previously documented
by our research group [32,51]. Then, an MTT assay was performed to evaluate the cytotoxi-
city of CDs in A549 and UM-UC-5 cancer cell lines, Moreover, to gain additional insights
into the potential application of these CDs in drug delivery, we explored their interactions
in the presence of an anticancer drug, 5-Fluorouracil (5-FU) [52,53].

2. Materials and Methods
2.1. Synthesis of CDs

In this study, four CDs were synthesized, following previously described proce-
dures [52,54]. The synthesis followed a hydrothermal methodology. In brief, for the
synthesis of CD-1, CD-2, and CD-3, 0.075 g of citric acid (CA) and (.075 g of com stover
(whereas for CD-4, 0,150 g of CA were used) were combined with ethylenediamine (EDA,
1669 uL) and dissolved in 0,01 M NaOH (10 mL). This mixture was placed in a Teflon-lined
container, then enclosed in a steel outer shell. The reaction proceeded for 4 h (CD-1), 16 h
(CD-2), or 24 h (CD-3) at 200 °C in an oven (VWR DL 112 Prime oven, 2500 W power
consumption, Avantor, PA, USA). Following this period, the container was allowed to
cool to room temperature, and the reaction products underwent centrifugation (6000 rpm,
30 min) to eliminate insoluble components. Subsequently, dialysis was performed (24 h,
molecular weight cutoff of 3.5 kDa) to remove soluble by-products formed during the
synthesis that could impact the properties and photoreactivity of the nanoparticies [13]. Fi-
nally, to determine the mass concentration of the CDs, the purified CD solution underwent
Iyophilization, was weighed, and dissolved in defonized water (5 mL). The CDs were then
stored in cold conditions (4 "C) until use. The synthesis yields obtained were 8.4%, 6.2%,
5.5%, and 2.4% for CD-1, CD-2, CD-3, and CD-4, respectively.

2.2, Characterization of CDs

AFM analysis was conducted by using the tapping mode with a Veeco Metrology
Multimode/Nanascope IVA. For this analysis, a silica plate was used to deposit the sample
for analysis, and an AFM TESP-5S cantilever (curvature radius of 2 nm) was used. Samples
were prepared via drop evaporation of the diluted CD solution, and NanoScope v. 1.40
was the software used for the AFM data analysis. Particle size measurements were made
based on the height of the particles, and the average size was calculated by averaging the
measurements of 100 individual particles. The absorption spectra were recorded using
a VWR® UV3100PC spectrophotometer (with the UV-Vis Analyst software v.5.44) and
standard 10 mm quartz cells. The fluorescence spectra of the CDs were obtained using a
Horiba Jovin Yvon Fluoromax-4 spectrofluorimeter using the FluorEssence software v.3.9
to analyze the results. Slit widths of 5 nm or 2 nm were employed when ebtaining 2D
matrices and fluorescence spectra emission, respectively. Photostability was evaluated
by exposing the CD sample to a continuous LED light source (OceanOptics, Orlando, FL,
USA) of 365 nm. Then, fluorescence spectra were obtained at t = 10, 15, 20, and 30 min.
Standard 10 mm fluorescence quartz cells were used. The Zeta Potential was measured by
using a particle analyzer Anton Paar LitesizerTM 500 (Anton Paar, Graz, Austria) and a
polycarbonate Omega Cuvette (Ref. 155765).

2.3, Fluorescence Quamtum Yield (QY py) Calculations

The fluorescence quantum yield (QY5;) was determined using a standard procedure
that involved comparing the integrated photoluminescence intensities and absorbance val-
ues of the prepared CDs with those of a reference fluorophore. The QY value, expressed
as a percentage, is calculated using the following equation:

2
S v Re)f Grad Sample  Nsampre

Qyimre _ ay®! « x

i L™ Gradg,s MRef”

x 100
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In the above equation, Grad corresponds to the gradient of the plot of integrated
fluorescence intensity versus absorbance for both the sample and the reference fluorophore
and n is the refractive index of the medium. Quinine sulphate was chosen as the reference
Auorophore (QYFL = 54%) for the quantum yield calculations due to the similarities of its
photoluminescent properties to those of our CDs [54].

2.4, CDs Toxicity Assays
24,1, Cells, Medium, and Compounds

A549 adenocarcinoma human alveolar basal epithelial cancer cell and UM-UC-5
urothelial bladder cancer cell lines were obtained from the American Type Culture Collec-
tion (ATCC; Manassas, VA, USA). The cells were cultured in a humidified incubator with

% COy at 37 °C in DMEM medium (PAN-Biotech, Aidenbach, Germany), supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (pen-strep) solution.
These reagents were purchased from Millipore Sigma (Merck KGaA, Darmstadt, Germany).
The medium was changed every 2-3 days,

242, Cell Viability Assays

Cell viability was assessed using the MTT (Thiazolyl blue tetrazolium bromide; cat.
no. M5655; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) assay in 96-well plates.
For the assay, 5000 cells in 200 pL of medium were seeded per well and incubated for 24 h
at 37 °C. Subsequently, cells were treated with CDs at concentrations of (L1, 0.8, 1.0, 1.5,
1.8, and 2.35 g/L. Control wells were treated with 0,1% H;O and 0.1% DMSO (vehicle
controls), After 24 h and 72 h of incubation at 37 °C, the media were aspirated and 100 pL
of MTT solution (0.5 mg/mL in PBS) was added to each well. Following 3 h of incubation
at 37 °C in the dark, the MTT solution was removed, and 100 pL of DMSO was added to
solubilize the formazan crystals. Absorbance was measured using a Tecan Infinite M200
plate reader (Tecan Group Ltd., Mannedorf, Switzerland) at 570 nm. Cell viability was
calculated relative to the absorbance of vehicle controls. Average values were delivered
from three independent experiments (i = 3).

2.4.3. Morphological Analysis

Changes in cell morphology were evaluated after cell treatment using a Leica DMI
6000B micrascope equipped with a Leica DFC350 FX camera (Leica Microsystems, Wetzlar,
Germany). Images were analyzed with the Leica LAS X imaging software (v3.7.4) (Leica
Microsystems, Wetzlar, Germany).

2.4.4. Synergistic Effect Analysis

To evaluate the interaction between the chemotherapeutic drug and each carbon
dot, we employed the Chou-Talalay method using the CompuSyn software (version 1.0;
ComboSyn, Paramus, NJ, USA) to calculate the Combination Index (CI). CI values help
classify the interactions: Cl < 1 signifies synergism, Cl = 1 denotes an additive effect, and
Cl > 1 indicates antagonism. These simulations were conducted using a non-fixed dose
ratio, maintaining a constant concentration of the chemotherapeutic drug while varying
the concentrations of each carbon dot.

24.5. Statistical Analysis

Cell viability graphs were obtained using the software GraphPad Prism 9 (GraphPad
Software Inc., San Diego, CA, USA) after conducting three independent experiments (1 = 3).
Results are represented as the mean + SD for i experiments performed. Statistical analysis
was performed with one-way ANOVA tests by Dunnett’s multiple comparisons between
the control and treatment groups. Results were considered statistically significant for p
values < 0.05,
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3. Results and Discussion
3.1. Characterization of CDs

In the current study, four distinct CDs were synthesized using a hydrothermal method-
ology. Specifically, citric acid and corn stover were used as the carbon precursors (for CDH4,
only citric acid was used), and EDA was used to achieve N-doping. The reaction times
were set at 4 and 16 h for CD-1 and CD-2, respectively, and 24 h for CD-3 and CD-. Size
distributions were determined through AFM measurements (Figure 1), CD-1, CD-2, and
CD-3 presented sizes of ~1 nm, typical of CDs. CD-4 was previously found to present a
particle size of -2 nm [35].

04 rm

0.3 nm

1.0um 00 Height 1.0 pm 00 Heght 1.0 um
Figure 1, AFM images of CD-1(A), CD-2(B), CD-3(C).

To assess the photoluminescent properties of CDs, 2D excitation-emission contour
plots (EECFP) were measured (Figure 2), demonstrating similar fluorescent properties
between samples, Consistently with the previous analysis [55], CD-1/2/3 exhibited a single
emissive center featuring an emission peak at 440 nm. The excitation maxima for these
CDs are at <350 nm. Additionally, we calculated the quantum yield of photoluminescence
(QYpy.) using quinine sulfate as a reference [56). The resulting values were 9.9%, 38.9%, and
33.1% for CD-1, CD-2, and CD-3, respectively. The absorption spectra of these CDs were
also obtained (Figure 3). The results indicate that all three CDs share identical absorption
spectra, characterized by a primary band at =340 nm and a shoulder at -230 nm. These
features are attributed to n-n* and 7-nt* transitions, respectively [57-59]. These findings
align with the previous features obtained for CDs [8,33,34,46,00], as well as our previous
study of CD-4 [60]. These results are expected as the newly developed CDs are variations
of CID-4, using corn stover in the synthesis process.

To gain insights into the ionization state of the nanoparticle surface, we measured
the Zeta Potential of these CDs, yielding the following values: -5.9 = (.31, 6.3 = (.32,
—~4.2 £ 033, and —5.7 &+ 0.35 mV for CD-1 to CD-4, respectively. These values collectively
suggest that all four CDs display a negative Zeta Potential with no significant variations
between them [49,50,52 61].

To understand the potential pH effect on the fluorescence of CDs, we have measured
their emission spectra at pH 5 and 9 (Figure 4). The obtained results show that for all the
CDs, either acidic or basic pH present the same maximum emission. More specifically, the
maximum emission is =440 nm, irrespective of the pH of the media. Given this, ail the CDs
appear to be stable to pH variations

We have also evaluated the photostability of CDs, under 30 min UV irradiation, by
using an LED light source of 365 nm. More specifically, the photostability was monitored
by measuring the emission spectra at t = 0, 10, 15, 20, and 30 min (Figure 5). For CD-1,
there was a small increase in emission intensity after 10 min of irradiation, followed by
a decrease in emission intensity onward. Nevertheless, this decrease (compared with
t = D min) appears less relevant. A similar decrease was also seen for CD-2, with the
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difference being the continuous decrease in emission intensity over time, On the contrary,
CD-3 was found to be less photostable, with a decrease of emission intensity to ~50% over
30 min of irradiation, when compared with the values measured at t = 0 min. Finally,
CD-4 presents a similar behavior to that of CD-1 and CD-2. Namely, a small decrease in
emission intensity over 10/20 min of irradiation, followed by relative stabilization. Thus,
CD-1, CD-2, and CD-4 appear to be relatively photostable, with CD-3 showing a significant

reduction in emission intensity due to UV light irradiation,
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Figure 2. 2D fluorescence excitation-emission matrices of CD -1 (A), CD-2 (B), and CD-3 (C).
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Figure 5. Normalized emission intensity of CDs under UV light irradiation, at t =0, 10, 15, 20, and
30 min.

3.2. Cytotoxic Effect of CDs on A549 and UM-UC-5 Cell Lines

In our investigation to ascertain the suitability of these nanoparticles for applications
in bioimaging and drug delivery, we assessed their potential effects when interacting with
cancer cells, Specifically, we studied the cytotoxic effects of the four CDs on A549 and
UM-UC-5 cancer cell lines. The cells were incubated with CDs within a (L1-3.14 g/L
concentration range for 24 and 72 h. When choosing these incubation times, we wanted to
evaluate the long-term safety of these nanomaterials and ensure the absence of any associ-
ated cytotoxic effects. Additionally, we tested the impact of a standard chemotherapeutic
agent, 5-fluorouracil (5-FU, Figure 6), and calculated IC50 for future combinations. To
evaluate cell viability, we conducted the MTT assay. In this assessment, the control well
signifies 100% viable cells, and the percentage of cell viability in each well is expressed
relative to that of the control
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Figure 6. Cell viability of A549 (A) and UM-UC-5 (B) cancer cells treated with 5-FU for 48 h. Cultured
cells were seeded in 96-well plates and treated with 5-FU (0,1-100 M). Cells treated with vehicle
{0.17% DMSO) were used as the control. Values are expressed as percentages of control and represent
means + SD. Each experiment was done three times independently (n = 3), * Statistically significant
va. control at p < 0.1 ** Statistically significant vs. control at p < 0.01. *** Statistically significant vs.
control at p < 0,001, **** Statistically significant vs. control at p < 0.0001.

The IC30 value serves as a quantitative indicator of the drug's effectiveness in inhibit-
ing cancer cell growth. Notably, 5-FU demonstrate significant cytotoxic effect to A549 cells
above 10 uM, with only 2,42 uM of 5-FU necessary to reduce 50% of A549 cells viability
(Figure 6A). UM-UC-5 cells exhibited a modest response to the cytotoxic effects of 5-FU,
with concentrations above 1 uM exhibiting significant anti-cancer effects (Figure 6B). Con-
sequently, a concentration of 2.42 and 4.21 puM of 5-FU was applied to A549 and UM-UC-5
cells, respectively, for further experimentation.

The results of the 24-h incubation period (Figure 7) indicate that, at this stage, the CDs
exerted no discernible effect on either A549 (Figure 7A) or UM-UC-5 (Figure 7B) cancer
cells. Cellular viability remained consistent across the tested concentrations. Notably, our
team’s previous evaluation of CD-4 on A549 cancer cells [55] also revealed no significant
cytotoxic effects after 24 and 72 h of incubation. Thus, the cytotoxic effect of CD-1/2/3 in
these cancer cells is consistent with previous results for CD-4. Curiously, CD-1 and CD-2
induced a significant increase in cell viability that could be attributed to either an elevated
cell count in the well or increased metabolic activity of the cells, Variations in cellular
metabolism or minor pipetting errors leading to slightly higher cell seeding in specific wells
can result in samples exceeding 100% viability, which is considered normal. Our findings
indicate that these CDs may also impact cell growth, as confirmed by cell counting with
trypan blue.

Morphological evaluations were conducted to examine potential modifications in
the phenotype of both A549 and UM-UC-5 cells (Figure §). Consistently with cellular
viability, at the 24-h incubation mark, no significant morphological alterations were detected
for the tested nanoparticles. This observation suggests that, within this timeframe, the
nanoparticles did not induce noticeable changes in the visual appearance or structure of
the studied cancer cells, These findings collectively suggest that, within the investigated
timeframe, the CDs did not induce significant cytotoxicity in the studied cancer cell lines,

Then, we extended the incubation time of this analysis to a period of 72 h when
accessing the cell viability of A549 and UM-UC-5 cancer cells in the presence of CDs, The
results (Figure 9) indicate that no effect was observed on cell viability for the A549 cancer
cell line across the range of CD concentrations studied (Figure 9A). On the other hand,
when analyzing the results for the UM-UC-5 cancer cell line (Figure 9B), CD-4 induced a
decrease in cell viability across all studied concentrations,
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Figure 7. Cell viability of A549 (A) and UM-UC-5 (B) cancer celis treated with CID-1-3 for 24 h
Cultured cells were seeded in 96-well plates and treated with increasing concentrations of CD-1-3.
Cells treated with vehicle (0.1% DMSO) were used as the control, Values are expressed as percentages
of control and represent means + SD. Each experiment was done three times independently (1 = 3).
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Figure 9. Cell viability of A549 (A) and UM-UC-5 (B) cancer cells treated with CD-1-4 for 72 h
Cultured cells were seeded in 96-well plates and treated with increasing concentrations of CD-1-4, Cells
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treated with vehicle (0.1% DMSO) were used as the control. Values are expressed as percentages of
control and represent means =+ SD. Each experiment was done three times independently (n = 3).
* Statistically significant vs. control at pr < 0.1, ** Statistically significant vs. control at p < 0.01
*** Statistically significant vs. control at p < 0.001,

Unlike CD-1, CD-2, and CD-3, the results suggest that CD-4 may not be suitable for
potential use in UM-UC-5 cancer cell lines due to its impact on cell viability. However, its
application in A549 cancer cells appears to be fitting.

In addition, we report here a class of CDs, obtained from a synthesis that is simple
and uses organic waste as precursors. These CDs present a safety profile for both A549 and
UM-UC-5 cells for future biological applications at different imes of incubation.

To gain further insights into the potential applicability of these CDs in drug deliv-
ery, we investigated their behavior in the presence of a drug used in cancer treatment,
5-FU [52,53). We assessed the cell viability of A549 and UM-UC-5 cancer cells with increas-
ing concentrations of CDs (0.1-3.14 g/L), in combination with the IC50 of 5-FU, for each
cancer cell line (4.21 uM for UM-UC-5 and 2.42 pM for A549 cells) over 24 and 72 h of
incubation. As depicted in Figure 10A, the combination of CD-1, CD-2, and CD-4 with 5-FU
only decreased A549 cell viability at a CD concentration of (1.1 g/L. Similar effects were
also observed for higher concentrations of CD-2 (1.96 g /L) and CD-4 (1.80 and 2.35 g/L).
In contrast, for UM-UC-5 cells (Figure 10B), CDs in combination with 5-FU showed no
significant impact on cell viability. Interestingly, with a 72-h incubation period (Figure 11),
none of the CDs affected cell viability for both cancer cell lines. These findings suggest that
the CDs are protecting the cells and mitigating the effects of 5-FU. This phenomenon could
be explained by the CDs’ ability to interact with the cells in a way that reduces the cytotox-
icity of 5-FU [61,62]. The CDs might be facilitating a mechanism of cellular resistance or
altering the uptake of 53-FU by the cancer cells. Another possibility is that the CDs possess
antioxidant properties that help protect the cells from the adverse effects of 5-FU [63]. This
means that these CDs are not suitable for acting as drug carriers for this type of drug, as
they mitigate its therapeutic effect. However, they could be of use in potential applications
in which there is a need to mitigate the toxic effects of chemotherapeutic agents.

3.3. Combination Index Evaluation in the Combination of Carben Dots CD-1-CD-4 with 5-FU in
A549 and UM-UC-5 Cancer Cell Lines

To explore the effects of combining the antineoplastic agent 5-FU with CD-1-CD-
4 in A549 and UM-UC-5 cancer cell lines, we employed the Chou-Talalay method to
calculate the combination index (CI). The CI plot for the combinations of 5-FU with CD-1-4
over 24 h and 72 h are shown in Figures 12 and 13, respectively and illustrate the CI
values against the fractional effect (Fa), CI values above one indicates antagonism, values
equal to one indicate additivity, and values below one indicate synergism. A Fa value of
zero indicates no cell death, whereas a Fa value of one indicates complete cell death. These
results are summanized in Table 1.

The combination index plot obtained for the combinations in A549 for 24 h demon-
strates that all CI values obtained are above one, which indicates that all combinations
present antagonistic interactions, Regarding the UM-UC-5 cell ling, the results for the
combination of 5-FU with CD-1, 3, and 4 show the same results as above. However, the
combination with CD-2 shows synergistic interactions at all concentrations.

After 72 h of incubation, the combination index plot obtained for the combinations in
A549 and the results for the A549 cell line remain similar, since almost all the combinations
present antagonistic interactions (Table 2). In fact, there are two combinations (1.5 g /L. CD-2
and 1.8 g/L CD-3) that come very close to an additive interaction (Cl = 1), Regarding the
UM-UC-5 cell line, the results for the combination of 5-FU with CDs present antagonistic
interactions at all combinations, except for the CD-2 at a concentration of 1 g/L.
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Figure 10, Cell viability of A539 (A) and UM-UC-5 (B) cancer cells treated with CD-1-4 (0.1-3.14 2/1)
in combination with 1C50 of 5-FU (421 uM for UM-UC-5 and 2.42 uM for A549 cells) for 24 h of
incubation, Cells treated with vehicle (0.1% DMSO) were used as the control. Values are expressed as
percentages of control and represent means + SD. Each experiment was done three times indepen-
dently (i = 3). * Statistically significant vs. control at p < 1.1, ** Statistically significant vs, control at
p <001,
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Figure 11, Cell viability of A549 (A) and UM-UC-5 (B) cancer cells treated with CD-1-2 (0.1-3.12 g/L)
in combination with 1C50 of 5-FU (4,21 uM for UM-UC-5 and 2.42 uM for AS49 cells) tor 72
of incubation. Cells treated with vehicle (0.1% DMSO) were used as the control. Values are ex-
pressed as percentages of control and represent means 4 SD, Each experiment was done three times
independently (n = 3).
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Figure 12. Graphical representation of combination index plot obtained from the CompuSyn Report
for the combinations of 1050 5-FU with increasing concentrations of carbon dots 14, obtained using
the Chou-Talalay method for (A) A549 cell line and (B) UM-UC-5 cell line for 24 h,
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Figure 13. Graphical representation of combination index plot obtained from the CompuSyn Report
for the combinations of IC50 5-FU with increasing concentrations of carbon dots 1-4, obtained using
the Chou-Talalay method for (A) A549 cell line and (B) UM-UC-5 cell line for 72 h,
Table 1. Fa and CI values of carbon dots and 5-FU (2,42 yuM for A549 or 4.21 for UM-UC-5) com-
binations for 24 h in A549 and UM-UC-5 cells, Clin bold indicates drug pairs that are synergic
and addictive.
Cell Line Carbon Dot (g/1) CDa CD2 CD3 D4
Fa Cl Fa C1 Fa a Fa 1
01 032571 >10 035358 407950 029050 >10 020327 >10
0s 025045 =10 (.25625 >0 014106 =10 027112 =10
A549 10 021080 >10 023775 =10 0.173% >10 0,259 >10
15 0.14973 >10 011464 >10 024125 >10 023729 =10
(5.} 017149 >10 0.20749 > 021533 >0 030615 >0

A14/19/1.88/2.35 024841 25107 030239 >10 032533 =10 0.35457 20 % W
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Table 1. Cont.
Cell Line Carbon Dot (g/L) D1 Ccp-2 CD-3 CD-4
ol 004691 138739 (12282 024168 016829 024545 017125 LA28SS
0s 007871 G49265 03349 0.52381 002238 1.25008 (.10344 (23997
s 10 0.12014 10 00944 031672 10<10° 10 0179 872487
15 10 % 1074 >10 012338 028604 10« 10~* >10 10 % 10-* >10
18 0.05181 >10 004826 0.48553 006963 142030 0.16593 =10
A14/19%/1.887235 04991 >10 0.11033 032097 013757 116018 016054 >0
Table 2. Fractional cttect (Fa) and C1 values of carben dots and 5-FU (2,42 4M for A549 or 4.21 for
UM-UC-5) combinations for 72 h in A54% and UM-UC-5 cells. Cl in bold indicates drug pairs that are
synergic and addictive.
Cell Line Carbon Dot (g/L) CD-1 CD-2 CD-3 CD-4
Fa (@] Fa <l ¥a i Fa (@]
nl 10 =0+ =10 10 x 107" >10 Lo x 10" >10 10 x10°* >10
03 000689 076920 1)« 10-° >10 10« 107" >10 10x 10 >0
A519 10 1010 * =10 10x10* >10 0.00228 123695 L0 %10 * =10
15 14 % 10—+ >10 000068 098253 1.0« 107" >10 W=t >0
18 =10 * >10 LOx 10" >10 000365 099106 1.0 % 10 * >10
314/1.96 /188235 10 %107 =10 000187 136813 10 < 10" =10 DO0760 >10
01 10x10* >10 Lox10® >10 Lox10° >10 w10t >10
08 140 = 10 >10 1.0 07" >10 1.0 % 107" >10 LIRS (i >10
s 10 10x10* =10 003624 045725 L0« 1D® >10 10 %« 10% >10
15 040255 173160 10 = 107 >10 0,00554 L7678 10 %10 =10
18 10 % 10-* >10 10 = 100 >10 L0 x 10-° >10 10 10-* 10
314/19% /1887235 10«10 * =10 1010 ¢ >10 (U (L >10 10 x10* =10

4. Conclusions

Recent research on carbon dots (CDs) has highlighted their potential as valuable assets
for applications in bioimaging and drug delivery, among others. Considering this, in
this study, we successfully synthesized four distinct N-doped CDs using a hydrothermal
methodology. In addition, CDs were obtained from a “green” synthesis that is simple
and uses organic waste as a precursor. In our investigation into the applicability of these
nanoparticles for bioimaging and drug delivery, we examined their potential cytotoxic
effects an A549 and UM-UC-5 cell lines. The 24-h incubation period showed no discemibie
effects on cellular viability, indicating that the CDs did not induce cytotoxicity within
this timeframe. Morphological evaluations at 24 h revealed no notable changes in cell
phenotype. Extended incubation periods of 72 h demonstrated that CD-4 might not be
suitable for UM-UC-5 cancer cells due to its effects on cell viability and morphology. In
contrast, all four nanoparticles proved promising for applications in A549 cancer cells, em-
phasizing their potential in different contexts using these cancer cells. Further exploration
of combination assays with a chemotherapeutic drug (5-FU) revealed that the CDs protect
the cells and mitigate the toxic effects of this drug. It was also observed that most CDs
presented antagonistic interaction with 5-FU, except CD-2, which presented synergistic
interaction, opening a new strategy for future studies in which CDs can be emploved as
chemoprotective agents.
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