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ABSTRACT

The scarcity of clean water is a growing global concern, and proper wastewater management
is essential to prevent environmental contamination. Conventional treatment methods, such as
ultrafiltration, flocculation, coagulation, adsorption, and biological processes, are often limited by
high costs and energy demand, incomplete removal of pollutants, and the generation of secondary
wastes. This work focuses on the development of innovative, sustainable, and efficient materials
for wastewater treatment.

Biocompatible and biodegradable sodium alginate-based hydrogels were prepared and added
with nanomaterials, including magnetic nanoparticles and graphene oxide-based magnetic nanosheets,
to enhance the adsorption capacity for heavy metals. The influence of crosslinker concentration and
nanofiller loading on mechanical stability and adsorption efficiency was systematically studied.

In parallel, graphitic carbon nitride (g-C3N4) and its heteroatom-doped derivatives (Br, P, and
B) were synthesized via co-pyrolysis and post-pyrolysis approaches. Doped g-C3N4 materials were
obtained from different brominated precursors, enabling investigation of the effects of chemical
structure on photocatalytic activity. The photocatalysts were tested for the degradation of organic
dyes (Rhodamine B) and emerging pharmaceutical pollutants (sulfamethoxazole and atenolol),
using UV-Vis spectrophotometry and HPLC, showing significant improvement compared to
pristine g-C3Ny.

Overall, the combination of modified alginate hydrogels and heteroatom-doped g-C3N, pro-
vides a versatile, cost-effective, and environmentally friendly approach for the removal of inorganic
and organic pollutants from water, demonstrating potential for large-scale water purification and
environmental remediation applications.
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1 INTRODUCTION

Access to clean water is a fundamental requirement for human health and environmental sustain-
ability. Even if the lack of potable water has not yet been experienced in the most developed areas,
this could change in the next few decades, making the protection of water resources of paramount
importance. According to the World Water Council, approximately 3.2 billion people are currently
affected by water shortages, a figure projected to rise to 3.9 billion by 2030. Growing industrial-
ization, fast population expansion, and unregulated freshwater usage have all contributed to the
deterioration in groundwater quality and quantity. According to the World Health Organization
(WHO), about 663 million people globally suffer from polluted water, and 1.2 billion people do not
have access to drinkable water [1]. Clean water scarcity is consistently indicated as one of the most
pressing environmental challenges.

Wastewater plays a central role in this scenario. Approximately 80% of the world’s wastewater
flows back into ecosystems without being treated or reused. It may contain a wide range of haz-
ardous substances, including organic and inorganic chemicals, dust, solids, and biological agents
[2]. In recent decades, the unregulated discharge of contaminants has posed significant threats to
both natural ecosystems and public health [3]. Heavy metals, such as lead, cadmium, mercury,
and arsenic, are particularly concerning due to their high stability, persistence, and tendency to
bioaccumulate. Once deposited in sediments, these metals can enter the food chain, causing long-
term toxic effects on living organisms. Industrial dyes generate wastewater streams laden with
complex organic compounds resistant to natural biodegradation. Emerging pollutants, including
pharmaceutical residues and other synthetic compounds, present additional challenges, as even
minimal concentrations can disrupt biological processes and ecological balance. Collectively, heavy
metals, dyes, and emerging pollutants represent particularly complex challenges that underscore
the urgent need for effective wastewater treatment strategies.

Traditional wastewater treatment methods, including ultrafiltration, flocculation, coagulation,
and biological processes, are widely applied but present notable limitations [4]. They often involve
high capital and operational costs, substantial energy consumption, incomplete removal of pol-
lutants, and secondary waste disposal. Chemical methods for the removal of heavy metals are
generally expensive and exhibit low yields when applied at industrial scale [5]. These limitations
highlight the need to design and develop advanced materials that leverage specific structural and
functional properties to optimize the removal of waterborne contaminants.

Among available strategies, adsorption has emerged as a particularly promising technique. It is
simple to operate, cost-effective, and efficient for both organic and inorganic substances in aqueous
media [1]. Its efficiency strongly depends on the physicochemical properties of the adsorbent,
making the exploration of textural, morphological, and chemical features crucial for selecting
suitable materials. Adsorption can remove heavy metals, dyes, and other pollutants effectively,
and its reversible and customizable nature allows for regeneration of the adsorbent. Nanomate-
rials provide additional advantages due to their high surface-to-volume ratio, which enhances
interaction with contaminants. Composite nanomaterials, including porous materials such as
zeolites [6], activated alumina, activated carbon (AC) [7], polymers [8, 9], magnetic nanoparticles
[10, 11], polymer-coated nanoparticles [12], multiwalled carbon nanotubes (CNTs) [13], covalent
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organic frameworks (COFs) [14], graphene oxide, and metal-organic frameworks (MOFs) [15],
are considered effective and sustainable solutions for adsorption-based wastewater treatment
[16, 1]. Photocatalysis represents another complementary approach for the removal of organic
contaminants. During photocatalytic processes, the photocatalyst absorbs light energy, generating
electron-hole pairs that trigger chemical reactions capable of degrading pollutants.

Given these challenges, the primary objective of this PhD thesis was to design, synthesize, and
characterize new classes of advanced materials for the efficient purification of water contaminated
with heavy metals, dyes, and emerging pollutants. As already mentioned, traditional treatment
strategies often show limited efficiency, high costs, or environmental drawbacks; therefore, this re-
search is directed toward developing sustainable alternatives that combine high performance with
biocompatibility and environmental safety. To this end, two complementary research directions
have been pursued:

¢ The design of biocompatible, non-toxic, and biodegradable composites based on sodium
alginate, a polysaccharide biopolymer widely studied for environmental applications. By
incorporating magnetic nanomaterials or introducing chemical modifications, the adsorption
capacity of sodium alginate can be significantly improved, making it a promising candidate
for the removal of heavy metals. Alginate provides natural biodegradability, easy functional-
ization, and the ability to form hydrogel beads, while the magnetic nanomaterials facilitate
recovery and handling.

¢ The synthesis of photocatalytic materials derived from graphitic carbon nitride (g-C3Ny),
focusing on non-conventional derivatives doped with bromine, phosphorus, or boron. These
engineered photocatalysts were tailored for the visible-light degradation of dyes and phar-
maceutical pollutants, offering enhanced charge separation and extended light absorption in
the visible region, compared to pristine g-C3Ny.

As with any treatment technology, the use of these materials generates secondary waste.
However, the amount and impact of this waste are considerably lower than in conventional
systems. Alginate beads can be easily separated from water by simple filtration or, when magnetic
nanoparticles are incorporated, by applying a magnetic field. Adsorbed pollutants can be removed
under controlled conditions, allowing partial regeneration and reuse of the beads. Exhausted
alginate beads can also be safely incinerated, leaving minimal residue. Carbon nitride powders,
being chemically stable, can be recovered and reused multiple times, or incorporated into composite
systems to extend their lifetime. Its porous structure facilitates the diffusion of contaminants during
adsorption and desorption, improving efficiency and further reducing unusable waste. Overall,
these features make the secondary waste from alginate and carbon nitride-based adsorbents easier
to manage and more environmentally friendly.

The specific objectives of the research include:

¢ Development of advanced materials: designing and synthesizing nanocomposites and hybrid
materials with functionalized surfaces for the removal of contaminants from the wastewater

matrix.

* Optimization of synthesis processes: establishing reproducible protocols that ensure the
stability and the durability of the materials.
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* Analysis of interaction mechanisms: conducting detailed studies on the adsorption and
degradation kinetics.

¢ Validation under laboratory conditions: evaluating the performance of the new materials
in simulated operational settings to assess their potential for industrial and environmental
applications.

The thesis is organized into two main chapters, addressing respectively the production, char-
acterization, and testing of new adsorbent materials and the production, characterization, and
testing of non-conventional g-C3Ny derivatives doped with different heteroatoms. Each chapter
follows the same structure: a literature review providing the scientific and technological context, a
detailed description of synthesis and functionalization strategies, physicochemical characterization
of the materials using state-of-the-art techniques, and laboratory-scale water purification tests.
The conclusions summarize the results, outline future research directions, and discuss potential
improvements for scalable industrial applications.

The scientific and practical significance of this project lies in its integrated approach to one of
the most pressing environmental challenges. Water purification is not solely an environmental
management issue: it is also crucial for public health and socio-economic development. This
research contributes to the field of materials engineering applied to water treatment by offering
new insights and practical solutions for contaminant management, representing a step toward

sustainable technologies for environment preservation.

1.1 Wastewater as an issue or as a resource

Traditionally viewed as an undesirable by-product that requires disposal, wastewater is increas-
ingly recognized as a potential source of valuable resources such as water, energy, and nutrients. Its
dual nature as both an issue and an opportunity has placed wastewater at the center of discussions
on sustainability and circular economy. The complexity of wastewater streams depends strongly on
their origin, ranging from domestic to highly specialized industrial effluents. Understanding these
different pathways is essential for selecting the appropriate treatment strategy and for identifying
opportunities for resource recovery.

In this context, Figure 1.1 presents a simplified overview of water uptake and subsequent
wastewater pathways back to the environment. The effluents from certain industries may require
treatment that is not commonly available in urban wastewater treatment plants and may therefore
be treated on-site before direct release to water (scenario A). Some industrial units, such as cooling
systems, generate wastewater streams with low pollutant content that can be directly released
into receiving waters without treatments (scenario B). Some industrial installations generate
effluents that cannot be directly released into surface water (and not treated on site) and thus are
transferred off site for treatment at an urban or an independently operated wastewater treatment
plant (scenario C), the so-called indirect releases.

The release of industrial wastewater in Europe is regulated both directly under environmental
law on industrial activities and indirectly through EU policies on water protection. The cornerstone
remains the Water Framework Directive (WFD, 2000/60/EC) [18], which is complemented by
more specific legal instruments such as the Urban Waste Water Treatment Directive (UWWTD,

3
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Figure 1.1: Simplified wastewater treatment cycle [17]

91/271/EEC) [19], the Groundwater Directive (2006/118/EC) [20], and the Environmental Quality
Standards Directive (2008/105/EC) [21]. Industrial discharges to water and air are further con-
trolled under the Industrial Emissions Directive (IED, 2010/75/EU) [22]. Since 2022, several major
updates have been introduced to strengthen this framework. The UWWTD was recast as Directive
(EU) 2024/3019 [23], in force since January 2025, introducing stricter requirements for nutrient and
micropollutant removal (including PFAS and microplastics), energy-neutral wastewater treatment
plants, integrated stormwater management, and a “producer pays” principle obliging pharmaceu-
tical and cosmetic industries to cover at least 80% of the costs for advanced treatment. Similarly, the
IED was revised in August 2024 to enforce more stringent emission limits, digitalized permitting,
stronger penalties, and to extend its scope to new sectors such as mining, battery manufacturing
and intensive livestock farming [24]. It also establishes the Industrial Emissions Portal (IEPR),
which from 2028 will replace the E-PRTR by providing harmonized data on emissions and resource
use. In parallel, the WFD and related directives are under revision to update pollutant lists, water
quality standards, and to better address combination effects, in line with the objectives of the
European Green Deal. Altogether, these instruments form the main regulatory framework for
preventing and controlling industrial wastewater pollution in the EU.

Beyond its characterization as a potential pollutant, wastewater can also be regarded as a valu-
able resource when properly treated. One promising, though still relatively uncommon, approach
is the reuse of treated effluents within the same industrial activity, often referred to as internal or
closed-loop water recycling. When applied, recovered water may serve auxiliary operations such as
cooling, washing, or rinsing, thereby reducing the need for continuous extraction and conditioning
of freshwater supplies. Although its practical implementation remains limited to certain realities,
such practices have the potential to minimize discharge volumes and generate energy savings,
since the reuse of water streams already at process temperature or partially conditioned reduces
the energy otherwise required for heating, cooling, or chemical adjustment. Moreover, lowering
the demand for raw water intake can reduce the energy footprint associated with pumping and
treatment, particularly in energy-intensive industries. In parallel, advances in treatment technolo-

4
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gies open the possibility of recovering valuable by-products from wastewater, including nutrients,
metals, and organic compounds, which can be reintegrated into production cycles or used as sec-
ondary raw materials. From a resource efficiency perspective, internal water recycling and resource
recovery therefore represent emerging strategies that could offer synergies between reduced water
consumption, lower energy requirements, and improved operational stability. When framed within
the principles of the circular economy, these practices have the capacity to transform wastewater
from an environmental burden into a managed resource, supporting long-term sustainability goals
and reducing dependency on primary resources, even though widespread adoption is still at an
early stage.

1.2 Wastewater pollution

As summarized in Figure 1.2, hazardous pollutants can be broadly grouped into different classes
and are associated with a wide spectrum of detrimental effects. The scheme highlights three repre-
sentative groups of contaminants—heavy metals, industrial dyes, and pharmaceuticals/personal
care products—that are particularly relevant in the context of wastewater pollution and that will
be addressed in detail in this work. Their impacts extend across multiple levels of the environment:
plants, animals, humans, and entire ecosystems are simultaneously affected, although the severity
and mechanisms differ. For instance, pollutants can interfere with fundamental processes such as
photosynthesis and soil fertility, threaten aquatic life and biodiversity, or induce carcinogenic, neu-
rotoxic, and developmental effects in humans. At the ecosystem scale, they contribute to increased
chemical oxygen demand (COD) and biological oxygen demand (BOD), as well as to the release of
toxic effluents that accelerate the degradation of natural waters. An important aspect that have to
be emphasized is the interconnection between environmental compartments. Pollutants released
into water bodies can transfer to soils and sediments, be absorbed by plants, accumulate in the food
chain, and eventually reach humans, amplifying their long-term consequences. Moreover, these
contaminants often occur as mixtures rather than isolated species, displaying additive or even
synergistic effects that complicate their removal. Such characteristics make them a particularly
urgent challenge for wastewater treatment.

1.2.1 Heavy metals

Heavy metals (HMs) are commonly defined as those elements having an atomic number greater
than 20 and atomic density above 5 gcm ™ and must exhibit the properties of metal [25]. It is
important to note that the term itself is not formally defined or recommended by IUPAC, and
therefore lacks a universally accepted scientific basis. Nevertheless, due to its widespread use in
the scientific literature and its practicality in describing certain classes of elements, we will employ
this terminology consistently throughout this thesis.

Heavy metals can be broadly classified into two categories: essential and nonessential heavy
metals. Essential heavy metals are those required in trace amounts by living organisms for carrying
out the fundamental processes like growth, metabolism, and development of different organs.
There are numerous essential heavy metals like Cu, Fe, Mn, Co, Zn, and Ni required by plants as
they form cofactors that are structurally and functionally vital for enzymes and other proteins.
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Essential elements are often required in the level of 10-15 ppm and are known as micronutrients.
Nonessential heavy metals like Cd, Pb, Hg, Cr, and Al are not required by living organisms, even
in trace amounts, for any of the metabolic processes [26].

Heavy metal pollution in water is a global environmental problem. This is mainly due to their
excessive accumulation, biomagnification, toxicity, and persistency. In fact, they are not biodegrad-
able and creates serious threats to human and nature. Heavy metals can derive from both natural
and anthropogenic sources. Natural sources mainly comprise bedrock weathering, while anthro-
pogenic sources include industrial production, fertilizer use, and sewage discharge. Heavy metals
are not easily removed in a standard wastewater treatment plant configuration. In 2016, 68% of
industrial emissions (1,402 tonnes) of heavy metals reported in the European Pollutant Release and
Transfer Register (E-PRTR) were transferred to urban wastewater treatment plants. These, which
also receive some input from municipal wastewater, released 1,276 tonnes of heavy metals directly
to the environment. Fast growing activities have the potential to spread a substantial amount of
harmful and undetected heavy metals into all segments of the ecosystem, particularly soil, water,
air, and vegetation. Hazardous heavy metals discharged into the environment bioaccumulated into
living beings via food intake, causing possibly health-threatening consequences. Chemical and
physical remediation procedures are limited and confined, and are mostly addressed to sewage
and soils rather than the plant [1].

Heavy metals such as nickel (Ni), chromium (Cr) and copper (Cu) are of particular regulatory
concern in the European Union due to their toxicity, persistence and potential to bioaccumulate.
These metals enter the aquatic systems mainly through industrial discharges (e.g., electroplating,
metallurgy, mining, leather tanning), agricultural runoff, and municipal wastewater effluents.
Chronic exposure, even at low concentrations, may cause adverse effects on aquatic organisms
and human health. In particular, nickel and chromium are classified as carcinogenic in certain
forms, while copper, although essential as a trace element, is toxic at elevated concentrations. The
regulation of heavy metals in water has progressively evolved within EU legislation. The Water
Framework Directive (WFD) 2000/60/EC established the basis for integrated water management,
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introducing the concept of priority substances, including nickel and its compounds [18]. In 2008, the
Environmental Quality Standards Directive (EQSD) 2008/105/EC set specific Environmental Quality
Standards (EQS) for nickel in surface waters, subsequently amended by Directive 2013/39/EU,
which maintained nickel on the priority substances list with defined annual average and maximum
allowable concentrations [21, 27]. Copper and chromium, however, were not classified as priority
substances at the EU level, though they remain regulated under national frameworks and through
other instruments. At the drinking water level, heavy metals have long been included as parametric
values. The Drinking Water Directive (DWD) 98/83/EC established initial parametric limits [28], later
recast by Directive (EU) 2020/2184, which introduced stricter thresholds and a staged reduction
for chromium. In particular, the parametric value for total chromium will be lowered from 50 ng/L
to 25 ng/L as of 2036, reflecting updated toxicological evidence. Nickel retains a parametric limit
of 20 ng/L, while copper is set at 2 mg/L, primarily due to organoleptic and infrastructure-related
concerns (e.g., corrosion of copper pipes) [29].

Most recently, in June 2024 the Council of the European Union reached an agreement on a new
water legislation (COM /2022 /540 final), updating the list of priority substances under the WED.
The proposal confirmed nickel as a regulated substance, with stricter EQS values under discussion,
while also introducing additional micropollutants of emerging concern [30, 31]. The revision of the
Urban Waste Water Treatment Directive, adopted as Directive (EU) 2024/3019 and entering into force
in January 2025, indirectly addresses heavy metals by requiring advanced treatment (the “fourth
stage”) in large wastewater treatment plants, aiming at improved removal of micropollutants,
including metals [32]. Table 1.1 resumes the evolution during the years of the main legislation
steps concerning heavy metals regulation, in aquatic environments.

Overall, while nickel remains the only one of these three metals with binding EU-wide EQS
values for surface waters, all three are consistently regulated under the drinking water framework,
and their control is reinforced by the progressive tightening of treatment and monitoring obli-
gations. Table 1.2 indicates the current limits for the more widespread heavy metals, in aquatic
environments.

1.2.2 Dyes

One of the most prevalent organic contaminants in water is represented by dyes, which often
possess complex organic molecular structures. Among them, azo dyes account for more than 70%
of all commercial dyes employed in the global textile industry [33]. Most of these compounds
are hazardous, carcinogenic, and non-biodegradable, thus posing a severe threat to both the
environment and human health [34, 35]. Approximately 50% of the synthetic dyes used in textile
production fail to adhere to fabrics and are discharged into the environment together with other
sources [36, 37]. Synthetic dyes in aquatic systems hinder light penetration, inhibit photosynthesis,
and disrupt the entire biological balance. Furthermore, human exposure to dye pollution through
the food chain is particularly harmful and can even be lethal. Dye residues in soil negatively affect
both plant and animal health, in addition to reducing soil fertility. These colors are widely used in
a variety of sectors, including textiles, tanneries, cosmetics, and foodstuffs, as well as human and
animal pharmaceuticals. Because of their extensive usage and large-scale manufacture, artificial
organic dyes have permeated into several sectors of the soil and water ecosystem. Dyes have
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Table 1.1: Key EU policy milestones concerning Ni, Cr and Cu in the aquatic environment

Year Event / Regulatory milestone Ref.

2000 Adoption of the Water Framework Directive (WFD) [18]
2000/60/EC, establishing the basis for priority sub-
stance regulation

2008 Environmental Quality Standards Directive (EQSD) [21]
2008/105/EC sets EQS for nickel in surface waters

2013 Directive 2013/39/EU updates EQS values for nickel, [27]
maintaining its status as a priority substance

2020 Recast Drinking Water Directive (EU) 2020/2184 [29]

strengthens parametric values: Ni = 20 ng/L, Cu =
2 mg/L, Cr = 50 ng/L (to be reduced to 25 ng/L by
2036)

2022 Council agreement on revision of priority substances [30, 31]
under the WFD (COM/2022/540 final), including
stricter consideration of nickel

2024 Adoption of Directive (EU) 2024/3019 on Urban Waste [23]
Water Treatment, requiring a fourth treatment stage
from 2025 for improved removal of micropollutants
including metals
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Table 1.2: Current EU regulatory limit values for the more widespread heavy metals in water
(surface EQS and drinking water standards).

Substance Surface water EQS Drinking water parametric
(2008/105/EC, as amended) value (2020/2184/EU)

Nickel (Ni) AA-EQS: 4 pg/L (inland); 20 pg/L
8.6 png/L (other)
MAC-EQS: 34 pg/L

Chromium (Cr) Not listed as EU priority sub- 50 pg/L (until 2036); 25 png/L
stance (no EQS) thereafter

Copper (Cu) Not listed as EU priority sub- 2.0mg/L
stance (no EQS)

Lead (Pb) Not listed as EU priority sub- 10 pg/L (until 2036); 5 pg/L
stance (no EQS) thereafter

Cadmium (Cd) Not listed as EU priority sub- 5ng/L
stance (no EQS)

Mercury (Hg) Not listed as EU priority sub- 1pg/L
stance (no EQS)

previously been found in ecological specimens including water, suspended particulate matter, soil,
and fish species. As a result, they are classified as aquatic ecosystem micro-pollutants. The majority
of the dyes are a harmful class of water toxins that have had a significant impact on the ecosystem.
Some dyes, such as methylene blue, rhodamine B, methyl violet, Congo red, and crystal violet,
are toxic to humans. Acidic and azo dyes have detrimental effects on the gastrointestinal tract,
eyes, respiratory system, and skin, and may also cause cancer and mutagenicity [38]. They can
induce enzymatic abnormalities, with the amine group in azo dyes being primarily responsible
for their toxicity. Basic dyes similarly affect human health, causing laryngitis, mutations, skin
cancer, an increased incidence of shock, jaundice, neurotoxicity, cyanosis, and tissue necrosis, in
addition to skin allergies, and reproductive and developmental complications [33]. Textile dye
contamination has been handled using a variety of ways, mostly physical, chemical, biological,
and acoustic. These methods primarily extract and/or remove the dye from water. Recently,
advanced oxidation techniques were emphasized on dye removal from polluted water due to their
benefits such as being environmentally friendly, economical, and effective of degrading various
colors or organic pollutants soluble in wastewater. Chemical procedures, though very efficient,
should be avoided in dye removal due to their hazardous side effects. Photocatalysis is a type of
advanced oxidation technique that is primarily performed out underneath the influence of light
and appropriate photocatalytic materials. The photocatalytic activity of photocatalytic materials
is primarily determined by the band gap, surface area, and electron-hole pair production for
degrading dyes present in the water. It was discovered that surface area performs a significant
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part in photocatalytic degradation of dyes by increasing the surface area, which leads to greater
adsorption of dye molecules on the surface of the photocatalyst and increases catalytic performance
[39].

1.2.3 Emerging pollutants

Emerging pollutants (EPs) are a wide and heterogeneous group of chemical compounds that until
recently were not commonly monitored in the environment and whose potential harmful effects
were underestimated. The concept began to gain attention in the early 1990s, when improved
analytical techniques allowed for the detection of trace organic contaminants previously over-
looked. Since the 2000s, the topic has become increasingly central in environmental research, and
in the last decade the number of studies reporting EPs in surface waters, groundwater, and even
treated drinking water has grown exponentially [40, 41]. These pollutants are now recognized as
a critical challenge for water quality management and public health. By definition, EPs include
both synthetic and naturally occurring compounds that are not regulated or only partially reg-
ulated, but that can persist in the environment, accumulate in organisms, and exert biological
activity even at low concentrations. They encompass pesticides, pharmaceuticals and personal
care products (PPCPs), endocrine-disrupting chemicals (EDCs), disinfection byproducts (DBPs),
flame retardants, surfactants, perfluorinated compounds (PFCs), antibiotic-resistant bacteria (ARB)
and genes (ARGs), among others [40]. Their common feature is not their chemical nature but the
fact that they have only recently been recognized as contaminants of concern, with toxicological
and ecological risks that are still under active investigation. The widespread occurrence of EPs is
linked to modern lifestyles and industrialization. PPCPs and pharmaceuticals, for example, are
released into the environment through domestic sewage and hospital wastewaters; pesticides reach
aquatic systems via agricultural runoff; industrial additives and solvents are discharged through
manufacturing effluents. Conventional wastewater treatment plants, designed primarily for nu-
trients and suspended solids removal, are generally not equipped to completely eliminate such
complex and persistent molecules. Once released, their chemical stability and partial resistance to
natural degradation processes contribute to their persistence and mobility. Another critical aspect
of EPs is their diversity. Unlike conventional pollutants, which often belong to a limited number
of well-characterized classes, EPs include a constantly expanding list of compounds, reflecting
new industrial practices, consumer habits, and chemical innovations. Each subgroup has specific
pathways of release, persistence times, and toxicological profiles. This variability complicates mon-
itoring, regulation, and remediation strategies, making EPs a dynamic and evolving environmental
issue. The recognition of emerging pollutants has reshaped the research agenda on water treatment
and environmental protection. Since the early 2000s, increasing efforts have been devoted to devel-
oping advanced analytical methods for their detection, assessing their toxicological profiles, and
designing novel materials and technologies for their removal. Between 2010 and 2020, the number
of scientific publications on EPs more than tripled, reflecting both the urgency and complexity of
the problem [42].

The following sections will focus on one of the most relevant groups of EPs: pharmaceutical
residues, which have become emblematic of the complexity and urgency associated with emerging
contaminants.
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Pharmaceutical pollutants

Among the emerging pollutants a relevant class is composed of pharmaceuticals, which are in-
tentionally developed to treat diseases and improve human health. Nevertheless, the release
of pharmaceuticals into the environment, especially antibiotics, can induce genetic exchange in
microorganisms with long-lasting and irreversible consequences. This phenomenon significantly
accelerates the development of pathogen resistance to a wide spectrum of antibiotics [43]. Pharma-
ceuticals are defined as prescription, over the counter and veterinary therapeutic drugs used to
prevent or treat human and animal diseases, while personal care products (PCPs) are used mainly
to improve the quality of daily life. Over the past few years, there has been increasing awareness
of the unintentional presence of PPCPs in various compartments of the aquatic environment (e.g.
water, sediments and biota) at concentrations capable of causing detrimental effects to the aquatic
organisms. This has become a major concern because PPCPs are extensively and increasingly
used in human and veterinary medicine, resulting in their continuous release to the environment.
Priority pollutant lists have been developed both by the European Union (EU) and the United
States Environmental Protection Agency (USEPA) identifying a wide variety of chemicals present
in waste waters and storm water runoff that may pose a threat to receiving water bodies including
surface water. In the year 2000, an initial list of 33 priority substances was also identified under the
EU Water Framework Directive (WFD) 2000/60/EC to be used as a control measure for the next 20
years [18].

In 2006, Directive 2006/118/EC was adopted to protect groundwater against pollution and
deterioration [20]. In 2007, certain pharmaceuticals and PPCPs such as diclofenac, iopamidol, and
carbamazepine were identified as future emerging priority candidates. Ibuprofen, clofibric acid,
triclosan, phthalates and bisphenol A are proposed additions to this list [40]. In 2008, Directive
2008/105/EC established environmental quality standards (EQS) in the field of water policy, and
introduced Article 8c, which required the development of a strategic approach to pharmaceuticals
[21]. In 2013, Directive 2013/39/EU amended the WFD and introduced an explicit obligation for
the European Commission to develop a strategic approach to pharmaceuticals in the environment
by 2015 and propose measures by 2017 [27]. Thus, a Watch List mechanism was also established
in 2013 to improve the available information on identifying the substances of greatest concern.
Member States have to monitor the substances on the list at least once per year for up to four years.
The watch list was established in 2015 and updated in 2018, 2020, 2022 and again in 2025. In 2019,
the European Commission published the EU Strategic Approach to Pharmaceuticals in the Environment
(COM(2019)128 final), which set out actions across the life cycle of pharmaceuticals, from design
and production to disposal, to reduce their environmental impact. The communication refears to
the fact that the treatment of many diseases in humans and animals relies on access to effective
pharmaceuticals. But, at the same time, pollution caused by some pharmaceuticals is an emerging
problem, with well-documented evidence of risks to the environment and, particularly in relation
to antimicrobial resistance, to human health. Residues of pharmaceutical products may thus enter
the environment during their manufacture, use and disposal [44].

In 2022, the European Commission proposed an update of the priority substances lists, rec-
ommending the addition of approximately 25 new chemicals, including pharmaceuticals (no-
tably several antibiotics and anti-inflammatory drugs), bisphenol A, silver, and selected per- and
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polyfluoroalkyl substances (PFAS) [30, 31]. This proposal reflects increasing concerns about the
ecotoxicological risks and potential human health implications of pharmaceutical residues in water.
In June 2024, the Council of the European Union reached a negotiating mandate to strengthen the
WED by introducing more stringent environmental quality standards (EQS) for hazardous phar-
maceuticals, alongside measures for PFAS and other micropollutants. In fact, The Council agreed
that pharmaceutical active substances are of great concern for ecosystems. Groundwater quality
standards for pharmaceuticals should therefore be aligned, for the substances most frequently
encountered in groundwater bodies, with the values adopted or proposed as environmental quality
standards to be achieved in surface waters. This should ensure the protection of associated aquatic
ecosystems and dependent terrestrial ecosystems. Stricter standards are needed to protect sensitive
groundwater ecosystems [24]. The mandate also emphasized the need for an expanded monitoring,
not only in surface waters but also in groundwater, and recognized pharmaceuticals as a critical
group of pollutants requiring long-term control.

In parallel, the Urban Waste Water Treatment Directive was revised and formally adopted as
Directive (EU) 2024/3019, entering into force on 1 January 2025. The new legislation requires the
implementation of a “fourth stage” of treatment in large wastewater treatment plants (serving
more than 150,000 population equivalent), specifically designed to remove micro-pollutants such
as pharmaceuticals and personal care products [23]. This marks a significant policy milestone, as it
directly addresses the technical challenges of reducing PPCP concentrations in effluents before
they reach receiving water bodies. Additionally, the EU “Watch List” mechanism under the WFD
was updated in March 2025 to include twelve new contaminants for monitoring, among them the
antidepressant fluoxetine, the beta-blocker propranolol, and several azole fungicides used both
pharmaceutically and cosmetically. These substances will be monitored across Member States for
at least two years to assess whether they should be upgraded to the list of priority substances with
binding EQS values [32].

Opverall, the trajectory of European water policy over the past two decades shows an increasing
recognition of pharmaceuticals as pollutants of high regulatory concern. From their first consid-
eration as emerging contaminants in the mid-2000s, through their inclusion in successive watch
lists, to the binding obligations for advanced treatment technologies in 2025, pharmaceuticals
are now firmly established within the EU environmental regulatory framework. This evolution
underscores both the ubiquity of these substances in modern society and the growing awareness
of their long-term ecological and health impacts. Table 1.3 resumes the evolution during the years
of the main legislation steps concerning pharmaceuticals regulation in aquatic environments.

1.3 Wastewater treatment methods

In recent decades, numerous physical and chemical techniques have been developed and ex-
tensively studied for the removal of contaminants from wastewater, including heavy metals,
dyes, pharmaceuticals, and other organic or inorganic pollutants. These methods can be broadly
classified into two main categories: physical separation techniques and chemical transformation
methods. Physical approaches are based on the transfer of contaminants from the aqueous phase
to a solid surface or a separate phase, without altering the chemical nature of the pollutants.
Examples of physical methods include membrane filtration, solvent extraction, and ion exchange.
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Table 1.3: EU policy milestones concerning pharmaceuticals in the aquatic environment

Year

Event / Regulatory milestone

Ref.

2000

2006

2008

2013

2019

2022

2024

2024

2025

Adoption of the Water Framework Directive (WFD)
2000/60/EC, establishing an initial list of 33 priority
substances for surface water monitoring and control

Adoption of Directive 2006/118/EC on the protection
of groundwater against pollution and deterioration

Adoption of Directive 2008/105/EC on environmen-
tal quality standards (EQS) in water policy; Article 8c
required the development of a strategic approach to
pharmaceuticals

Directive 2013/39/EU amending the WFD: explicit
obligation for the Commission to develop a strategic
approach to pharmaceuticals in the environment by
2015 and propose measures by 2017

Publication of the EU Strategic Approach to Pharmaceuti-
cals in the Environment (COM(2019)128 final)

Commission proposal (COM(2022) 540 final) to up-
date the priority substances list, including ~25 new
chemicals such as antibiotics, anti-inflammatory drugs,
bisphenol A, silver, and PFAS

Council mandate to strengthen EQS for pharmaceuti-
cals and expand monitoring to groundwater

Adoption of Directive (EU) 2024/3019 on Urban Waste
Water Treatment, requiring a fourth treatment stage in
large wastewater treatment plants

EU Watch List update: twelve substances added, in-
cluding fluoxetine and propranolol

[18]

[20]

[21]

[27]

[44]

[30, 31]

[24]

[23]

[32]
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In contrast, chemical techniques involve the transformation of contaminants into less soluble or
less harmful forms through chemical reactions. Common chemical methods include chemical pre-
cipitation, electrochemical treatment, and advanced oxidation processes. Each technique presents
distinct advantages and limitations, and the choice of method often depends on the nature of the
contaminant, the composition of the wastewater, and the desired treatment efficiency.

1.3.1 Physical Techniques

Among the physical techniques, membrane filtration has gained significant attention due to its
versatility and effectiveness in removing a wide range of contaminants, from suspended solids to
dissolved metal ions and organic molecules. Membrane filtration can be classified into ultrafil-
tration (UF), nanofiltration (NF), and reverse osmosis (RO), depending on the size of particles or
molecules retained by the membrane. UF membranes are suitable for larger molecules and colloids,
NF membranes can remove smaller organic and inorganic molecules, while RO membranes are
capable of retaining ions and small dissolved compounds. Often, combinations of these filtration
techniques are employed to create multi-barrier systems, enhancing the overall removal efficiency.
Despite their effectiveness, membrane processes can suffer from fouling, which may reduce water
flux and increase maintenance requirements, and they generally require relatively high initial
capital investment.

Solvent extraction is another physical method used primarily for the recovery or removal of
specific dissolved contaminants from concentrated streams. This approach exploits the preferential
solubility of pollutants in an immiscible solvent, allowing selective separation from water. While
highly effective for certain applications, solvent extraction is generally more suitable for high-
concentration waste streams and may be less practical for dilute solutions due to economic and
operational considerations.

Ion exchange represents a versatile physical-chemical approach in which ions present in
solution are exchanged with ions immobilized on a solid matrix, typically a synthetic resin or a
naturally occurring material such as zeolite. Cationic resins exchange positively charged ions in the
water with hydrogen or sodium ions bound to the resin, while anionic resins perform analogous
exchanges for negatively charged species. Ion exchange processes are highly selective, regenerable,
and produce minimal sludge. However, their efficiency can be influenced by the pH of the solution,
the presence of competing ions, and fouling of the resin by organic matter or suspended solids.

1.3.2 Chemical Techniques

Chemical transformation methods rely on reactions that convert pollutants into less soluble, less
toxic, or more easily removable forms. Chemical precipitation is one of the most widely used tech-
niques, in which reagents such as lime, sodium hydroxide, or other bases react with dissolved metal
ions or other pollutants to form insoluble precipitates. These precipitates can then be separated
from the water through sedimentation, filtration, or decantation. The effectiveness of chemical
precipitation depends on key parameters such as pH, temperature, and the stoichiometry of the
added reagents. While the method is simple, widely applicable, and cost-effective, it generates
significant quantities of sludge that must be properly managed and disposed of.
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Electrochemical treatment is another promising chemical approach that uses electric currents to
remove or transform pollutants in aqueous solutions. Techniques such as electrocoagulation, elec-
trodeposition, electroflotation, and electrodialysis can effectively treat complex wastewater streams
containing multiple contaminants. In electrochemical processes, contaminants can be oxidized,
reduced, or deposited on electrode surfaces, allowing their removal from the solution. Advantages
of electrochemical treatment include high efficiency, adaptability to different types of pollutants,
and potential recovery of valuable metals. Limitations include relatively high energy consumption,
electrode wear, production of secondary sludge, and sensitivity to operating conditions such as
pH, conductivity, and temperature.

Table 1.4 provides a comparative overview of the most common wastewater treatment tech-
niques, outlining their applicability, main strengths, and associated limitations [45].

Table 1.4: Summary of conventional wastewater treatment methods

Method Applicability Advantages Limitations

Membrane Solids, metals, High efficiency, Fouling, high cost,

Filtration (UF, NF, organics, compact, brine disposal

RO) pharmaceuticals multi-barrier

Solvent Extraction  Valuable metals, Selective, resource  Viable for
hydrophobic recovery concentrated
organics, dyes streams, solvent

handling
Ion Exchange Metals, nitrates, Selective, pH sensitive,

ammonium, water

regenerable, low

fouling, limited at

softening sludge high load
Chemical Metals, Simple, cheap, Sludge,
Precipitation phosphates, anions  widely used non-selective, pH
control
Electrochemical Metals, dyes, Efficient, versatile,  Energy demand,
Methods pharmaceuticals metal recovery electrode wear,

sludge

1.4 Adsorption Process

Among the different techniques available for wastewater remediation, this thesis will focus on two
methods: adsorption and photocatalysis. In this section, adsorption will be described in detail as it
represents one of the most widely applied and effective physicochemical processes for the removal
of heavy metals from contaminated waters.

Adsorption is a physical separation process in which specific components of a fluid phase are
transferred to the surface of a solid adsorbent. In the context of wastewater treatment, adsorption
can be considered a physicochemical process that effectively removes heavy metals and other
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pollutants from aqueous media. Despite the increasing cost of carbon-based adsorption materials,
due to the depletion of coal-derived commercial carbons [46], adsorption remains one of the most
preferred techniques owing to its efficiency, versatility, and reusability.

Compared to conventional methods, adsorption presents several advantages: (i) it minimizes
the production of chemical and biological sludge, (ii) it is cost-effective, (iii) it achieves high
removal efficiency at both high and low contaminant concentrations, (iv) adsorbents can often be
regenerated, and (v) it enables the recovery of metals.

A wide variety of adsorbents have already been employed for heavy metal removal, including:
activated carbon, zeolites, chitosan, carbon nanotubes, manganese oxides, agricultural by-products
(e.g., water hyacinth, hazelnut shells, orange peel pith, sunflower residues, coconut coir pith),
bacterial and fungal biosorbents, marine algae, and other plant- or microbially-derived biomass.

Adsorption is fundamentally a mass transfer process in which substances are bound to the
surface of a solid material by means of physical and/or chemical interactions. It involves the
transfer of a solute from the liquid (or gas) phase to the surface of a solid adsorbent. The binding
forces can include:

* Physical interactions: electrostatic attraction, diffusion, van der Waals forces.

* Chemical interactions: coordination bonds, covalent bonding, acid-base interactions.
The adsorption process can be described in three main steps:

1. Transport of the pollutant from the bulk solution to the sorbent surface.
2. Adsorption of the pollutant onto the solid surface.

3. Intraparticle transport of the pollutant within the sorbent particle.

The study of adsorption involves several complementary aspects: evaluation of adsorption
capacity, modeling the equilibrium behavior through isotherms, understanding the kinetics, and
identifying the underlying mechanisms controlling the process [47].

The experimental adsorption capacity of a material can be calculated both at equilibrium and
at any given time using the following relations:

(CO - C'end) Vsol

Tlend = (11)
MMNAs
Cy—-C ‘/so
m = o=l (12
TNMNAs

where:

® 7end (MMol/mg) = adsorption capacity at equilibrium,
* 7 (umol/mg) = adsorption capacity at time ¢,

* (Cp (umol/L) = initial concentration of pollutant,

® Cena (mmol/L) = equilibrium concentration,
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e ('} (umol/L) = concentration at time ¢,

¢ V.o (L) = volume of solution,

* myNas (Mg) = mass of dry adsorbent.

These equations provide the fundamental quantitative description of adsorption and form the
basis for modeling both equilibrium and kinetic processes.
1.4.1 Adsorption Isotherms

Adsorption isotherms describe the relationship between the amount of solute adsorbed and its
equilibrium concentration in solution at constant temperature. They offer insights into the surface
properties of the adsorbent and the potential adsorption mechanisms. The two most commonly
applied models are the Langmuir and Freundlich isotherms.

Langmuir Isotherm The Langmuir model assumes monolayer adsorption of solute molecules on
a homogeneous adsorbent surface with a finite number of identical sites. Once a site is occupied,
no further adsorption can occur at that location. It is expressed as:

QmaxKL C(end

1.
1+ KLCend ( 3)

Nend =
where:
® Nend (MMol/mg) = equilibrium adsorption capacity,
* (Qmax (1mol/mg) = maximum adsorption capacity (monolayer),
* K1 (L/pmol) = Langmuir adsorption constant,

® (Cena (mmol/L) = equilibrium solute concentration.

The Langmuir model is most suitable for describing adsorption on uniform surfaces but does
not account for heterogeneity or multilayer adsorption.

Freundlich Isotherm The Freundlich isotherm is an empirical model that accounts for adsorption
on heterogeneous surfaces and multilayer formation. It is given by:

tena = 15 CL1 (14)
where:
* K¢ (umol/mg) = Freundlich adsorption constant related to adsorption capacity,

* 1/n = heterogeneity factor, with smaller values indicating stronger surface heterogeneity.

Unlike the Langmuir model, the Freundlich model allows for the possibility of continuous
adsorption depending on concentration, reflecting non-uniform adsorption energies across the
surface.
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1.4.2 Adsorption Kinetics
The kinetics of adsorption describe the rate at which pollutants are removed from solution and

provide insight into the mechanisms controlling the process. Several models are commonly applied:

Pseudo-first-order model Assumes that the rate of adsorption is proportional to the number of
unoccupied sites:

dne
= end — 15
o E1(Mena — nt) (1.5)
which by integration yields:
ln(nend - nt) =In Tlend — kit (16)

where k1 (min~1) is the pseudo-first-order rate constant. This model often describes physisorption-
controlled processes but may be less accurate at later stages.

Pseudo-second-order model Assumes chemisorption is the rate-limiting step:

dny 2
— = ko(Dend — 1.7
dt 2(Nend — 1t) (1.7)

Integration gives:

t 1 t
— = ——t — (1.8)
M KeMipa  Tend
where ky (mg pmol ! min~1) is the pseudo-second-order rate constant. This model typically
fits heavy metal adsorption data more accurately, reflecting chemical interactions and surface

heterogeneity.

Intraparticle Diffusion Model Diffusion within the pores may also control the overall adsorption
rate:

m=kiat'/?+C (1.9)

where k;q (umol mg*1 min—1/ 2)is the intraparticle diffusion rate constant, and C' accounts for
boundary layer effects. Non-linearity indicates multiple rate-limiting steps.

1.4.3 Adsorption Mechanisms

The removal of heavy metals involves multiple mechanisms, often acting simultaneously. Figure
1.3 illustrates the main types of adsorption for carbon-based adsorbents:

* Physical adsorption: diffusion and deposition of molecules and ions within the pores of
the adsorbent without chemical bond formation. The extent depends on surface area and
pore size distribution. Increased micro- and mesoporosity enhances diffusion and accelerates
adsorption kinetics.
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* Electrostatic interactions: attraction between charged adsorbent surfaces and opposite ions.
This occurs in materials like activated carbon, carbon nanotubes, and graphene oxide, which
have charged surface moieties.

¢ Ion exchange: replacement of protons or cations in functional groups (-COOH, -OH) with
heavy metal ions (e.g., KT, Na*, Ca?*, Mg?") from solution. This mechanism is common in
exchange resins and functionalized biomass.

* Surface complexation: coordination of heavy metal ions with functional groups (-OH,
-COOH, -O-, -CO-NH-) to form stable multi-atom complexes on the adsorbent surface.

¢ Precipitation/coprecipitation: formation of insoluble metal compounds or coprecipitation
with other ions or functional groups. This is prevalent at high metal ions concentrations and
can repeatedly occur on the surface.

. lon exchange
\ 4
Physical

adsorption (o] 0 ’,' ™

. Heavy metal

' Phosphate or carbonate

Precipitation

- Alkaline metal ion

Ry L
\ , @’»\ Electrostatic
, interaction
Complexation .

Figure 1.3: Main adsorption mechanisms of heavy metals by carbon-based materials

In some cases, reduction processes play a role: high-valent metals such as Cr(VI) may be reduced

to lower-valent states (Cr(IlI)) by reducing groups on the adsorbent, followed by complexation or

ion exchange.

These combined mechanisms allow carbon-based and functionalized adsorbents to achieve

high versatility and efficiency in removing heavy metals from aqueous solutions [48, 49].
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Common Adsorbents for Heavy Metal Removal

The selection of a suitable adsorbent is a fundamental aspect in the design of efficient wastewater
treatment processes. An ideal adsorbent should possess high selectivity for target pollutants, large
surface area, suitable pore size distribution, regenerability, ease of production, cost-effectiveness,
and reusability. Based on their origin and composition, adsorbents can be classified into three main
categories: inorganic, polymer-based, and composite materials (Figure 1.4).

carbonaceous

inorganic

mineral materials
adsorbents f

metal oxides

) | synthetic polymers
polymer-based l \

[Adsorbents for metal ions]

adsorbents ? ‘ r
] natural polymers
)
g N\
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inorganic-inorganic
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Figure 1.4: Classification of heavy metal adsorbents

Inorganic Adsorbents Inorganic adsorbents include carbonaceous materials, mineral materials,
and metal oxides. Activated carbon (AC) is among the most widely used due to its large surface
area, well-developed pore structure, and versatile surface chemistry. It can be prepared from a wide
range of carbon-rich resources, including wood, coal, lignite, and agricultural wastes, through
pyrolysis followed by thermal or chemical activation. The resulting porous structure and surface
functional groups, such as hydroxyl, carboxyl, and carbonyl, make AC highly effective for heavy
metal removal. Studies have demonstrated that AC produced from coconut shells, bamboo, grape
industry wastes, and other biomass sources can efficiently remove Pb2t, Cu?t, Cd2t, and Cr(VI),
with adsorption capacities depending on the precursor material and activation method [50, 51].
Metal ion adsorption often occurs through multiple mechanisms including physical adsorption
in pores, ion exchange with surface functional groups, and surface complexation [52]. Carbon
nanotubes (CNTs) are another class of inorganic adsorbents, consisting of single-wall (SWCNTs) or
multi-wall (MWCNTSs) tubular carbon structures [53]. Their extremely high surface area, hollow
structure, and tunable surface chemistry make them excellent adsorbents for both organic and
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inorganic pollutants [54, 55]. Functional groups such as -COOH, -OH and -NH; can be introduced
to enhance the binding of metal ions, and further modifications with catalysts such as Pd, Ni,
or Pt can improve adsorption selectivity and efficiency [56, 57]. Biochar (BC) is a stable, porous
carbon-rich solid obtained via pyrolysis of biomass under oxygen-limited conditions. BC can be
produced from various agricultural residues, plant wastes, and other biomass sources, resulting in
materials with diverse surface chemistry and porosity. Although BC generally has a lower specific
surface area than activated carbon, it often contains a higher density of surface functional groups,
which improves its interaction with heavy metal ions. Adsorption studies have shown that BC can
effectively remove metals such as Pb?*, Cd**, Zn?*, Cu?", and As from aqueous solutions, with
removal efficiency and selectivity strongly influenced by the feedstock, pyrolysis conditions, and
the presence of competing ions [58, 59].

Polymer-Based Adsorbents Polymer-based adsorbents include synthetic resins and natural
polymers. Synthetic resins are often used in ion exchange applications, where functional groups
such as sulfonic acid or amine groups selectively bind heavy metal ions from aqueous solutions.
Natural polymers, such as chitosan, alginate, and cellulose derivatives, contain abundant hydroxyl,
carboxyl, or amino groups, which act as active sites for adsorption. These materials are generally
biocompatible, biodegradable, and can be chemically modified to enhance their adsorption capacity
and selectivity [60, 61, 62].

Composite Adsorbents Composite materials combine inorganic and polymeric components,
or two different polymeric phases, to create adsorbents with synergistic properties. For example,
carbon-based materials can be combined with polymers to enhance mechanical stability, porosity,
or surface functionality. Composite adsorbents often show improved performance compared to
their individual components due to the combination of high surface area, abundant functional
groups, and structural robustness [63, 64, 65].

1.5 Photocatalysis

Photocatalysis is a process in which a chemical reaction is accelerated by the absorption of light
by a semiconductor material. Known photocatalysts, which have been extensively studied also
for water decontamination, are TiOs [66, 33, 67, 68, 69], CdS [70, 71, 72, 73], FexO3 [74, 75, 76],
Zn0O[77, 78], and ZnS [79]. The photocatalyst alters the reaction mechanism and enhances the
degradation kinetics of pollutants when exposed to light. The concept is inspired by natural
photosynthesis, where chlorophyll captures sunlight and generates reactive species capable of
oxidizing organic molecules [80, 81].

The photocatalytic process relies on the energy conversion from photons to electronic excitations
in the material. Semiconductors have a valence band (VB) and a conduction band (CB) separated
by an energy gap (band gap, E,). Excitation by photons with energy equal to or greater than the
band gap promotes electrons from the VB to the CB, leaving behind positively charged holes (™)
in the VB. The movement of these electrons and holes enables redox reactions on the photocatalyst
surface, eventually leading to the degradation of pollutants [82].
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As in the scheme illustrated in Figure 1.5, photocatalytic degradation of pollutants involves
several key steps:
1. Light Absorption and Charge Separation: The photocatalyst absorbs photons, exciting

electrons from the VB to the CB and generating electron-hole pairs:
Photocatalyst + hv — e~ + hT (1.10)
2. Redox Reactions on the Catalyst Surface: The photogenerated holes and electrons react with

water, hydroxyl ions, and dissolved oxygen to generate reactive oxygen species (ROS) such
as hydroxyl radicals (-OH) and superoxide radicals (-O; ):

ht + H,O — H" 4+ -OH (1.11)
ht+OH™ — -OH (1.12)
e+ 0y — 05 (1.13)

3. Recombination: Some electron-hole pairs recombine, releasing energy as heat and lowering

quantum efficiency:
h* 4 e~ — heat (1.14)

4. Pollutant Degradation: The generated ROS interact with pollutants, leading to their oxidation
or reduction. These species are highly reactive and non-selective, enabling rapid degradation
of a wide range of organic and inorganic contaminants [80, 82].
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Figure 1.5: Schematic representation of the photocatalysis mechanism

Photocatalytic reactions can be classified into homogeneous and heterogeneous, depending on
the phase of the photocatalyst relative to the reactants. Heterogeneous photocatalysis, where the

22



1.5. PHOTOCATALYSIS

catalyst is solid and the pollutants are in aqueous solution, is the most widely used due to the ease
of separation of the catalyst from the treated water and the scalability of the process [82].
The efficiency of photocatalysis depends on multiple factors, including:

* Band Gap of the Photocatalyst: Determines the wavelength of the light that can excite
electrons and the overall energy efficiency.

* Surface Area and Morphology: High surface area enhances pollutant adsorption and avail-
ability of reactive sites.

* Light Intensity and Wavelength: Stronger light and suitable wavelengths improve electron
excitation.

* Pollutant Concentration: High concentrations may saturate active sites and reduce efficiency.

* Dissolved Oxygen and Water Matrix: Oxygen acts as an electron acceptor forming ROS,
while water composition can inhibit or enhance reactions.

¢ pH: Influences the charge of the photocatalyst surface and the speciation of pollutants.

Table 1.5 summarizes some of the most commonly investigated photocatalytic materials along
with their main characteristics.
Photocatalysis has been successfully applied to degrade:

* Organic dyes such as methylene blue, methyl orange, and congo red [94, 35, 88].
¢ Pharmaceutical residues including antibiotics and endocrine disruptors [95, 96, 97].

* Heavy metals via reduction (e.g., Cr(VI) to Cr(Ill)) and complexation with photocatalyst
surfaces [98, 99, 100].

The main advantages include high reaction rates, mineralization of pollutants, low secondary
pollution, and potential use of sunlight as a renewable energy source. Challenges include recom-
bination of electron-hole pairs, limited absorption of visible light for some semiconductors, and
recovery of nanosized photocatalysts from treated water.

Photocatalysis represents a versatile and environmentally friendly approach for wastewater
remediation. By selecting appropriate semiconductors, optimizing operational conditions, and
potentially coupling with adsorption processes, photocatalysis can effectively degrade a broad
spectrum of pollutants, offering a sustainable solution for water purification.
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Table 1.5: Conventional semiconductor photocatalysts for wastewater remediation

Photocatalyst ~ Advantages Disadvantages Ref.
TiO, Durable, cheap, low toxic- High e —h* recombina- [83, 33]
ity, UV-active tion, limited visible light
response
ZnO Low cost, photosensitive, High e -h* recombina- [83]
low toxicity tion, poor visible light ac-
tivity
Cds Visible light active, nar- Photocorrosion, toxic po- [70, 73]
row bandgap tential
WO;3 Visible light responsive, High recombination, low [83]
acid-stable activity
CeO, UV /visible active, strong Limited efficiency, expen- [84, 85]
redox sive
CuO Narrow bandgap, high Photocorrosion, moderate [86, 87]
conductivity activity
NiO Visible light active, stable Low activity, complex [88, 89]
synthesis
SnO, Transparent, wide Inefficient under visible [90,91]
bandgap, stable light, high recombination
Cry03 Chemically stable Low efficiency, toxicity [92]
concerns
ZrO, Thermally stable, non- High bandgap, moderate [93]
toxic activity
Fe; O3 Solar-active, easy recov- High recombination [74]

ery, eco-friendly
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2 ALGINATE-BASED MATERIALS FOR HEAVY METALS ADSORP-

TION

The project ambition is to develop new wastewater treatment materials which are efficient, cost-
effective, and not environmentally impacting. In this perspective, nontoxic, and biodegradable
composites have been obtained working on the modification of sodium alginate (a polysaccharide
biopolymer) with the incorporation of nanomaterials to improve their mechanical properties and
adsorption capacities.

2.1 Introduction

211 Alginate

Adsorption is widely recognized as one of the most efficient and preferred techniques in wastewater
treatment, with active carbon being still the most used adsorbent material, even though the cost
of carbon-based adsorbents has been increasing due to the depletion of coal-derived commercial
carbon [46]. Among the different materials investigated for adsorption, alginate, a natural anionic
polysaccharide obtained from the cell walls of brown algae such as kelps, has received significant
attention [2, 101]. The major component of alginate is alginic acid, while sodium alginate (SA), the
sodium salt of alginic acid, is a polymer rich in hydroxyl and carboxyl functional groups distributed
along its linear backbone, obtained from the condensation of S-D-mannuronopyranosyl and a-
L-guluronopyranosyl acids (Figure 2.1). These groups confer hydrophilicity to the polymer and
allow strong interactions with cationic species, including a wide range of heavy metal ions [49].

OH
"00C &
HO OH
OH L HO OH

B-D-Mannuronic Acid a-L-Guluronic Acid

Figure 2.1: Structural units of alginate: S-D-mannuronopyranosyl (M) and a-L-guluronopyranosyl
(G) residues

Structurally, alginate is composed of 3-D-mannuronopyranosyl (M) and a-L-guluronopyranosyl
(G) residues arranged in homopolymeric blocks of M (MM), homopolymeric blocks of G (GG),
and heteropolymeric blocks of alternating M and G (MG) (Figure 2.2).

The distribution of carboxyl and hydroxyl groups along these blocks provides multiple co-
ordination sites for divalent and trivalent cations such as Ca%*, Ba2t, Cu2t, Pb%t, Cd2*, Fe?™,
and AI**, making alginate a particularly effective biosorbent for heavy metal removal from con-
taminated water. The interaction between alginate and metal ions is mainly electrostatic and
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MM-block GG-block

o HO M OH NaOOC
>~ OH M G G
o) COONa
G
. A
Y
GM-block

Figure 2.2: Alginate structure, composed of [-D-mannuronopyranosyl (M) and a-L-
guluronopyranosyl (G) residues arranged in homopolymeric blocks of M units (MM), homopoly-
meric blocks of G units (GG), and heteropolymeric blocks with alternating M and G residues (MG)

coordinative, and it can also involve hydrogen bonding and chelation mechanisms depending on
the nature of the metal and the polymer block composition.

Commercially, alginate is mainly extracted from brown seaweed and is marketed in the form of
soluble sodium alginate. The estimated annual world production of brown algae in dry weight
is approximately 85,000 tons, from which around 23,000 tons of sodium alginate are obtained
[102]. Alginate is the principal structural constituent of the brown algae cell walls and intercellular
matrix, providing the mechanical strength and the flexibility necessary for withstanding marine
conditions. It is naturally found as an insoluble mixed salt of alginic acid bound to several cations,
including Ca?*, Na*t, Mg?*, and K*. From an industrial perspective, alginate extraction can be
described as a mass transfer process, where solvents penetrate the algal matrix and dissolve the
target polysaccharide. The most widely applied method is the conventional process, consisting of
six main steps: pre-treatment of the algal biomass, acid treatment, alkaline extraction, precipitation,
bleaching, and drying. Nevertheless, many variations of these steps exist, as process conditions
strongly influence alginate yield, molecular weight, mannuronic-to-guluronic blocks (M/G) ratio,
viscosity, and technological performance [103].

The main industrial steps are the following [104]:

* Washing of raw algae to remove salts, sand, impurities, and epiphytes.
¢ Pre-treatment of biomass:

- Mechanical pre-treatment (drying, grinding, particle size reduction).
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- Solvent treatment with ethanol, acetone, chloroform, or formaldehyde, in order to
remove impurities present in the cell matrix, which can be bound to the alginate.

¢ Acid treatment (low molarity HCl or organic acids) to convert alginate salts into alginic acid

and remove unwanted compounds.
* Alkaline extraction (mainly with Na;CO3) to solubilize alginate as sodium alginate.
* Solid/liquid separation through filtration or centrifugation.
* Precipitation of alginate using alcohol (ethanol), CaCl,, or HCI.
¢ Purification and bleaching to eliminate proteins, phenols, pigments, and endotoxins.
* Drying and milling of the fibrous alginate paste into powder form for commercialization.

A semplified flow chart of the process described is shown in Figure 2.3.

The industrial extraction process starts with washing of the raw algal biomass. Preferably
performed with distilled water, effective washing is crucial to avoid contamination that could
interfere with subsequent chemical treatments [105]. The next step is pre-treatment, which can
be divided into two approaches. Mechanical pre-treatment consists of drying and milling the
biomass. Drying can be performed using hot air, solar energy, or freeze-drying. While it prevents
microbial growth and facilitates storage and transport, drying requires significant energy and
can affect alginate quality [106]. Once dried, algae are milled to 0.5-6 mm particle size, which
increases surface area and accelerates extraction. Solvent treatment aims to remove compounds
such as phenols, proteins, pigments, and lipids. Ethanol, acetone, methanol, or chloroform solutions
are typically used, although due to toxicity they remain mostly at laboratory scale. In industry,
formaldehyde has been employed to prevent microbial degradation and pigment extraction;
however, due to toxicity, allergenicity, and carcinogenicity, its use is increasingly discouraged.
After pre-treatment, the biomass undergoes an acid treatment. Diluted HCl solutions (up to
pH 4) are commonly used to convert alginate salts into alginic acid, eliminate polyphenols,
mannitol, and co-extracted polysaccharides such as laminarins and fucoidans. Organic acids
such as citric acid have also been tested, showing effects not only on yield but also on the M/G
ratio of the extracted alginate [107]. The subsequent step is the alkaline extraction, the core of
the process. The pre-treated biomass is treated with Na;CO3, NaOH, or NaHCO3, adjusting the
pH to 9-10. Under these conditions, alginic acid is converted in water-soluble sodium alginate,
which is released into solution. Process variables such as temperature, extraction time, and alkali
concentration significantly affect yield and viscosity of the final product. Following extraction, a
solid/liquid separation (usually filtration or centrifugation) isolates the sodium alginate solution.
To recover the polysaccharide, a precipitation step is required. Three major routes exist: (i) alcohol
precipitation, predominantly with ethanol, which is simple, provides high yields, and preserves
rheological properties; (ii) the CaCl; route, where sodium alginate is converted into calcium
alginate, later treated with HCl to regenerate alginic acid; and (iii) direct HCI precipitation. The
ethanol route is the most widely applied due to its simplicity and favorable product characteristics
[108]. Once precipitated, alginate requires purification and bleaching. This step removes residual
compounds, which affect quality and biocompatibility. Different strategies are reported, including
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selective precipitation with barium ions or solvent extractions. For biomedical or pharmaceutical
applications, stricter purification protocols are adopted, although these are often kept confidential
by companies. Finally, the material is subjected to drying and milling. Industrial drying is typically
performed in fluidized bed dryers, after which the alginate is ground using hammer or turbine
mills to achieve the required particle size. The dried powders are then marketed as sodium alginate
or converted into other salts such as calcium, potassium, or magnesium alginates, as well as
functional derivatives such as propylene glycol alginate (PGA) [109].

Alginate-based materials are known for their adsorption properties and have been used in a
variety of wastewater treatment applications. The adsorption capacity of alginate is influenced by
several factors, including the type of alginate, the presence of other materials in the wastewater, and
the pH of the solution. They are typically more effective at adsorbing organic contaminants than
inorganic ones. Alginate possesses several intrinsic properties that make it particularly suitable for
wastewater treatment [110]:

e Effectively removes suspended solids and oils from wastewater.

e Improves the settleability of sludge.

¢ Adsorbs heavy metals and other pollutants from wastewater.

¢ Is a natural, biodegradable product that is environmentally safe.

* Possesses thermal stability.

* Low cost (approximately 3000 tons of alginate are produced annually from about 85,000 tons

of algae).

Due to its biocompatibility, non-toxicity, and ability to form crosslinked networks with polyva-
lent cations, alginate has been extensively used for encapsulation and immobilization of chemical
and biological species. Applications span agriculture, food technology, pharmaceuticals, cosmetics,
chemical and environmental engineering, as well as tissue engineering and biomedical fields.
Alginate-based hydrogels are particularly attractive for drug delivery, cell scaffolding, biosensors,
and as materials capable of selectively removing toxic metals from aqueous environments. Hydro-
gels can be prepared under mild conditions, typically at room temperature, and the polymer can
be easily crosslinked to produce mechanically stable and thermally resistant materials [111].

Among the many physical cross-linking methods, ionic cross-linking is the most commonly
used technique for the preparation of alginate hydrogel materials due to its mild reaction conditions
and ease of operation. When divalent or trivalent metal ions (M™") enter the alginate polymer
chain, they interact with carboxylate (—COO™) and oxygen atoms along the backbone, forming
alginate hydrogel spheres with a three-dimensional network structure, which constitutes the
well-known “egg-box” model illustrated in Figure 2.4 [112, 113].

The metal ions are predominantly coordinated within the GG-block regions, while the MM-
blocks contribute to the flexibility and elasticity of the network. A near-membrane structure
surrounding the GG-blocks further enhances the mechanical strength of the hydrogel. These
hydrogels can react directly with metal ions and other pollutants through ion exchange and can be
easily recovered via simple filtration, making them highly effective for water pollution treatment.
The relative binding capacities of alginate hydrogels toward divalent metal cations follow the
order: Pb%t > Cu?t > Cd?* > Ba?t > Sr?t > Ca?* > Co?*, Ni?t, Zn?* > Mn?* [48].

A particularly effective technique for forming these hydrogels is ionotropic gelation, in which
a solution of sodium alginate is extruded dropwise into a gelation bath containing soluble cal-
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Figure 2.4: Schematic representation of the calcium-induced gelation of alginate in accordance with
the “egg-box” model [104]
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cium salts, such as CaCl,. Calcium ions replace sodium ions in the GG blocks, forming a stable
three-dimensional crosslinked network known as calcium alginate (CA). Gelation occurs rapidly,
preserving the spherical shape of the droplets and producing hydrogel beads with tunable size,
porosity, and mechanical properties. The presence of abundant carbonyl and hydroxyl groups along
the polymer chains enhances the anchoring capacity for a wide variety of heavy metals, while the
three-dimensional network prevents excessive swelling or dissolution in aqueous environments.

In addition to ionic crosslinking, covalent crosslinking can be introduced by reacting the car-
boxyl (-COOH) groups of alginate with primary amine groups through dehydration condensation
reactions, forming amide bonds. The combination of ionic and covalent crosslinking results in
hydrogels with superior structural stability, mechanical strength, and pollutant-binding efficiency.
By tuning the ratio of ionic to covalent crosslinking, adjusting the G/M block composition, and
controlling the bead size and porosity, alginate hydrogels can be optimized for maximal adsorption
and immobilization of heavy metals, while remaining easily recoverable, reusable, and stable
under a range of environmental conditions.

Alginate materials exhibit not only high adsorption and flocculation capacity but also re-
markable porosity, with interconnected pore structures ranging from 5 to 200 nm. This porosity
allows selective filtration, high water permeability, and effective transport of ions and small
molecules, which is essential for applications in water treatment and purification systems. By
adjusting the proportion of G residues in the polymer, the network can become more open and less
prone to shrinkage, providing additional control over the mechanical and filtration properties of
gels [114]. The combination of biodegradability, non-toxicity, renewability, and reusability makes
alginate-based hydrogels highly attractive for sustainable wastewater treatment.

Overall, alginate-based materials, ranging from native polysaccharides to functionalized
nanocomposites, provide a versatile platform for adsorption, flocculation, filtration, and cat-
alytic applications. Their ability to selectively bind and remove heavy metals, coupled with tunable
porosity, biocompatibility, and chemical stability, makes them highly suitable for a broad spectrum
of environmental and industrial applications. The integration of alginate with nanostructured and
zero-valent metal components further expands their functional capabilities, enabling simultane-
ous adsorption and catalytic degradation of organic and inorganic pollutants, while maintaining
sustainability, cost-effectiveness, and ease of operation.

2.1.2 Active nanomaterials and nanoadsorbents

Nowadays, nanomaterials have attracted considerable attention as adsorbents for wastewater
decontamination due to their large specific surface area and the abundance of active groups avail-
able for binding heavy metals [115, 116, 117]. Moreover, nanostructured adsorbents can be reused
and recycled multiple times, making them cost-effective and highly appealing. However, their
difficult removal from treated water and the challenges associated with their regeneration have
limited their commercial application. Therefore, current research efforts are focused on addressing
these issues through the functionalization of nanoparticles [118]. Among the most studied nano-
materials for remediation we find: Carbon-based Nanoparticles Carbon-based nanomaterials,
including activated carbon, biochar, carbon black, and carbon nanotubes (CNTs), are among the
most extensively studied adsorbents for wastewater treatment [119]. Activated carbon remains
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the most widely applied, particularly for the removal of heavy metals and organic compounds,
though its production is energy-intensive and costly. As a more sustainable alternative, biochar
derived from agricultural residues has gained attention due to its low cost, porosity, and surface
reactivity, serving as an effective substitute for coal-based activated carbon [120]. CNTs combine
high mechanical strength, large surface area (up to 3000 m?/g), and tunable porosity, making them
powerful adsorbents for heavy metals, dyes, and organic pollutants [121]. Functionalization with
carboxyl, hydroxyl, or amine groups further improves their affinity towards cationic pollutants
by providing active binding sites [120]. However, despite their excellent performance, CNTs face
challenges related to aggregation in aqueous solutions, limited selectivity, and toxicity concerns.
Pristine CNTs often display low sorption capacities for certain metal ions because of their inert
graphitic walls [122].

Nano Zero-Valent Iron (nZVI) Nanoscale zero-valent iron (nZVI) is one of the most promising
nanomaterials for remediation, due to its strong reducing capacity and ability to degrade or
immobilize a broad spectrum of pollutants. nZVI particles exhibit a high specific surface area and
abundant reactive sites, allowing rapid interaction with metal ions such as Ni, Cd, Cr, Pb, Zn, Cu,
and As, with removal efficiencies ranging between 40 and 99% depending on the system [123].
Their reactivity is attributed to their core-shell structure: a reactive metallic Fe’ core surrounded
by an oxidized Fe(Il)/Fe(IlI) shell, which participates in redox reactions [124]. Compared with
traditional sorbents like zeolites or ion-exchange resins, nZVI offers superior performance; for
example, Ni adsorption can reach 130 mg/g, significantly higher than conventional materials.
Moreover, nZVI can be directly injected into contaminated aquifers as a colloidal suspension,
allowing in-situ treatment [125]. Despite these advantages, nZVI suffers from aggregation and
passivation, reducing its mobility and reactivity in natural environments.

Silica-based Nanoparticles Silica nanoparticles (S5iO,) are widely used in environmental appli-
cations due to their tunable porosity, surface functionalization potential, and chemical stability.
Their high surface area and abundant hydroxyl groups enable easy modification with amine, thiol,
or phenyl groups, enhancing binding affinity towards heavy metals such as Cu(Il), Hg(II), Pb(II),
and As(III) [126]. Bi-functionalized silica has been shown to outperform mono-functionalized
systems by offering synergistic binding effects. Hybrid silica-based composites further expand
their functionality. For example, mesoporous silica-coated magnetite nanoparticles combine high
adsorption capacity with magnetic separability, enabling efficient pollutant removal and easy re-
covery [127]. Similarly, graphene oxide-coated silica nanocomposites display strong adsorption for
Pb(II) and As(III), benefiting from the combined surface functionalities of both components [128].
Nevertheless, challenges remain in scaling up laboratory-scale methods to real-world applications.
While many studies report high efficiencies in dye or heavy metal removal under controlled condi-
tions, fewer have demonstrated success in complex environmental systems. Further research into
stability, regeneration, and cost reduction is required to fully exploit silica-based nanomaterials for
wastewater treatment [129].

Nanocomposites Nanocomposites integrate multiple nanomaterials into a single platform,
enhancing performance by combining complementary properties. Their large surface-to-volume
ratios, abundant reactive sites, and catalytic potential make them particularly suitable for pollutant
adsorption and degradation [130]. Chitosan-modified CNTs, for example, have been developed for
dye adsorption (e.g., Congo red), heavy metal detection, and biosensing applications. Similarly,
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polymer-clay nanocomposites offer low-cost, scalable solutions with high adsorption capacity due
to their layered structure and intercalated nanoparticles.

Polymeric Nanoparticles Polymeric nanoparticles represent a versatile class of adsorbents,
offering structural tunability, biocompatibility, and ease of synthesis. Conjugated polymers, due
to their electronic properties, have also been explored as fluorescent sensors, capable of signal
amplification and selective detection of electron-deficient pollutants [131]. Their incorporation
onto nanoparticle surfaces enhances both adsorption and sensing functions, enabling dual-purpose
materials. Compared with CNTs, polymeric nanoparticles are simpler to synthesize, often via
precipitation methods using inexpensive precursors [132]. Functional groups such as carboxyl,
amine, and sulfonate moieties can be easily introduced, enabling high selectivity towards specific
contaminants. Polyrhodanine, containing sulfur and oxygen donor atoms, has attracted attention
for its strong affinity towards heavy metals. Magnetic Fe;O3/poly-rhodanine nanoparticles syn-
thesized in one step have shown excellent adsorption capacity, combining magnetic separability
with efficient pollutant removal [133].

Ceramic Nanoparticles and Membranes Ceramic nanoparticles and membranes offer robust
mechanical, thermal, and chemical stability, making them suitable for harsh operational envi-
ronments. Compared with polymeric membranes, ceramic membranes demonstrate higher flux,
reduced fouling, and longer lifetimes, albeit at higher initial costs [134]. Applications include dye
removal, oil-water separation, and heavy metal remediation. Ceramic pot filters (CPFs), composed
of clay and agricultural residues, represent low-cost point-of-use technologies capable of removing
pathogens and turbidity. Modified CPFs impregnated with colloidal silver have shown partial
removal of Cr(VI), organic dyes, and bacteria [135]. Advanced ceramic hollow fiber membranes
synthesized from rice husk ash exhibit >99% removal efficiency for toxic metals at acidic pH
values, highlighting the potential of waste-derived materials for high-performance membranes.
Despite their advantages, the high fabrication costs and lack of large-scale deployment remain
challenges.

Metal Oxide Nanoparticles In recent years, metallic and metal oxide nanoparticles have
emerged as promising materials for the removal of heavy metal ions. Bare metallic nanoparticles
are less commonly used as adsorbents because they tend to agglomerate, and their separation
from wastewater is often complicated. Consequently, capping or functionalization of these nanos-
tructured adsorbents is required to enhance their stability and to simplify the separation process.
With their ability to adsorb a wide range of pollutants, magnetic properties, and functional versa-
tility, magnetic nanoparticles (MNPs) have recently become crucial in water purification efforts
[136, 137, 138]. They exhibit diverse behaviors, including magnetic, electrical, and optical proper-
ties, as well as high reaction efficiency, strong chemical activity, exceptional flexibility, and superior
adsorptive potential [139]. The unique properties of MNPs are determined by their chemical
composition, size, shape, and morphology, which enable effective interactions with pollutants and
make them valuable for environmental remediation. By tuning these parameters, it is possible to
optimize their magnetic traits, thereby enhancing performance in environmental and industrial
processes, ensuring more efficient pollutant removal and resource management. Consequently,
MNPs can be tailored to meet specific needs in various applications. This feature is particularly use-
ful for enhancing the efficiency of purification, separation, and chemical processes, making MNPs
an invaluable tool in modern technologies [140]. Structurally, MNPs often incorporate magnetic
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metals such as iron, nickel, and cobalt, as well as oxides including magnetite, maghemite, cobalt
ferrite, and chromium dioxide [141]. Iron oxide nanoparticles, particularly magnetite (Fe3O.),
maghemite (v-Fe;O3), and hematite (a-Fe,O3), are among the most widely studied nanomaterials
for wastewater remediation due to their unique magnetic and surface properties. Depending on
the synthetic method, Fe3O4 nanoparticles (MNPs) can combine large surface area, superparamag-
netism, uniform size distribution, chemical stability, and cost-effectiveness, making them attractive
for adsorption and catalytic processes [142, 143]. Their magnetic nature enables easy separation
and recovery using external fields, minimizing secondary pollution and reducing operational
costs, particularly in developing countries [144]. Surface modification strategies such as silylation,
polymer coating, or surfactant adsorption enhance their reactivity, stability, and selectivity toward
heavy metals and dyes. These nanoparticles exhibit tunable morphology (spherical, tubular, or
wire-like), crystalline or amorphous structures, and adjustable surface chemistry, all of which influ-
ence adsorption capacity and reusability [145]. Core—shell polymer-coated magnetic nanoparticles
(MNPs) are particularly attractive, as the polymer shell enhances dispersion, prevents aggregation,
and introduces specific binding sites for targeted adsorption [146]

Beyond wastewater treatment, iron oxide nanoparticles have applications in catalysis, sens-
ing, biomedicine, and energy storage, but environmental remediation remains one of their most
promising one due to their high efficiency. More broadly, metal oxide nanostructures such as ZnO
and SnO; also demonstrate strong potential in contaminant removal. Their large surface-to-volume
ratios, high catalytic activity, and functionalizable surfaces enable efficient interactions with heavy
metal ions and dyes [147]. Despite their promise, challenges remain regarding large-scale syn-
thesis, stability after regeneration, and long-term performance in complex wastewater matrices.
Nevertheless, iron- and other oxide-based nanoparticles continue to represent a cornerstone in the
development of advanced, sustainable nanotechnology-enabled purification systems [148, 149].

2.1.3 Graphene oxide

Ideal graphene is a single-atom-thick two-dimensional (2D) sheet of sp? hybridized carbon atoms
arranged in a hexagonal lattice through sigma and pi bonds. It serves as a fundamental building
block for other carbon allotropes, including carbon nanotubes and fullerenes. Based on the prepa-
ration method (physical or chemical from graphite), graphene exists in several forms, at different
degrees of oxidation. Among these, graphene oxide (GO) has appeared as very interesting in terms
of versatility and potential for wastewater treatment applications. GO can be synthesized via chem-
ical exfoliation of graphite under oxidizing conditions, resulting in a 2D sheet densely decorated
with oxygenated functional groups on both its basal plane and edges. The presence of these func-
tional groups disrupts the m-conjugated network of graphene, increasing water dispersibility and
reducing aggregation between individual sheets. This characteristic makes GO particularly suitable
as a precursor for bulk production of graphene-based nanomaterials and enhances its applicability
in adsorption-based wastewater treatment. The choice of synthesis technique plays a decisive role
in determining both the quality and scalability of the resulting graphene oxide, thereby directly
influencing its suitability for various industrial applications. Broadly, graphene oxide is mainly
produced by top-down approaches. These methods involve the disintegration of bulk graphite into
individual graphene sheets. The chemical exfoliation of graphite into GO is generally carried out

34



2.1. INTRODUCTION

in a two-step process. Initially, interlayer spacing is increased by oxidation, which reduces van der
Waals forces between the graphite layers. Subsequently, a rapid heating process or ultrasonication
is applied to exfoliate the material into single or few-layer graphene oxide sheets. For example,
ultrasonication is commonly used to achieve monolayer GO. Several established synthetic routes
for GO exist, including the Brodie, Staudenmaier, and Hummers methods, along with various
advanced modifications of these approaches [150]. In particular, the Hummers method involves
the oxidation of graphite using strong acids and oxidizing agents (e.g., KMnOy). This process
introduces abundant oxygen-containing functional groups that are essential for adsorption effi-
ciency. In fatc, functional groups such as hydroxyl and carboxyl markedly enhance the adsorption
capacity of GO toward a broad range of pollutants in wastewater treatment [151]. To further
improve the properties of GO, the modified Hummers method has been developed (Figure 2.5).
This approach incorporates additional steps to optimize the oxidation process, yielding graphene
oxide with enhanced functionalization and improved adsorption capabilities. Compared to the
original method, the Modified Hummers Method introduces several key improvements. Some
variants eliminate or reduce the use of NaNO3, significantly decreasing the formation of toxic gases
such as NO, and N,0Oy. In addition, KMnOj and other oxidants are often added gradually, while
the reaction temperature is carefully controlled, enhancing both safety and reaction efficiency [152].
These modifications also promote more complete oxidation of graphite, producing GO with fewer
residual graphite particles and a higher concentration of oxygen-containing functional groups.
The resulting material exhibits more organized graphene structures and a highly porous network,
which directly translate into superior adsorption performance. Consequently, GO produced via
the Modified Hummers Method demonstrates improved efficiency in pollutant removal and other
environmental applications, such as catalysis and wastewater treatment [153].

Oxidation

(Hummers method)

Figure 2.5: Graphene and graphene oxide structure

Because of its relatively large specific area, rich functional groups, and exceptional mechanical
strength, graphene oxide (GO) is a promising material for the adsorption of heavy metal ions.
The oxygen-containing functional groups on its surface confer a high negative charge density and
hydrophilicity, making GO highly effective in removing various heavy metal ions from aqueous
solutions, such as Pb(II), Cu(Il), Co(Il), Cd(Il), and Cr(VI). With a typical pore size of roughly 0.9
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nm, GO emerges as one of the most cost-effective graphene-based adsorbents. While activated
carbon exhibits a metal uptake capacity of up to ~260 mg/g [154], and biochar reaches values as
high as ~600 mg/g [155, 156], graphene oxide (GO) and its derivatives demonstrate significantly
higher adsorption capacities, in the range of ~900 mg/g for heavy metals such as Pb*" and
Cd?*, i.e., 3-5 times greater than conventional sorbents [151]. This superior performance arises
from several factors: (i) the tunable surface chemistry enabled by oxygenated functional groups
(e.g., -COOH, —-OH), which allows selective binding through mechanisms such as electrostatic
attraction; (ii) the exceptionally high theoretical surface area of GO (~2600 m?/g) [157]; and (iii)
the mechanical stability of GO, which enables regeneration over at least six cycles with less than
10% efficiency loss [158].

Table 2.1 summarizes representative graphene-based adsorbents that have been investigated
for the removal of various heavy metals, highlighting their compositions, targeted contaminants,
and corresponding references.

Table 2.1: Graphene-based adsorbents for heavy metal removal.

36

Adsorbent used Heavy Metal Type Ref.
GO with hydrophilic groups Pb?*, Cd**t, Hg?* [159]
MGO Pb(II), Hg(II) [160]
Biochar-GO composites Cd(II), Cr(VI), As(III) [161]
Graphene-derived agricultural waste ad-  Pb(II), Hg(II), Zn(II) [162]
sorbents

Chitosan/graphene nanocomposites Pb(II), Cd(I), Hg(II) [163]
EDTA-functionalized GO Pb(II), Cd(II) [164]
GO membranes Pb(II), Cr(VI) [165]
Graphene-supported iron composites Cr(VI), As(V) [166]
rGO Cd(II), Pb(1) [10]
Sulfonated magnetic GO Pb(II), Cd(I), Hg(II) [167]
CNPs with graphene Pb(II), Zn(II), Ni(II) [168]
Chitosan/graphene nanocomposites Pb(II), Cd(I), Hg(II) [10]
Activated carbon—graphene composites As(IIT), Cr(VI) [10]
EDTA-GO Pb(I), Cd(1I) [168]
rGO/Fe;04 Pb(II), Cd(II), Cu(Il) [169]
Graphene oxide—-ordered mesoporous sil-  Hg(II), Cd(II) [170]
ica

3D graphene macrostructures Cr(VI) [171]
Graphene oxide—polypyrrole composites ~ Cr(VI) [10]
Sulfur-doped graphene Hg(1I), Pb(II) [146]
Graphene oxide-alginate beads Cu(II), Pb(II) [165]
Graphene oxide—cellulose nanocrystal Cd(II), Pb(II) [172]

composites

The regeneration and reusability of adsorbents are critical for the commercial application of
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the material. Several studies have shown that using strong acids (e.g., HCI) or strong bases (e.g.,
NaOH) allows the desorption of the metal ions or contaminants to restore the adsorption capacity of
graphene-based materials. For instance, magnetite /non-oxidative graphene composites (M-nOG)
retained more than 92% of their initial As(V) adsorption capacity after five regeneration cycles,
highlighting their cost-effectiveness and durability. Chemisorption on GO involves the surface
complexation of heavy metal ions by the oxygen-containing groups, which can share electron
pairs. Although pristine GO exhibits some adsorption capacity, it suffers from limitations such as
easy agglomeration due to strong intermolecular forces and a restricted adsorption capacity. To
overcome these drawbacks, functionalized graphene-based materials have been developed. Modi-
fications with organic molecules containing O, N, and S functional groups enhance the number and
variety of active sites on GO, thereby improving its heavy metal adsorption efficiency. Common
functionalizations include oxidation (-CO-, -OH, -COH, -COOR), nitrogenation (-NH, -NHo,
CN-R, -CNH, -CONH)), and sulphuration (-5-, -SH, CS, -CSNH;, COSH, -CSSH) [56]. Further-
more, hybrid nanomaterials combining GO with polymers or metal oxides have been developed to
exploit the synergistic effects of the components. These materials exhibit exceptional structural
properties and multifunctional capabilities, enhancing the overall adsorption performance and
broadening the range of applications in heavy metal removal from wastewater.

2.2 State of art

Heavy metals adsorption using alginate The interaction between pristine alginate hydrogels
and HMs depends strongly on the chemical properties of the metal ions as well as on operational
parameters such as pH. As seen before, HMs are generally adsorbed through multiple mechanisms,
including;:

* Ion exchange between Na*, Ca** and other exchangeable ions present on the adsorbent
surface and metal ions. In general, ions with higher charge are more readily adsorbed, while
for ions of equal charge, those with smaller hydration radii are preferentially taken up [173].
Moreover, the ionotropic gelation of alginate can be regarded as a rapid ion-exchange process
in which divalent cations replace Na* and bind to the COO~ groups of the alginate. The
gelation ability of alginate with metal ions therefore depends on the availability of carboxylic
groups. For instance, Wang et al. [174] reported the direct gelation method of sodium alginate
aqueous solutions with metal ions, enabling effective removal and recovery of Pb**, Cu?T,
and Cd** from industrial wastewater.

* Chelation between hydroxyl/carboxyl groups and metal ions. The affinity of alginate chains
for divalent cations generally follows the order [113]: Pb(Il) > Cu(Il) > Cd(II) > Ba(Il) >
Sr(IT) > Ca(Il) > Co(Il) ~ Ni ~ Zn > Mn(II).

* Reduction of heavy metals in high oxidation states (e.g., Cr(VI)) to lower oxidation states
through electron donation from hydroxyl groups in alginate chains. During this process, OH
groups are often oxidized to carbonylic and carboxylic groups [175].

¢ Electrostatic interactions between deprotonated oxygen-containing groups and charged
metal ions. This mechanism is pH-dependent: as the pH increases, carboxylic groups become
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less protonated or fully deprotonated, thereby generating more active sites and enhancing
adsorption efficiency.

* Hydrogen bonding, which is particularly relevant for oxoanion species such as chro-
mate/dichromate (CrO3~, HCrO} ) and arsenate (HyAsO, , HAsO? ™), where protonation
equilibria determine their predominant aqueous forms.

* Physical adsorption processes, including pore-filling effects. For instance, hydrogel porosity
can be reduced after drying (depending on the drying method), but pores may re-form upon
swelling in water, thereby influencing the diffusion pathways of metal ions.

The use of alginate gels, predominantly in the form of beads, as adsorbents for heavy metals
has been widely reported in recent studies. For example, the adsorption of Ni(Il), Pb(II), and
Zn(II) onto calcium alginate beads from aqueous solutions was investigated in a single-component
system [176]. The maximum adsorption capacities were 97.9 mg g~ !, 261.9 mg g~ !, and 88.65 mg
g~ ! for Ni(Il), Pb(Il), and Zn(II), respectively, as determined by inductively coupled plasma mass
spectrometry (ICP-MS), at pH 5, with an adsorbent dose of 8 mg and a contact time of 90 min.
Wang et al. proposed a novel method based on the direct gelation of sodium alginate solutions
with target metal ions (Pb(Il), Cu(ll), and Cd(Il)) from industrial wastewater [177]. The higher
gelation affinity of alginate towards Pb(II), compared with Cu(Il) and Cd(II), was attributed to
differences in ionic charge, radius, and electronegativity. Furthermore, FTIR and XPS analyses
confirmed that -OH and -COO™ groups on alginate served as the primary binding sites in the
gelation mechanism. In another study, alginate microspheres were employed as adsorbents for
the removal and recovery of Sr(Il) ions from seawater, demonstrating an adsorption capacity of
110 mg g~ ! at pH 7-8 [178]. Similarly, Tahtat et al. examined Pb(II) adsorption in simulated gastric
fluid using both dry and hydrated alginate gel beads [179]. The maximum adsorption capacities
were 83.33 mg g~ ! for dry beads and 93.37 mg g~ for hydrated beads, obtained at 37°C, pH 2.5,
and a contact time of 90 min. Although the preparation of alginate gels by ionic crosslinking is
simple and can be performed under mild conditions, the resulting gels often suffer from poor
mechanical strength [2]. This intrinsic weakness significantly limits the large-scale application of
alginate as an adsorbent. Parameters such as the type and concentration of crosslinking ions, the
alginate concentration, and the solution pH must be carefully optimized, as these factors strongly
influence the stability, mechanical strength, and morphology of the alginate gel.

Alginate based-materials Several reviews have discussed the adsorption mechanisms involved
in the removal of heavy metals using alginate-based composite adsorbents [180, 181, 45].

A comprehensive review of the literature shows that several types of materials have been
encapsulated in alginate matrices for environmental applications, including activated carbon (AC),
biochar, carbon nanotubes (CNTs), graphene oxide (GO), nanoparticles, magnetic materials, and
microorganisms [182]. The selection of the encapsulated material depends on its functionality and
the intended application, with the aim of achieving synergistic benefits in the composite. While
alginate-based composites are well known for improving mechanical and physical properties in
bioengineering applications, additional benefits for environmental applications are also notewor-
thy. The main advantages of encapsulating different functional materials into alginate matrices can
be summarized as follows:
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* Carbon-based adsorbents: Alginate beads serve as a stable and easily separable matrix
for adsorbents that typically occur as fine powders, such as AC, biochar, CNTs, and GO
[183, 184]. Activated carbon has long been used in wastewater treatment, but its powdered
form is difficult to separate and regenerate, resulting in adsorbent losses. Biochar, considered
a cost-effective alternative to AC, can be ball-milled to increase its surface area; however, fine
biochar powders are also difficult to recover from water [185]. CNTs and GO are efficient in
removing organic and inorganic pollutants due to their unique structures and large surface
areas [186]. Yet, GO disperses very well in water and CNTs form small aggregates, both of
which complicate separation [187]. Encapsulation into alginate beads or hydrogels resolves
this issue by enabling easy recovery and regeneration of the adsorbent.

* Magnetic and nanoparticle composites: Incorporating nanoparticles or magnetic materials
into alginate not only improves adsorption performance but also reduces the environmen-
tal risks associated with free nanoparticles [188]. Alginate/nanomaterial composites thus
combine the benefits of nanotechnology with the separation advantages of alginate matrices
[189]. Moreover, embedding magnetic nanoparticles into alginate allows the fabrication of
so-called “magsorbents,” which can be efficiently recovered by applying an external mag-
netic field [113]. For example, maghemite-incorporated alginate beads facilitate isolation
and recovery during treatment processes [190]. This approach provides simple operation,
efficient separation, and excellent reusability.

* Microorganism carriers: Alginate is also widely used to immobilize microorganisms for
environmental and agricultural applications [191]. Compared with conventional suspen-
sion systems, alginate-microorganism composites show advantages such as higher biomass
retention, increased metabolic activity, and improved resistance to toxic compounds [192].
Additionally, immobilized microorganisms within alginate beads can be reused multiple
times without significant loss of activity. These features make alginate immobilization tech-
nology highly attractive for wastewater treatment.

In general, the encapsulation of carbonaceous adsorbents, MNPs, or microorganisms into
alginate matrices provides a versatile strategy for combining the structural stability of alginate
with the functional properties of the encapsulated materials, resulting in composites that are
efficient, recoverable, and sustainable for environmental remediation.

Recent research has focused on composite materials that combine alginate with functional
nanomaterials such as carbon nitride (g-C3N,) to further enhance adsorption and catalytic perfor-
mance. In these systems, g-C3Ny is dispersed in sodium alginate, followed by gelation in calcium
ion solutions to form Alg-CNBs (alginate-carbon nitride beads). These beads can then be treated
with metal salts and reduced using NaBH, to produce composites enriched with zero-valent
metals (Ag®, Ni’, Fe?, Cu®). Such metal-functionalized beads exhibit catalytic activity for the
degradation of hazardous organic pollutants, including dyes and nitrophenol derivatives. For
example, Cu-containing beads (Cu / Alg-CNBs) efficiently catalyze the reduction of 4-nitrophenol
(4-NP) to 4-aminophenol (4-AP) and degrade dyes such as methyl orange (MO) and congo red
(CR). The performance of these composites depends on several parameters, including dye concen-
tration, catalyst loading, and NaBH, dosage. Notably, Cu/Alg-CNBs achieved 97-99% reduction
of 4-NP in gravity-driven column reactors, demonstrating scalability and robustness. Importantly,
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these catalytic beads are simple to fabricate, reusable, and maintain high activity over multiple
cycles, confirming their potential as sustainable and efficient materials for water purification and
environmental remediation [101].

Wang et al. (2021) [193] synthesized magnetic sodium alginate (SA) based polyelectrolyte
nanospheres via Ca?" ion crosslinking reactions and electrostatic interactions between SA and
amino modified Fe3O4 nanoparticles. They characterized and discussed the chemical structure,
surface properties and morphology of the new magnetic polyelectrolyte. The tests and modelling
of the Pb(II) adsorption were conducted, and the recovery performance was evaluated. Isother-
mal adsorption curves were drawn to determine the maximum Pb(II) ion adsorption content.
Based on ion uptake, the thermodynamic characteristics of the adsorbent were investigated by
modelling of the adsorption curves. Freundlich and Langmuir models were used for deriving
the adsorption isotherms. Micromorphology of the magnetic nanoparticles (MNPs), amino-based
magnetic nanoparticles (AM), and magnetic SA-based polyelectrolyte nanosphere (SA@AM) were
investigated by TEM. The MNPs were spherical and uniform in size, and those particles tended to
be clustered. The surface of 3-amnopropyl-trimethoxysilane (APTES) modified nanosphere (AM)
become compact, irregular, and amorphous, with MNP cores darker because of their high electron
density. It was proved that APTES was successfully grafted onto the MNPs for yielding AMs.
Regular circular nanosphere were detected by TEM for the SA@AM, possessing smooth surfaces
and uniform sizes ranged between 15 and 22 nm. According to the BET analysis, the surface areas
of the products MNP, AM, and SA@AM were 58.72, 72.69 and 104.85 m2 /g, respectively. Compared
with the original magnetic particles MNP, the specific surface area of the final product SA@AM was
greatly increased, and the chance of contact with ions higher, which provides more opportunities
for ion coordination and chelation. Therefore, the adsorption capacity was improved. Concerning
the adsorption capacity of SA@AM for Pb(II), it was increased by 50.1% compared to the SA control
without MNP core. Through the comparison of Pb(II) adsorption with other magnetic adsorbents,
it was learned that, in this case, it was much higher than the others, i.e. from 20% to 150%. This
was probably due to the abundant surface groups (-COO and -OH) from the SA shells, which
could strongly adsorb Pb(Il) ions. Further studies demonstrated that the Langmuir model well
fits the Pb(II) isothermal adsorption of SA@AM and showed a pseudo second-order for its kinetic
adsorption. Using the Langmuir linear fitting results, the SA@AM demonstrated maximum Pb(II)
adsorption capacity at 105.8 mg/g. The equilibrium Pb(II) adsorption of SA@AM was 91.7 mg/g,
which was 47.0% higher than that of SA (62.4 mg/g), demonstrating a great enhancement after
the SAs being coated onto MNPs. The magnetic sodium alginate polyelectrolyte microspheres
have good magnetic separation performance, which resulted from the modified magnetic par-
ticles coated in the sodium alginate micro-spheres. With the increase of adsorption-desorption
cycles, the adsorption performance was gradually decreased from 92.3% (first cycle) to 77.3%
(fifth cycle). It was confirmed that the recycling performance of SA@AM was good, benefiting the
repeated adsorption of heavy metal ions. This research can provide a reference for the subsequent
development of magnetic adsorption materials.

Wang et al. (2020) [194] synthetised a novel bio-adsorbent hydrogel composite named SA-
PAM/GO through free radical polymerization. Under optimal conditions, the maximum adsorp-
tion capacity of Cu(Il) and Pb(Il) were 68.76 mg/g and 240.69 mg/g, respectively. In addition, the
kinetics and isotherms displayed that the pseudo-second-order kinetic model and the Langmuir
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isotherm model fitted the data well. Chemical adsorption accompanying the ion exchange process
was confirmed as the principal adsorption mechanism. Furthermore, the adsorbent still maintained
good adsorption capacity after 5 cycles of adsorption-regeneration. Therefore, the SA-PAM /GO
hydrogel composites have potential to be applied in the removal of heavy metal ions from water
bodies effectively.

Table 2.2 summarizes representative alginate-based adsorbents that have been investigated for
the removal of various heavy metals from aqueous solutions, reporting their maximum adsorption
capacities under different experimental conditions.

Table 2.2: Adsorption capacities of alginate-based adsorbents for the removal of heavy metals from
aqueous solutions.

Adsorbent Metalion pH  gmax (mgg™) Ref.
Magnetic alginate beads Pb(II) 2.3-6 935 [195]
Carboxylated cellulose nanocrystal/- Pb(II) 5 838.98 [196]
sodium alginate hydrogel beads

Silica nanoparticles/alginate composite Pb(II) 5 113.34 [197]
Iron-oxide modified sericite alginate beads As(V) 5 261.61 [181]
Activated carbon-alginate composite Hg(II) 6 35.85 [198]
Phosphate-embedded calcium alginate Pb(II) 5 15.7 [199]
beads

Tetraethylenepentamine functionalized al- Pb(II) 42 23477 [200]
ginate beads

Chitosan coated calcium alginate Cr(VI) 2 76.92 [201]
Glycine-functionalized magnetic nanopar- Pb(II) 5 108.4 [202]
ticles entrapped calcium alginate beads

Silica modified calcium alginate—xanthan Pb(II) 5 555.5 [203]
gum hybrid bead

Alginate—calcium carbonate composite Pb(II) 5 18.9 [204]
Halloysite/alginate nanocomposite beads Cu(l) 3 10.2 [205]
Alginate—carboxymethylcellulose gel Pb(II) 3 325 [206]
beads

Alginate graft polyacrylonitrile beads Pb(II) 4 270.3 [207]
Alginate-graphene oxide hybrid gel beads CddI) 4 454 [208]

Magnetite graphene oxide encapsulated in Pb(II) 4 609 [209]
alginate beads

Montmorillonite/alginate composite Cd(II) 4 247.16 [210]
Activated carbon-alginate Sr(II) 7 45.65 [211]
ZrO, /alginate bentonite Cu(I) 5 90.1 [212]
Graphite nano carbon/alginate Pb(II) 6 60.99 [213]
Alginate/hydroxyapatite/carbon  nan- Pb(II) 5 86.9 [214]
otube

Titania-coated silica/alginate Pb(II) 6 120 [215]
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Table 2.2 (continued)

Adsorbent Metalion pH  gmax (mgg™!) Ref.
Sodium alginate/graphene oxide compos- Pb(II) 6 227.1 [216]
ite

Chitosan microspheres/sodium alginate Hg(II) 5 217.39 [217]
hybrid beads

- Cr(VI) 2 2184 [218]

Chemical alginate modification and chemical cross-linking Sodium alginate (SA) contains
abundant hydroxyl and carboxyl functional groups, which offer versatile sites for chemical mod-
ification [219, 181, 220]. Through suitable reactions, new functionalities such as amides, imines,
and hydrazones can be introduced [221]. In particular, hydrazone moieties are well known for
their strong and selective coordination ability towards a wide range of metal ions, which makes
them attractive for environmental applications. Hydrazide-based modifications have already been
reported for several natural polymers, including guar gum [222, 223, 224], cellulose [225], and
chitosan [226], showing promising performance in the removal of dyes, heavy metal ions, and oily
wastewater.

In this context, Shi et al. [227] reported the synthesis of hydrazide-modified sodium alginate
(denoted as DSA-AAD@Ca?*). The material was prepared by dehydrative condensation of adipic
acid dihydrazide (AAD) with dialdehyde sodium alginate (DSA) through Schiff-base formation.
This modification strategy plays a dual role: on the one hand, it introduces hydrazone groups
capable of efficiently coordinating with heavy metal ions, and on the other hand, it grafts dihy-
drazide moieties onto the alginate backbone, which increases the molecular weight and reduces
water solubility. In addition, Ca®" ions act as secondary cross-linkers by exchanging with sodium
ions in the alginate matrix, further stabilizing the structure and contributing to the ion-exchange
removal of heavy metals from aqueous solution. The adsorption process of DSA-AAD@Ca** was
well described by the Freundlich isotherm model and followed pseudo-second-order kinetics. The
equilibrium adsorption capacities for Hg?**, Pb?*, Cd**, and Cu** were 7.833, 2.036, 4.766, and
3.937 mmol g~ *, respectively, while the maximum adsorption capacities reached 8.633, 1.968, 5.062,
and 4.068 mmol g~ !, respectively.

Shi et al. [228] reported the preparation of biphthalate dihydrazide-modified sodium alginate
(DSA-BDD@Ca?") using biphthalate dihydrazide (BDD) and dialdehyde sodium alginate (DSA) to
introduce functional hydrazone structures capable of sensitively capturing heavy metal ions. The
maximum adsorption capacities based on chemical and monolayer adsorption were determined
as 668.42,472.37, and 200.10 mg g~ for Pb?*, Cd?T, and Cu?*, respectively. The adsorption data
conformed to a pseudo-second-order kinetic model, with the rate-determining step attributed to
the interaction between the adsorbate and the surface adsorption sites. Thermodynamic analysis
indicated that the adsorption process was both endothermic and spontaneous under ambient
conditions. The highly effective and selective removal of Pb**, Cd**, and Cu?* was facilitated by
a combination of ion exchange, chelation via hydrazone groups, and electrostatic interactions, with
hydrazone coordination confirmed as a key mechanism through DFT calculations. These results
demonstrate that hydrazone-modified sodium alginate, using rigid carbon-chain dihydrazides,
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represents a promising strategy for the practical removal of heavy metal ions from wastewater.

Huang et al. [219] reported the preparation and characterization of Ethylenediamine-Modified
Calcium Alginate Aerogel (ECAA) beads, obtained by freeze-drying using a lyophilizer. The beads
were applied for the adsorption of Pb*" and Cu?", showing rapid removal of both metal ions
with maximum adsorption capacities of 219.3 mg g~! for Pb?* and 87.83 mg g~ ! for Cu®*. The
adsorption kinetics followed a pseudo-second-order model, while the equilibrium data fitted the
Langmuir isotherm, indicating monolayer adsorption. Further insights from X-ray photoelectron
spectroscopy (XPS) and regeneration studies suggested that the adsorption mechanism involved a
combination of complexation and cation-exchange processes.

Cordova et al. [229] reported the successful two-step chemical modification of alginate (Alg)
using thiosemicarbazide (TSC), producing a new material denoted as AlgOx-TSC. The synthesis
involved first partially oxidizing Alg with sodium periodate (NalO,) to obtain oxidized alginate
(AlgOx), followed by reacting AlgOx with TSC at 4045 °C in the presence of sodium borohydride
(NaBHy,). Although the primary aim of TSC incorporation was to introduce sulphur atoms capable
of coordinating Pb?* ions, characterization revealed that the carboxylate groups of alginate played
the main role in Pb?" sorption. Nonetheless, the TSC modification proved crucial for enhancing
metal ion uptake, likely acting as a crosslinking agent between polymeric chains, which improved
the accessibility of carboxylate groups for binding. AlgOx-TSC exhibited high sorption capacities,
reaching a maximum adsorption of 950 mg g~! for Pb?* at pH 3 and 300 mg g~ ! for Cd** at pH 7.
The detailed characterization of alginate and its derivatives provided insights into the sorption
behavior, confirming that despite the presence of TSC, carboxylate groups remained the principal
active sites for Pb>* removal.
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3 PREPARATION OF ALGINATE-BASED NANOADSORBENTS

In this section, the preparation of magnetite nanoparticles (MNPs), the development of magnetic
nanostructured adsorbents (MNAs), and their incorporation into alginate beads are described.
The starting point was the synthesis of Fe3O4 nanoparticles by a coprecipitation route, which
provided stable magnetic particles with good dispersion in aqueous media. Building on this system,
MNAs were subsequently obtained by carrying out the same coprecipitation in the presence of
graphene oxide (GO), so that Fe;O, nanoparticles nucleated and grew directly on the GO sheets.
This procedure yielded hybrid nanocomposites combining the large surface area and functional
groups of GO with the magnetic properties of Fe3O4, thus improving their potential adsorption
capacity. To facilitate handling and recovery, both MNPs and MNAs were embedded in sodium
alginate hydrogels, resulting in the formation of three types of beads. The first system, named
BGO, consisted of alginate beads containing GO nanosheets decorated with Fe;O,4 nanoparticles.
In parallel, two additional bead types, B1 and B2, were prepared using only FesO, nanoparticles;
their difference lies in the Ca?* concentration employed during the cross-linking step, which was
adjusted to modulate beads structural properties. The overall preparation process is schematically
illustrated in Figure 3.1, which shows the synthesis of magnetic materials, their dispersion in
alginate solution, and the final gelation into spherical beads.

This sequential approach, starting from simple MNPs, progressing to GO-based MNAs, and
culminating in the formation of alginate beads, provides a rational strategy for the development
of scalable, efficient, and reusable adsorbents for water treatment applications. In the following
sections, the experimental procedures, material characterization, and adsorption tests are presented
in detail.

3.1 Materials and method

3.1.1 Analytical techniques
Transmission electron microscopy (TEM) analysis

The morphology and microstructure of the samples were characterized by transmission electron
microscopy (TEM) and high-angle annular dark-field (HAADF) scanning transmission electron
microscopy (HAADF-STEM) using TEM JEOL F200 operated at 200 kV. Elemental analysis and
mapping were performed using a JEOL 100 mm? silicon drift energy dispersive X-ray spectrometer
(EDX). Carbon supported copper grids, 400 mesh size, were used for the preparation of the sample.
All measurements were performed at the Department of Chemical Science (DISC) of the University
of Padua by Dr. Andrea Basagni.

Environmental Scanning Electron Microscopy (ESEM) analysis

Environmental Scanning Electron Microscopy (ESEM) analysis was performed using a FEI Quanta
200 variable pressure environmental scanning electron microscope, equipped with a backscat-
tered electron (BSE) detector and an energy dispersive X-ray spectroscopy (EDX) system (EDAX
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Figure 3.1: Beads preparation: (i) preparation of GO nanosheets decorated with magnetic nanopar-
ticles by coprecipitation; (ii) mixing of magnetic materials (MNPs or MNAs) with dissolved sodium
alginate; (iii) formation of the beads by cross-linking with a Ca®" solution
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Table 3.1: Materials used

Material Chemical formula Purity Producer
Ammonium hydroxide NH,OH 28-30% Sigma-Aldrich
Calcium chloride dihydrate CaCl, -2H,0 98% Normapur
Cobealt(Il) chloride hexahydrate CoCl, -6 H,O 98% Sigma-Aldrich
Chromium(III) chloride CrCl; -6 H,O 99% Sigma-Aldrich
Copper(II) chloride dihydrate CuCl, - 2H,0O 98% Carlo Erba
Copper(Il) nitrate trihydrate Cu(NOs3),-3H,O  99% Sigma-Aldrich
Copper(Il) sulfate pentahydrate CuSOy -5H,0 99% Sigma-Aldrich
Dichloromethane CH,Cl, >=99.8% Honeywell
2,6-Pyridinedicarboxylate dichloride =~ C;H3CL,NO, 97% Sigma-Aldrich
Ethanol C,HgO >99.8% Scharlau
Expanded graphite - - ECOPHIT
Hydrazine monohydrate NH,NH, - H,O 98% Sigma-Aldrich
Hydrochloric acid HCI 37% Sigma-Aldrich
Iron(II) chloride tetrahydrate FeCl, -4H,0O >=99% Sigma-Aldrich
Iron(III) chloride hexahydrate FeCl; -6 H,O >=99% Honeywell Fluka
Isophthaloyl chloride C;H;CILNO, >=99% Sigma-Aldrich
Malonyl chloride CH,(COCl), 97% Sigma-Aldrich
Methanol, anhydrous CH;OH 99.8% Sigma-Aldrich
Methanol CH;0OH >=99.8% Honeywell
Nickel(Il) chloride hexahydrate NiCl, - 6 H,O 99% Sigma-Aldrich
Potassium permanganate KMnOy4 >=99% Sigma-Aldrich
Sodium alginate (CsH;O¢Na)n 90.8-106% BioChemica
Sodium periodate NalOy4 >=99.8% Sigma-Aldrich
Sulfuric acid H,S0, 98% Sigma-Aldrich
Tetrahydrofuran C4HgO >=99.9% Sigma-Aldrich
Triethylamine CeHisN Analytical grade Scharlau
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Element-C2B). The instrument was operated under variable pressure conditions, allowing for
the direct observation of non-conductive solid samples without the need for conductive coating.
The BSE detector provided compositional contrast based on atomic number differences, while
the EDX detector enabled elemental analysis and mapping of the sample surfaces. Elemental
compositions were obtained by collecting EDX spectra from selected regions of interest (ROIs).
All measurements were carried out under optimized accelerating voltages (typically 15-20 kV),
ensuring adequate spatial resolution and elemental sensitivity. These combined techniques allowed
for the morphological and semi-quantitative elemental characterization of the powder samples.
All measurements were performed at Centro di Analisi e Servizi per la Certificazione (CEASC -
UniPd) of the University of Padua by Dr. Federico Zorzi.

Magnetic measurements

The magnetic characterization of the samples was performed by means of a Physical Properties
Measurement System (PPMS) by Quantum Design equipped with a Vibrating Sample Magne-
tometer (VSM). The PPMS has a superconductor magnet that reaches a DC magnetic field of
90,000 Oe and can perform measurements in a temperature range from 1.9 K to 400 K. The samples
were characterized by studying the magnetization as a function of both the applied DC field,
M (H), and temperature, M (T'). The M (H) curves were measured at 300 K and 5 K by varying the
applied field from 0 Oe to 90,000 Oe, then by looping it from 90,000 Oe to —90, 000 Oe and back to
90,000 Oe. The M (T') measurements were performed with an applied DC field of 100 Oe and by
varying the temperature from 5 K to 300 K. Before both measurements, the trapped field in the
superconductor magnet was reduced by following the procedure described in reference. The M (T’)
curves were acquired with both Zero Field Cooling (ZFC) and Field Cooling (FC) protocols. For
the ZFC protocol, the temperature was reduced after field zeroing, then a magnetic field of 100 Oe
was applied, and the magnetization was measured by increasing the temperature to 300 K. Once
300 K was reached, to follow the FC protocol, the magnetization was acquired by reducing the
temperature to 5 K without turning off the applied field [230]. All measurements were performed
at the Department of Physics of the University of Salerno by Professor Massimiliano Polichetti.

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP) analysis

Ion oncentration measurements were carried out by Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES) using a Perkin Elmer Optima 4200DV (Perkin Elmer Italia S.p.A., Milano,
Italy). The aqueous samples were diluted with ultrapure water and acidified with ultrapure nitric
acid to ensure the stability of metal ions in solution. The instrument operates with a radio-frequency
generated argon plasma, which excites the analyte atoms and ions, producing characteristic optical
emission lines. The emitted radiation was dispersed by the spectrometer of the Optima 4200DV
and detected at element-specific wavelengths, allowing quantitative determination of metal con-
centrations after calibration with certified multi-element standard solutions. The measurements
were performed at the Department of Environmental Engineering of the University of Padua by
Dr. Sabrina Copelli.
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3.2. EXPERIMENTAL - PREPARATION OF MAGNETIC NANOADSORBENTS (MINAS)

3.2 Experimental - Preparation of Magnetic Nanoadsorbents (MNAs)

The MNAs were synthesized through a low-cost coprecipitation process involving iron(Il/III) salts
(e.g. chlorides), ammonium hydroxide solutions, and graphene oxide (GO), which was obtained
from graphite by a modified Hummers’ method at room temperature (Figure 3.2). The morphology
and size of the materials were examined by transmission electron microscopy (TEM). The adsor-
bents were tested against different metal ions, such as copper(Il), chromium(IIl), and nickel(II).
Metal ions concentrations were determined by inductively coupled plasma optical emission spec-
troscopy (ICP-OES), and adsorption isotherms were determinated. The main advantage of the
proposed system, compared to other state-of-the-art carbon-based adsorbents [56], lies in the use
of a very simple synthetic procedure that employs GO and nanoparticles (NPs) without further
functionalization. While additional functionalization can impart specific affinity toward certain
heavy metals, it also increases the complexity of the synthesis and limits its scalability [231].

Graphene
oxide (GO) Fes0; MNPs

precipitation

Figure 3.2: General scheme of MNAs preparation

3.2.1 Sinthesis of Graphene Oxide (GO)

The graphene oxide was obtained through a modified Sun method, based on [232]. 5 g of expanded
graphite and 15 g of potassium permanganate powders were mixed and stirred in a beaker until
homogeneity. The beaker was placed in an ice bath, adding slowly and under vigorous mechanical
stirring 100 mL of H>-SO, until a petrol-dark green liquid sludge was obtained. The system was
left reach room temperature under continuous stirring for about 30 min, until a foam-like material
was formed. The beaker was placed again in the ice bath, and 400 mL of distilled water was added
very slowly to avoid any uncontrolled temperature increase. The liquid was then placed in a 90°C
water bath for 1 h and a dark suspension was obtained. The suspension was filtered on paper
in a Buchner funnel and washed subsequently with 500 mL of distilled water, 200 mL of HCl
for removing any manganese traces, and finally again with 500 mL of distilled water to reach
neutrality.

3.2.2 Synthesis of Magnetite Nanoparticles (MNPs)

Magnetite nanoparticles were synthetised through a coprecipitation method based on [233],
starting from iron salts in basic conditions. Making use of both Fe(II) and Fe(III) chlorides, the
coprecipitation requires that the two salts are in the stoichiometric proportion 2:1 (Fe(Ill) /Fe(Il)).
Their mixing has to be carried out in aqueous solution, without oxygen to avoid Fe(Il) oxidation,

49



3. PREPARATION OF ALGINATE-BASED NANOADSORBENTS

with the successive precipitation in presence of a strong base. In an example, 1.03 g of FeCl,-4H,O
and 2.78 g of FeCl3-6H2O were mixed in a 250 mL balloon with two necks under Ny atmosphere.
The solution obtained adding 100 mL of water was magnetically stirred for 20 minutes until the
dissolution of the iron salts. Under a nitrogen flow, 12 mL of ammonia hydroxide (25% in water)
were added in order to increase rapidly the pH over 11 and provoke the precipitation of Fe3Oy,.
The mixture was left stirring at ambient temperature, for 1 h. The equation of the reaction that
describes the formation of magnetite, starting from the iron (II/III) chlorides with NH,OH as
precipitating agent, is:

2 FeCl3 + FQCIQ +8 NH4OH — Fe304 +4 HQO +8 NH4CI

Successively, the magnetic stirring was stopped, and the system was left decanting over a
permanent magnet, for 1 h. The supernatant was removed with a pipette and the nanoparticles
were washed with deionized water for three times and separated every time by centrifugation
(80000 rpm per 5 min two times and 80000 rpm per 15 min). After two more washings with ethanol
(8000 rpm for 15 min and for 5 min), the product was dried in a desiccator.

3.2.3 Production of Magnetic Nanoadsorbents (MNAs)

The magnetic nanoadsorbents of Fe3O,—NPs-decorated GO are prepared by a simple coprecip-
itation method in the presence of graphene oxide. Figure 3.3 schematically reports the MNAs
production procedure. In a typical procedure, 0.340 g of FeCly-4H>0 and 0.965 g of FeCl;-6H;O
(resulting in 0.350 g of Fe3O,4) were mixed with 5 mL of GO suspension (10 g/L, 50 mg) in 50 mL of
distilled water. The mixture was stirred for 30 min at room temperature to completely dissolve the
iron salts and then treated with 7 mL of NH,OH solution (25% in water) under vigorous stirring, to
rapidly increase the pH to 11. After 1 h of continuous stirring, the nanocomposite was magnetically
separated from the solution, washed with distilled water until neutrality, then with ethanol to
remove the water and dried under vacuum.

Figure 3.3: MNAs production procedure

As detailed in Section 3.1.1, all the magnetic nanomaterials were characterized in terms of
morphology, using Transmission Electron Microscopy (TEM) and Environmental Scanning Electron
Microscopy (ESEM) analyses, as well as in terms of their magnetic properties.
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3.2.4 Adsorption tests

The MNAs developed were tested with three different heavy metal ions:
e Cu?* (copper(Il) sulphate, CuSO4-5H,0)
¢ Ni%* (nickel(II) chloride, NiCl,-6H,0)
¢ Cr?* (chromium(III) chloride, CrClz-6H,O)

Such pollutants are typical of the textile industry, and they are subject of many recent literature
works [234, 235, 236]. MN As were tested with different sets of concentrations. In particular, for
chromium(III) 500, 600, 1000, 2000, and 5000 pg L~! concentrations were tested; for copper(Il)
300, 500, 700, 1000, 2000, and 6000 pg L~! concentrations were tested; and, finally, for nickel(II)
1000, 2000, 4000, and 5000 pg L~! concentrations were used. These concentrations were chosen
to reflect those typically found in textile industry wastewaters, which also accounts for the non-
standardized range of the values tested. Tests were performed in a stirred lab glass flask (100 mL
nominal volume for chromium and 50 mL for nickel and copper) at 298 K. Keeping stirring speed
as low as possible is an important aspect, as MINAs structure may be compromised by an excessive
mechanical stress. For chromium tests, 50 mL of solution was used. For nickel and copper, 20 mL
of solution was treated. MNAs content was 1 g L™ for each test. After loading the MNAs in the
solution, the vessel was kept at 298 K and stirred for 30 min. MNAs separation was finally carried
out by using a classic neodymium magnet. The treated liquid was also filtered to eliminate the
eventual traces of adsorbents. Each test was performed according to the following protocol: (a)
preparation of the solution at the target concentration, (b) preparation of the blank sample for the
starting concentration measurement, (c) loading of MNAs, (d) stirring at 100 rpm for 30 min (to
ensure reaching the equilibrium of adsorption), (e) separation of MNAs (magnet + filtration) and
(f) preparation of the sample for final concentration measurement. Finally, the removal efficiency
was determined in six mixtures obtained mixing the three ions at different concentrations. For
each mixture 20 mL of solution was treated as for the tests of single ion solutions, using MNAs at 1
mg L~

3.2.5 Adsorption isotherm

Based on the difference between initial and final ion concentrations, the corresponding adsorption
isotherms were constructed. All adsorption parameters were derived from the experimental data
using a Langmuir model, which is expected to provide a reliable description of the adsorption
process, even though the model was originally developed for gas adsorption on solid surfaces, such
as activated carbons. According to Langmuir theory, adsorption onto a solid surface is governed
by a kinetic principle in which molecules continuously collide with the surface and desorb (or
evaporate) from it, resulting in a net zero accumulation rate at equilibrium. In practical terms,
the rates of adsorption and desorption are equal under equilibrium conditions. This adsorption
model is highly versatile and can be readily extended to characterize various adsorption processes,
including the adsorption of metal ions from aqueous solutions onto MNAs.
The standard Langmuir isotherm model is usually described by Equation 3.1.
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Qmax . KL . C(end
14+ Ky, - Cena

where Qmax and K, are constants, Cyq is the equilibrium concentration of the chemical to be

Tlend = (31)

removed from the fluid phase and 7cynq is the equilibrium load of the same compound onto the
adsorbent. Anyway, obtaining effective equilibrium conditions (both for fluid and solid phases) is
difficult to be achieved experimentally inside a batch system, as it requires a constant concentration
in the fluid phase until the reaching of the maximum load onto the solid phase at that compound
concentration. Due to this fact, alternative definitions of the equilibrium load are found in the
literature for analogous systems, where the initial pollutant concentration lowered overtime until
the equilibrium with the adsorbent was reached.

Particularly, referring to the adsorption of a generic i-th metal ion on MNAs dispersed into an
aqueous solution, Equation 3.1 can be modified as follows 3.2 [237]:

Qmax,i - Kr,i-Cosi  (Cenayi — Coi) - Vsl

end,i — = 3.2
Mlend, 1+ KL,,‘ . COJ TMMNASs,i ( )

where Qmax,; and Ky, ; are constants, Cy ; represents the initial concentration of the metal ion(s)
(umol/L) into the analyzed solution (fluid phase), Cenq,; is the concentration of the metal ion(s) in
the fluid phase at the end of the treatment, V. is the volume of the aqueous solution (L), myNas.i
is the mass of MNAs used for a single treatment (mg), and 7enq ; is the final load of metal ion(s)
which is adsorbed onto the MNAs (umol/mg).
The removal (or adsorption) efficiency, x, can be therefore evaluated using 3.3:
Co,i — Cend,i

X, =2 ~end,t 3.3
Coo (3.3)

Isotherm-specific parameters were optimized using a modified non-dominated sorting genetic
algorithm (NSGA-II) [238], which incorporates periodic migration of sub-populations. The design
variables, Qmax and K, are the Langmuir coefficients in equation 3.2. Two objective functions

equation 3.4 and equation 3.5 were minimized:

N

fi= 3 (Xmal(Codl) ~ XallCo)) (34
fr= max ’Xm,,-([CO,Z-}) — X1.i([Coal) (3.5)

where X,, and X are the experimental and model-predicted values, respectively.

The initial population consisted of N; = 40 individuals, which, combined with child pop-
ulations generated from the two design variables (Vg = 2), produced up to 2N; individuals.
Selection retained the best 40 individuals based on f; and f>, and the process was iterated for
200 generations. The resulting Pareto front represents the optimal solutions balancing the two
objectives.
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3.3 Results and discussion - Magnetic Nanoadsorbents (MNAs)

In the following section, the results concerning the characterization and the application of the
MNAs are reported.

3.3.1 TEM analysis

The transmission electron microscopy (TEM) images (Figures 3.4 and 3.6) illustrate the morpho-
logical characteristics of the synthesized materials.

The magnetite (Fe3O4) nanoparticles in Figure 3.4 exhibit a nearly spherical to slightly polyhe-
dral morphology. The particles are relatively uniform in size, with diameters predominantly in the
range of 5-10 nm. However, a certain degree of agglomeration is observed, which can be attributed
to magnetic dipole—dipole interactions and the high surface energy typical of nanoscale materials.

Figure 3.4: TEM images of MNPs at different magnification

Figure 3.5 shows the size distribution of the MNPs, which is centered at 7.2 nm with a standard
deviation of 2.4 nm, based on measurements of approximately 300 individual particles.

TEM analysis of the magnetic nanocomposites (MNAs), composed of graphene oxide (GO)
sheets decorated with magnetite nanoparticles (Figure 3.6), reveals a well-defined structural or-
ganization. The GO nanosheets exhibit irregular shapes with lateral dimensions of 200-500 nm,
appearing as semi-transparent, wrinkled layers that serve as a two-dimensional support for the
nanoparticles. Magnetite nanoparticles are attached to the GO sheets in small clusters, predomi-
nantly located near the sheet edges. Large areas of the GO surface remain uncovered, preserving
accessible sites for adsorption. Thus, even if some agglomeration of the nanoparticles occurs,
the GO matrix provides anchoring points that limit excessive clustering and enhance spatial
stabilization of the composite structure.
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Figure 3.5: Size distribution of Fe30, magnetic nanoparticles

Figure 3.6: TEM images of MNAs at different magnification
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These observations confirm the successful decoration of graphene oxide with magnetite
nanoparticles and highlight the morphological differences between pure magnetite nanoparticles
and their composite form.

3.3.2 Adsorption tests

The MNAs developed were tested for the adsorption of three heavy metal ions: copper(Il),
chromium(IIl) and nickel(Il), which are commonly found in textile industry effluents. The experi-
ments were carried out using different initial concentrations, selected to reflect typical levels in
textile wastewater. All tests were performed in triplicate at 298 K, as described in Section 3.2.4.

Table 3.2 reports in details the results for chromium(III). With ion concentrations below 1100
pg L~1, the adsorption efficiency was always above 0.97, showing that the equilibrium state was
reached at higher removal-efficiency values. Above 1100 pg L™!, x decreased progressively till
reaching values of less than 0.45 for 5000 ngL~! (where a maximum load of 2.23 mg/g was
reached). Compared to other studies using different adsorbents [232, 234], the adsorption capacity
observed in the present work was relatively low. However, those studies investigated much higher
concentrations, up to 50 ppm, whereas the present work focused on concentrations up to 5 ppm.
At lower concentrations, the driving force for mass transfer is reduced, which typically leads to
lower adsorption capacities; therefore, the observed values are consistent with expectations under
these conditions. In addition, all tests were performed at neutral pH, so it was not necessary to
adjust it to achieve optimal adsorption.

Table 3.2: Concentrations, load, and removal efficiency for chromium(III) tests

Cr+ #1 #2 #3 #4 #

Co [pg L] 44041  580+1  1060+£10 1810410 4990410
Cong [pgL~1] 1041 101 1741 370+1 276010
Nend [mg g 1] 0.43 0.57 1.04 1.44 2.23
X [-] 0977  0.983 0.984 0.796 0.447

For copper(1l), the main results are reported in Table 3.3. Results were similar to chromium, but
efficiency appeared to be lower at low starting concentrations. At 6.43 mg/L of Cu?* concentration,
the adsoprtion capacity was 4.56 mg/g, with a removal efficiency equal to 0.710. The adsorption
capacity was comparable to other works [235], considering the neutral pH.

Table 3.3: Concentrations, load, and removal efficiency for copper(Il) tests

Cu?* # # #3 #4 #5 #6

Co [pg L1 29641  501+1 69041 1020410 2000410  6430+10
Cena [pgL™1] 2641 4541 4941 5441 18541 1865410
Tend [mg g™ 0.27 0.46 0.64 0.97 1.81 456
X [-] 0912 0910 0.930 0.947 0.907 0.710
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Finally, results for nickel(II) are reported in Table 3.4. Adsorption efficiency steadily increased
with initial concentrations, with 0.914 at 935 png L=! and 0.566 at 5120 pg L~! starting concentra-
tions. The maximum load achieved of nickel (II) ions was found to be 2.90 mg/g, which was higher
than that of chromium at similar starting concentrations. Even in this case, the results were similar
to those reported in other works [235].

Table 3.4: Concentrations, load, and removal efficiency for nickel(II) tests

Ni2* #1 # #3 #4

Co [pg L1 93541 1900410  3980+£10 5120410
Cend [ngL71] 80.4 298 1700 2220
Tend [mg g~ 11 0.85 1.60 2.28 2.90
X [-] 0.914 0.843 0.573 0.566

3.3.3 MNAs Isotherm Evaluation

For the selected ions, the isotherms were experimentally evaluated. This study was carried out in
collaboration with the University of Insubria and with the contribution of Dr. Sabrina Copelli and
Dr. Marco Barozzi. Based on the experimental results of adsorption efficiency, the parameters of
Equation 3.2 were determined by solving the corresponding optimization problem. The Pareto
fronts for the three analyzed elements (Cu, Ni, and Cr) were obtained using the NSGA-II algorithm
and normalized to the maximum value of the objective function obtained by minimizing the
functions in equations 3.4 and 3.5. Each point in the Pareto front corresponds to a specific set
of design variable values, with the trade-offs among the design variables clearly represented.
The values of two selected design variables are reported in Table 3.5 and were used to fit the
experimental data using the Langmuir adsorption model. The Langmuir function showed excellent
agreement with the experimental results, with the minimizing function f; always below 2 x 10°.
The correlation coefficients were consistently equal to or greater than 0.99, confirming the suitability
of the Langmuir model to describe a single-layer adsorption process. The maximum monolayer
adsorption capacities ranged between 3.42 and 31.3 mg/g of MNAs, with the highest adsorption
load observed for copper(Il), indicating a particularly strong affinity of the nanoparticles for this
ion.

Figure 3.7 shows the fitting of the experimental data with the Langmuir isotherm. The results,
consistent with the Langmuir hypothesis, highlight monolayer adsorption as the dominant mecha-
nism for the tested adsorbent. According to these results, it is reasonable to assume that the copper
adsorption capacity could further increase at higher concentration values.

As a preliminary validation of the reliability of the previously proposed isotherms, six different
mixtures containing the three tested ions were prepared. Table 3.6, Table 3.7, Table 3.8 summarize
the initial composition of the mixtures and the results obtained after treatment with 1 mg/mL of
MNAs.

A comparison between the experimental data (see Table 3.6, Table 3.7, Table 3.8) and the values
predicted for the ion load on our MNAs was carried out. All the equilibrium loads, previously
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Table 3.5: Langmuir and fitting parameters from NSGA-II optimization algorithm for the investi-

gated ions
Cr3+ Cu2+ Ni2+
Qmax [mg/g(MNA)] 3.42 31.3 5.45
Ky, [L/mg] 0.38 2.75x1072 0.20
fi 3.92x10~6 1.74%x107° 1.39x10°°
fo 1.21x1073 2.86x1073 2.44x1073
R? 0.9978 0.9987 0.9900

Table 3.6: Removal and equilibrium load for mixed solutions (tests #1—#2)

#1 #2
Cr3+ Cu2+ NiZ+ CI‘3+ Cu2+ Niz+
Co [mgL~1] 430+1 293+1 937+1 1830+10 316+1 1030410
Nend Mg g™!] 0.42 0.63 0.81 1.625 0.140 0.665
X [] 0.977 0.927 0.859 0.888 0.809 0.645
Table 3.7: Removal and equilibrium load for mixed solutions (tests #3—#4)
#3 #4
Cr3+ Cu2+ Ni2+ CI‘3+ Cu2+ Niz+
Co [mgL~1] 1860410 50041 1850410 4540+10 1050410 5090+10
Nend [Mmg g™ ] 1.51 0.222 0.997 2.06 0.157 0.85
X [-] 0.812 0.827 0.539 0.454 0.680 0.167
Table 3.8: Removal and equilibrium load for mixed solutions (tests #5—#6)
#5 #6
Cr3+ Cu2+ Ni2+ Cr3+ Cu2+ Ni2+
Co [mgL™1] 4690410 317+1 106010 1830410 98741 5100+£10
Nend [Mmg g™ ] 2.25 0.052 0.354 1.55 0.461 1.45
X [-] 0.480 0.769 0.334 0.849 0.854 0.284
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Figure 3.7: Fitting of the Langmuir isotherm of the experimental data, for the three different metal

ions

predicted using the competitive Langmuir isotherm found for the three ions, were found to be
within the experimental uncertainty (assumed to be 50% of the measured value). Minor deviations
were observed only for copper, specifically in mixtures (#1) and (#5), where the Langmuir model
predicted respectively lower and higher loads compared to the experimental results. This behavior
could be attributed to the high affinity of copper ions for the proposed MNAs.

3.4 Experimental - Alginate beads production

Previously developed MNAs, together with magnetite nanoparticles, were embedded in algi-
nate beads to improve their handling and recovery in aqueous solutions. In fact, encapsulation
within the alginate matrix transforms the system from a two-dimensional arrangement of indi-
vidual nanoparticles into a three-dimensional bead structure. This 3D structure not only reduces
nanoparticle aggregation, but also enhances adsorption performance by providing a wide and
interconnected porous network that facilitates ion diffusion throughout the bead. Moreover, the
inherent magnetic properties of the nanoparticles enable easy and rapid recovery of the beads
from aqueous solutions using an external magnetic field, combining effective adsorption with
convenient handling and recovery. These properties are particularly advantageous for real-world
applications such as wastewater treatment.

This approach resulted in three magnetic beads types, labeled BGO, B1, and B2, which can
be easily separated from the treated solution or directly incorporated into adsorption columns.
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Specifically, BGO consists of nanocomposite beads containing graphene oxide (GO) sheets deco-
rated with magnetite (Fe3O4) nanoparticles, prepared through a straightforward coprecipitation
method in the presence of GO. For comparison, Bl and B2 were synthesized by dispersing only
magnetite nanoparticles into alginate beads, with different Ca®" concentrations in the cross-linking
solution to modulate the bead structure (Figure 3.8). The performance of these three beads types
was evaluated for the removal of Cr®t, Ni%*, and Cu?" ions under various concentrations at 25°C.
The main objective was to characterize the adsorption efficiency at short contact times, which is
critical for potential industrial applications, without relying on classical adsorption isotherms.

(B BGO

+ alginate +alginate
solution and solution and
CacCl, hardner CaCl; hardner

solution solution

MNPs o @
g0 o

Figure 3.8: Beads preparation: (i) preparation of GO nanosheets decorated with magnetic nanopar-
ticles by coprecipitation; (ii) mixing of magnetic materials (MNPs or MNAs) with dissolved sodium
alginate; (iii) formation of the beads by cross-linking with a Ca** solution

3.4.1 Sodium alginate solution

In 300 mL of deionized water, 3 g of sodium alginate powder were added (10.0 g/L). At this point
the mixture was heated at 40°C and mechanically mixed by stirring for 1 h, until a homogeneous
solution was obtained.

3.4.2 Beads production

The production of beads involved the incorporation of MNAs or magnetite nanoparticles into a
sodium alginate solution, followed by crosslinking in a calcium chloride hardener solution. During
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this process, the alginate/nanomaterials suspension is transformed into a three-dimensional
structure. The resulting beads were recovered, washed, and stored in deionized water prior to use.
The detailed procedures for the preparation of the beads containing magnetite nanoparticles (B1
and B2) and of the beads containing MNAs (BGO) are described below.

Embedding of MNPs - B1 and B2 Beads B1 and B2 were prepared as follows:

1. Dispersion of the pristine magnetite MNPs (5.0 mg/mL) in the sodium alginate solution,
previously prepared by dissolving the compound in deionized water at a concentration of
10.0 g/L.

2. Drop-wise addition of the previously prepared suspension into a cross-linking solution,
obtained by dissolving either 10.0 g/L (for B1) or 30.0 g/L (for B2) of calcium chloride in
deionized water. During the addition, the Ca** solution was kept under constant magnetic
stirring.

3. Mechanical recovery from the solution, followed by four washing steps with deionized water,
and storage in deionized water.

Embedding of MNAs - BGO The beads BGO are prepared as follows:

1. Dispersion of the MNAs (2.5 mg/mL) in the sodium alginate (CsHgNaO;) solution, previously
prepared by dissolving the compound in deionized water at a concentration of 10.0 g/L.

2. Drop-wise addition of the previously prepared suspension into a cross-linking solution,
obtained by dissolving 10.0 g/L of calcium chloride (CaCl,) in deionized water. During the
addition, the Ca®* solution was kept under constant magnetic stirring.

3. Mechanical recovery from the solution, followed by four washing steps with deionized water,

and storage in deionized water.

3.4.3 Adsorption tests

According to the previous section 3.2.4, the three types of beads were tested on artificially polluted
water samples, prepared by dissolving the corresponding inorganic salts in deionized water. Three
different heavy metal ions, commonly found in industrial effluents, were selected:

e Cu?T (copper(Il) nitrate, Cu(NOj3)2-3H20);
e Ni%*t (nickel(Il) chloride, NiCl,-6H,0);
e Cr3* (chromium(III) chloride, CrCl3-6H0).

The beads were tested with different sets of concentrations. In particular, for chromium(III) 100,
200 300, 400, 600, and 2000 pg L~ csolutions were tested; for copper(II) 100, 300, 600, 800, 3000,
and 5000 pg L~! solutions were tested; and, finally, for nickel(II) 400, 1000, 2000, 4000, and 5000
pg L1 solutions were used. These concentrations were chosen to reflect those typically found in
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textile industry wastewaters, which also accounts for the non-standardized range of the values
tested.

All the prepared solutions were subsequently treated with BGO, B1, or B2 to evaluate their
adsorption removal efficiencies. The experimental protocol followed for each test (#i,i = 1 : 6 for
all metal ions) was as follows:

1. A flask containing 1 mL of deionized water was prepared;
2. Five beads (B1, B2, or BGO, depending on the test) were manually added;

3. Subsequently, 1 mL of the tested salt solution (#i, at double concentration) was added to
reach the target initial concentration;

4. The flask was then mechanically shaken for 10 min at 25 °C. This contact time may appear
rather short, but it was chosen to ensure the feasibility of a real industrial application of the
embedded nanoadsorbents, which must operate far from equilibrium conditions (typically
characterized by poor adsorption kinetics). It was observed that this time was sufficient to
reach a “quasi-equilibrium” concentration for copper with each beads type; therefore, it was
adopted as the reference contact time for all ions, allowing direct comparison among the
different adsorption beads performances;

5. At the end of the experiment, 1.5 mL of solution was transferred with a micropipette into
a 2 mL vial for ICP analysis. All final sample concentrations were determined by ICP-OES
measurements.

The pH of all the metal ion stock solutions was measured and found to be in the range of
5.2-6.0.

3.4.4 Adsorption Isotherm Definition

From the ICP-OES concentration data, the different adsorption performances were analyzed. As
discussed in Section 3.2.5, adsorption data were evaluated using the Langmuir isotherm framework
(3.2), suitably adapted for batch experiments. While continuous-flow systems typically maintain a
constant inlet concentration and reach equilibrium when the outlet concentration matches the inlet
one, batch systems differ in two main aspects:

1. The starting concentration is not maintained; hence, the concentration gradient between the
two phases is lower compared to continuous systems;

2. Equilibrium is established between the adsorbent and the final concentration, rather than the
initial concentration as in continuous-flow conditions.

In this work, only the concept of final load, 7enq,; (see Equation 3.2), was applied, linking it to
the experimental ion concentrations measured. The beads were always used in their hydrated form
to avoid changes in their adsorption properties. However, some water—difficult to quantify—was
trapped inside the alginate matrix, slightly altering the removal efficiency of the system. For
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this reason, the direct application of Equation 3.2 was not considered fully reliable for isotherm
determination.

Another useful parameter for evaluating the adsorption properties of the different beads is the
removal efficiency, X;, already defined in Equation 3.3. It is important to note that, according to this
definition alone, it is not possible to separate the contributions of the individual bead components
(MNA, GO, alginate). Therefore, the system is treated as a pseudo-mono-adsorbent.

3.4.5 Maetal ion speciation in water

To ascertain the nature of the metal ion species in solution at the tested concentrations and pH,
a speciation analysis was performed using the freeware software Visual MINTEQ Version 4.0
(developed by J. P. Gustafsson). The percent molar distribution of copper(ll), nickel(II), and
chromium(IIl) species in solution was evaluated at their specific pH values at 25°C.

The results confirmed that, under the tested conditions, the entire amount of metal ions remains
in solution, with no evidence of aggregation or precipitation. In the cases of Ni(II) and Cu(II),
the M2 cation is the predominant species in solution. Conversely, for Cr(III), the metal is more
distributed among various hydroxo-species, with the bis-cationic [Cr(OH)]** being the most

relevant.

3.5 Results and discussion - Alginate beads

In the following section, the results concerning the characterization and the application of the
beads are reported.

3.5.1 Beads composition

The three samples of magnetic nanocomposite beads, namely BGO, B1, and B2, were prepared by
mixing previously synthesized magnetic nanomaterials with sodium alginate. BGO was obtained
using GO nanosheets decorated with magnetic nanoparticles synthesized by coprecipitation, while
B1 and B2 were prepared with only MNPs and alginate, with B2 differing from B1 by the higher
concentration of Ca?* used during the cross-linking step (Figure 3.8). To provide a reference for
comparison with the nanocomposite beads, the composition of the alginate-only beads (BA) was
also examined.

Table 3.9 reports the average composition of the different beads used. Since the beads must
remain wet to avoid irreversible drying and shrinking, their composition was calculated as the
mean of the alginate and nanoparticle masses used in the preparation process, divided by the
number of beads produced.

In order to properly assess the equilibrium load of all the beads, the net mass of adsorbing
material had to be determined. Since the produced alginate beads were in the form of hydrogel,
composed of up to 95% water, a sample of 20 to 40 beads per type was taken and lyophilized for
24 h. Table 3.10 reports the weight of random samples of beads, used to assess the reliability of the
composition based on the mass balance (Table 3.9). As can be seen from the table, the estimated
average weights are comparable to the experimental results, taking into account the standard

62



3.5. RESULTS AND DISCUSSION - ALGINATE BEADS

Table 3.9: Estimated average composition of the beads tested

B1 B2 BGO BA
Composition MNPs+Alg. MNPs+Alg.  MNPs+GO+Alg. Alg.
Average Weight [mg/bead] 0.74 0.75 0.64 0.9
MNPs [mg/bead] 0.22 0.22 0.10 -
GO [mg/bead] - - 0.01 -
Alginate [mg/bead] 0.52 0.52 0.53 0.88

deviation. When comparing wet and lyophilized beads, the former contain water corresponding to
97.0-97.5% of their total mass. In the case of BA, water accounts for about 94% of the total weight,
while the remaining 6% corresponds to the alginate polymer. The lower water fraction, compared
to the magnetic beads, is due to the absence of magnetite nanoparticles or MNAs: the solid phase is
entirely alginate, which is heavier than the nanomaterials employed in the composites. In contrast,
in the nanocomposite formulations part of the alginate is replaced by lightweight fillers such as
magnetite nanoparticles or MNAs. As a result, the total solid mass is reduced and water becomes
the dominant component, reaching 97.0-97.5% of the bead weight.

Table 3.10: Wet and dry mass of the different beads

B1 B2 BGO BA
State Wet Dry Wet Dry Wet Dry Wet Dry
N. of Beads 27 27 29 29 34 34 20 20
Average Weight [mg]  23.4 0.7 23.1 0.7 22.6 0.6 15.9 0.91
Std. Dev. [mg] 2.5 0.1 1.6 0.1 3.6 0.1 0.91 0.060
Std. Dev. (%) 10.5 12.4 6.80 13.1 16.0 13.4 5.74 12.0

3.5.2 Beads characterization

Stereomicroscope characterization

The beads were characterized in terms of morphology using a stereomicroscope. Figure 3.9 shows
stereoscopic images of the hydrated beads on a white background, highlighting their regular
spherical shape and smooth surface. In the magnified images (Figure 3.9 b-d-f), the magnetic
nanomaterial is clearly visible within the beads as black spots, uniformly distributed. Since the
size of the spots is considerably larger than that of individual nanomaterials [239], aggregation of
the magnetic material within the alginate matrix likely occurred during the cross-linking process.

The wet bead diameters were also estimated using Image] software on stereoscopic images. Bl
exhibits an average diameter of 3.63 mm with a standard deviation of 0.18 mm (5.0%), B2 shows
an average diameter of 3.44 mm with a standard deviation of 0.17 mm (4.9%), and BGO has an
average diameter of 3.40 mm with a standard deviation of 0.25 mm (7.3%).
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B1

B2

BGO

Figure 3.9: Stereoscope images of the wet beads
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The beads were also lyophilized for 24 h, and stereoscopic images of the dried beads are
shown in Figure 3.10. The diameters of the beads were considerably reduced due to shrinkage
(from 3.4-3.6 mm to approximately 2 mm). While B1 and B2 maintained a spherical shape, BGO
collapsed during drying (Figure 3.10c), suggesting a less compact internal structure. In all images,
the bead surfaces appear corrugated, but remain compact. Varying the Ca*" concentration in the
cross-linking solution did not produce any discernible effect on the morphology of the beads, as
observed by comparing B1 and B2.

B1

B2

BGO

Figure 3.10: Stereoscope pictures of lyophilized beads
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ESEM-EDX analysis

Although ESEM is a technique that allows the presence of water vapor in the sample chamber
[240], we observed a rapid evaporation of the water phase in the beads after vacuum application,
which consequently led to structural contraction. Nevertheless, the ESEM images collected show a
homogeneous distribution of the magnetic material (visible as lighter spots in Figure 3.11) also
on the bead surfaces. Beads B1 (Figure 3.11 a-b) exhibit a more regular surface and shape, while
B2 (Figure 3.11 c-d), obtained using a three-fold higher concentration of Ca*" in the cross-linking
solution, exhibit cracks and inward folding on the surface.

B1

B2

det
mm | LFD |

BGO

Figure 3.11: ESEM characterization of the beads

The oblong shape (as observed in the lyophilized sample of the same type showed in Figure
3.10e-f) and the rough surface of BGO are likely due to the presence of the 2D graphene oxide
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sheet structure, which can interfere with the organization of the polymer fibers and their ionic
interactions.

To provide a reference for comparison with the nanocomposite beads, also the morphology of
the alginate-only beads (BA) was examined using Environmental Scanning Electron Microscopy
(ESEM). Figure 3.12 shows two representative ESEM images of BA beads at different magnifica-

tions.

Figure 3.12: ESEM images of alginate-only beads (BA), used as reference for comparison with

nanocomposite beads

At low magnification, the beads appear homogeneous and maintain a nearly spherical shape.
At higher magnification, the surface morphology can be observed in greater detail, confirming the
absence of magnetic nanoparticles and highlighting the smooth texture typical of pure alginate
beads.

The elemental composition of the three samples, determined by Energy Dispersive X-Ray
Spectroscopy (EDX, model EDAX Element-C2B), is reported in Table 3.11.

Table 3.11: EDX elemental analysis on the bead surfaces

Element Weight %
B1 B2 BGO BA
C 22.08 26.05 12.77 51.6
@) 61.65 55.57 83.21 38.3
Ca 5.87 5.62 2.03 10.1
Fe 10.40 12.76 1.99 -

The surface composition of Bl and B2 is consistent with the material ratios used during
their preparation, taking into account the presence of some residual water in their structure.
In contrast, BGO shows a much lower iron concentration, which reflects the smaller amount of

67



3. PREPARATION OF ALGINATE-BASED NANOADSORBENTS

magnetite employed, but also a relatively high oxygen content, suggesting a higher hydration level
compared to the other beads. This behavior could be attributed to the presence of GO, which can
strongly interact with water molecules through hydrogen bonding with its oxygenated functional
groups [241].

Magnetic characterization

The magnetic properties of the nanoadsorbents are of paramount importance in their separation
and use. Thus, the magnetic properties are a key factor to be investigated. The incorporation of
MNPs not only facilitates an easy separation of the adsorbent from the aqueous medium under an
external magnetic field, but also influences their dispersion stability and overall handling during
adsorption experiments. For practical applications, a sufficiently high magnetization is essential to
ensure a rapid and complete recovery of the adsorbent after use, minimizing losses and improving
reusability. At the same time, the adsorption of heavy metal ions, such as Cu(Il), may alter the
magnetic response of the embedded nanoparticles, either by surface interactions or by partial
shielding of magnetic moments. Understanding these variations is therefore fundamental, as a
reduction in magnetization could compromise the efficiency of bead recovery and limit their
applicability in dynamic water treatment systems. Moreover, monitoring the magnetic signal
provides a non-destructive method to indirectly assess the adsorption process, potentially offering
a simple way to track adsorbent loading during operation. For these reasons, systematic magnetic
measurements were carried out both on pristine Fe3O4 nanoparticles and on alginate beads
incorporating them, before and after copper adsorption, to establish a direct correlation between
structural modifications, adsorption performance, and magnetic behavior. The measurements have
been carried out as described in Section 3.1.1.

The curves obtained by performing the M(H) measurements on the powder of Fe3O4 magnetic
nanoparticles at 5 K and 300 K are reported in Figure 3.13. The value of the mass magnetization
at 90000 Oe (M;) was about 70 emug—! at 300 K and about 7Semug~! at 5 K. These values are
comparable to those reported in the literature for Fe;O, nanoparticle samples [242, 243, 244]. The
increasing of mass magnetization at 5 K and the change of coercivity field from a value below 2 Oe
at 300 K to a value about 250 Oe at 5 K suggested the presence of a superparamagnetic behavior
at the highest temperatures. In fact, despite the absence of coercive field, which is expected for a
paramagnet, the shape of the loop at 300 K showed a rapid increase of magnetization below a field
intensity of 10000 Oe, as expected for the signal of a ferromagnet.

To better investigate the transition from a blocked state to a superparamagnetic behavior for
the powder of Fe3O4 magnetic nanoparticles, the study of magnetization versus temperature with
100 Oe of applied field was performed and the curves obtained are reported in Figure 3.14. The
inset reveals that the ZFC curve reaches its maximum (7inax) at a temperature of 205 K. This Tinax
represents the mean blocking temperature for the sample of magnetic nanoparticles, indicating a
transition to a superparamagnetic behavior. In fact, as observed in Figure 3.14, at temperatures
below Timax the ZFC and FC curves were completely separated, as expected for a sample of magnetic
nanoparticles in a blocked state. For temperatures above Tr.x the separation between ZFC and FC
curves suggested that not all the nanoparticles were in a superparamagnetic state. The two curves
had an overlap near room temperature indicating that the sample had a reversible behavior. This
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Figure 3.13: M(H) loops performed at 5 K (red opened circles) and 300 K (black closed squares) for
the powder of Fe3O4 magnetic nanoparticles

was an indication of the complete transition to the superparamagnetic state, and it is in accordance
with the absence of hysteretic behavior at 300 K (see inset of Figure 3.13).

To compare the magnetic properties of the pristine nanoparticles with those of their alginate
composite beads, the same magnetic characterizations performed on Fe;O4 nanoparticles were
also carried out on bead B1. This would allow to highlight the effect of the embedment in the
polysaccharide matrix. The M(H) loops obtained for the dried bead at 300 K and 5 K are reported
in Figure 3.15. The mass magnetization was obtained by normalizing the magnetic moment with
the mass of magnetic nanoparticles embedded in the sodium alginate. The mass ratio between
magnetic nanoparticles and the total mass of the bead, used to evaluate the mass magnetization,
was obtained considering the proportion between magnetic nanoparticles and sodium alginate
in the synthesis process of the bead. Thus, considering the mass proportion between magnetic
nanoparticles and sodium alginate determined for Bl in Table 3.9, the mass of the former was
estimated as 1/3 of the total dry mass of the bead.

The first observation that can be made from Figure 3.15 is that the saturation magnetization at
300 K was lower than that at 5 K. Furthermore, from the inset which showed the data around zero
field, it was possible to evaluate the coercivity of the sample. In particular, the coercive field at 5 K
was about 280 Oe while the coercive field at 300 K was lower than 2 Oe. This reduction in coercivity
suggests that magnetic nanoparticles retained their superparamagnetic behavior also when they
were embedded in the bead. Despite this, there was a difference in the mass magnetization at
90000 Oe both at 5 K and 300 K for the two samples. From Figure 3.15, the mass magnetization
reached a maximum of 54emug™' at 300 K and of 62emug™! at 5 K. Comparing these values
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Figure 3.14: Magnetization versus temperature measured with an applied field of 100 Oe in the
ZFC (black closed squares) and FC protocol (red opened circles) for a powder of FesO, magnetic
nanoparticles.

1

with those measured in Figure 3.13 for the powder of magnetic nanoparticles (70 emug™" at

300 K and 78emug~! at 5 K), it was possible to see a difference of around 16 emug~! at each
temperature (reduction of 23% at 300 K and of 21% at 5 K). Considering the fact that, the 1/3
fraction is an average value, but could slightly change when considering a single bead, this could
explain the difference between the M of the pure powder of magnetic nanoparticles and the bead.
Another possible explanation could be the presence of an alternating surface anisotropy due to
the incorporation of nanoparticles in the sodium alginate matrix. Despite this, the value obtained
for M was comparable to that reported in literature for similar types of beads [244] produced for

wastewater remediation.

3.5.3 Adsorption tests

The adsorption properties of the nanostructured adsorbent beads were analyzed as described in
section 3.4.3. Each test was carried out at 25 °C using the same volume of metal-polluted solution
(2 mL), the same number of beads (5), and a contact time of 10 min.

The effective starting concentration of the solution were determined by Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES). Table 3.12 reports all the heavy metal starting
concentrations tested.

Tables 3.13, 3.14 and 3.15 report the initial concentrations of copper(Il) and the corresponding
final concentrations after treatment with B1, B2, and BGO, respectively.

Figure 3.16 reports the adsorption performance of the different types of beads investigated,
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Figure 3.15: M(H) loops performed at 5 K (red opened circles) and 300 K (black closed squares) for
Bl

expressed as removal efficiency. The histogram allows a straightforward comparison, highlighting
how the structural and compositional differences among the beads influence their ability to capture
copper ions.

For copper(Il), all three bead types exhibited high removal efficiencies, particularly in low-
concentration samples. Beads B1 and B2 both showed very effective adsorption, especially in
samples #1 to #4, where final Cu concentrations remained below 2 pmol/L. For copper(ll), the
results were generally similar across the different bead types. At higher initial concentrations
(above 2700 ng L=1), BGO exhibited slightly higher final concentrations compared to B1 and B2,
which may be attributed to its smaller size and lower surface area relative to the other beads.

Tables 3.16, 3.17 and 3.18 report the initial concentrations of nickel(II) and the corresponding
final concentrations after treatment with B1, B2, and BGO, respectively.

Table 3.16: Results for adsorption of Ni(Il) with B1 beads

Sample #1 #2 #3 #4 #5
Initial Ni Conc. (ug/L) 443 +1 1060+1 2120+1 4394+10 5123 +10
(mmol/L) 7.55 18.1 36.1 749 87.3
Final Ni Conc. (ug/L) 82«1 1931 364+1 1053+1 982=+1
(mmol/L) 1.40 3.29 6.20 17.9 16.7
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Table 3.12: Theoretical and effective concentrations (ngL~!) of heavy metal ions in the tested

samples
Ion Type #1 #2 #3 #4 #5 #6
Cutt Theoretical ~ 100 300 600 800 3000 5000
Effective 123+1  302+1 587 £1 838+1 277010 4820+10
Ni2* Theoretical 400 1000 2000 4000 5000 -
Effective 443 +1 1060+10 2120+10 4394+10 5123+10 -
o Theoretical 100 200 300 400 600 2000
r Effective 139+£1 225=1 273 1 423+ 1 605+1 1915+10
Table 3.13: Results for adsorption with Cu(Il) polluted samples using B1 beads
Sample #1 #2 #3 #4 #5 #6
Initial Cu Cone. (ug/L) 123+1 302+1 587+1 838+1 2770+10 4820=+10
(mmol/L) 1.94 4.75 9.24 13.2 43.6 75.8
Final Cu Conc. (ug/L) 24«1 53+1 88+1 156+1 3831 648 + 1
(mmol/L) 0.377  0.833 1.38 1.81 4.70 10.2
Copper(ll)
100%
93%
i 89%
859 86% 86% _— - | 24% 87% 86% 2%
80% ' 78%
a‘ ‘
& 60%
8 | .
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: |
2 ‘ .
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m Bl mB2 1 BGO

Figure 3.16: Comparison between the performance of different beads types for the adsorption of
Cu(Il)
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Table 3.14: Results for adsorption with Cu(Il) polluted samples using B2 beads

Sample #1 #2 #3 #4 #5 #6
Initial Cu Conc. (pg/L) 1231 302+1 587+1 838+1 2770+10 4820+10
(mmol/L) 1.94 4.75 9.24 13.2 43.6 75.8
Final Cu Conc. (ug/L) 15+1 30+1 82+1 152=+1 311 +1 652 +1
(mmol/L) 0.236 0.472 1.29 2.39 4.99 10.2

Table 3.15: Results for adsorption with Cu(ll) polluted samples using BGO beads

Sample #1 #2 #3 #4 # #6
Initial Cu Conc. (ug/L) 123+1 3021 587+1 838=1 277010 482010
(mmol/L) 194 475 9.24 132 43.6 75.8
Final CuConc. (ug/L) 36+1 60+1 821 62+1 6151 7551
(mmol/L) 0.566  0.94 129 0976 9.68 11.9

Table 3.17: Results for adsorption of Ni(Il) with B2 beads

Sample #1 #2 #3 #4 #5
Initial Ni Conc. (ug/L) 443 +1 1060+1 2120+1 4394+10 5123+10
(mmol/L) 7.55 18.1 36.1 74.9 87.3
Final Ni Conc. (#g/L) 93+1 415+1 881+1 2022+1 2171=x1
(mmol/L) 1.58 7.07 15.0 34.4 37.0

Table 3.18: Results for adsorption of Ni(II) with BGO beads

Sample #1 #2 #3 #4 #5
Initial Ni Conc. (ug/L) 4431 1060+1 2120+1 4394+10 512310
(mmol/L) 7.55 18.1 36.1 749 87.3
Final Ni Conc. (ug/L) 1961 1721 100+ 1 621 +1 990 + 1
(mmol/L) 3.34 2.93 1.70 10.6 16.9

Figure 3.17 reports the adsorption performance of the different types of beads investigated,

expressed as removal efficiency.

In the case of nickel(Il), differences among the adsorbents were more pronounced. Particularly,

the highest final concentrations were found for all the solutions treated with B2, while B1 and

BGO performances appeared to be quite similar. However, Bl again exhibited the best perfor-

mance overall, particularly for samples #1 to #3. The final Ni concentrations dropped from 7.55 to

1.40 pmol/L in sample #1, and from 36.1 to 6.20 pmol/L in sample #3. B2, although less effective in

the higher concentration samples (#4 and #5), maintained moderate efficiency in the lower ones. In
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Figure 3.17: Comparison between the performance of different beads types for the adsorption of
Ni(II)

contrast, BGO displayed excellent removal in samples #2 and #3, reducing the concentration from
18.1 to 2.93 pymol/L and from 36.1 to 1.70 umol/L, respectively. This indicates that BGO might
exhibit higher affinity for Ni(II) under moderate concentration ranges. However, for sample #5,
its performance dropped (final: 16.9 pnmol/L), suggesting a potential saturation effect or kinetic
limitation.

Tables 3.16, 3.17 and 3.18 report the initial concentrations of chromium(IIl) and the correspond-
ing final concentrations after treatment with B1, B2, and BGO, respectively.

Table 3.19: Results for adsorption of Cr(III) with B1 beads

Sample #1 # #3 #4 #5 #6
Initial Cr Conc. (ug/L) 13941 225+1 273+1 423+1 605+1 1915+1
(mmol/L) 2.67 433 5.25 8.13 11.6 36.8
Final Cr Conc. (ug/L) 33+1 35+1 105+1 18«1 23=1 67«1
(mmol/L) 0635 0673 202 0346 044 1.29
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Table 3.20: Results for adsorption of Cr(III) with B2 beads

Sample #1 #2 #3 #4 #5 #6
Initial Cr Conc. (ug/L) 139+1 225+1 273+1 423+1 605+1 1915+1
(mmol/L) 2.67 4.33 5.25 8.13 11.6 36.8
Final Cr Conc. (ug/L) 291 761 26x1 291 151 62=x1
(mmol/L) 0.558 1.46 0.500 0.558  0.288 1.19

Table 3.21: Results for adsorption of Cr(III) with BGO beads

Sample #1 #2 #3 #4 #5 #6
Initial Cr Conc. (ug/L) 1391 225+1 273+1 423+1 605+1 1915+1
(mmol/L) 2.67 4.33 525 8.13 11.6 36.8
Final Cr Conc. (ug/L) 651 461 451 56«1 71+1 1201
(mmol/L) 1.25 0.885 0.865 1.08 1.36 2.31

Figure 3.18 reports the adsorption performance of the different types of beads investigated,
expressed as removal efficiency.
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Figure 3.18: Comparison between the performance of different beads types for the adsorption of

Cr(IIT)

For chromium(III), all adsorbents were highly effective, particularly at higher initial solution

concentrations, with very low final concentrations consistently measured. Bl showed excellent
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efficiency in high-concentration samples: from 36.8 to 1.29 pmol/L in sample #6, and from 11.6
to 0.44 pymol/L in sample #5. B2 showed particularly high efficiency in samples #3 to #6, with
final concentrations as low as 0.288 umol/L (sample #5), confirming a strong affinity toward
trivalent chromium. Conversely, BGO demonstrated the lowest removal performance for Cr(III)
overall, especially in the higher concentration samples (#5 and #6), with final Cr concentrations of
1.36 and 2.31 pmol/L, respectively. This could be due to the less favorable interaction of Cr(III)
hydroxocomplexes with the graphene oxide-based surfaces. However, the comparison of starting
and final concentrations alone is not sufficient, as adsorption strongly depends on the amount of
adsorbent used (approximately 1.6-1.85 mg bead/mL). Therefore, removal efficiency must also be
evaluated and discussed.

By looking at the data, it is possible to see that for copper and nickel the final concentration
generally increases with the increase of the initial concentration, while for chromium, a general
trend was not observed. This behavior is likely due to both the adsorption kinetics and chromium
speciation: during the 10 min contact time, chromium adsorption does not reach equilibrium,
considering the presence of different hydroxo species in solution that may require coordination
exchange processes to bind to the beads. In fact, chromium(III), due to its more complex aqueous
speciation (as confirmed by the Visual MINTEQ analysis), forms multiple hydroxospecies under
the experimental pH conditions. This likely influences its interactions with the adsorbent surfaces.

In comparing the three types of beads:

* B1 consistently performed well across all metals and concentration ranges. Its high efficiency
and consistent results make it a promising universal adsorbent.

¢ B2 displayed strong removal for Cu(ll) and Cr(III), especially at high concentrations, and is
particularly suitable for Cr(IIl) remediation.

* BGO performed variably. While highly efficient in certain Ni(II) and Cu(Il) samples, its lower
efficiency with Cr(Ill) limits its applicability for trivalent metal ions.

Overall, the findings suggest that while all beads are effective under certain conditions, a
careful selection must be made based on the target pollutant and operating concentration. B1 offers
the best all-around performance, B2 is ideal for Cr(IIl) in particular, and BGO performs well for
divalent metals under moderate concentrations.

These results underline that the speciation and valence of the metal ions significantly affect
adsorption efficiency:

e Cu(II) was the most effectively adsorbed metal overall, regardless of the adsorbent used. Its
simple speciation and divalent charge promote efficient surface interaction.

* Ni(II) showed similar trends but slightly reduced efficiencies, potentially due to smaller
hydrated radius or lower affinity in some systems.

e Cr(III) removal was more challenging, likely due to its hydrolyzed forms (e.g., [Cr(OH)]*"),
which may sterically hinder binding or limit access to adsorption sites.
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3.5.4 Adsorption Isotherm Evaluation

The yield of removal (o1, simply, removal efficiency), x, is a useful parameter to evaluate how much
of the pollutant was removed from the initial solution. It is well known that different metal ions
exhibit different affinities toward a given adsorbent, as widely reported in the literature [237, 235,
245]. Based on the calculated yields, it was possible to compare the behavior of the adsorbents under
different conditions. Each ion displayed a distinct trend: for copper, beads B1 and B2 showed a very
similar affinity, resulting in almost identical removal efficiencies, whereas BGO exhibited a lower
performance, especially at higher concentrations. In the case of nickel, the differences among the
adsorbents became more evident: BGO appeared to be the most efficient, followed by B1 and then
B2. For chromium, on the other hand, all beads displayed comparable removal efficiencies over the
entire concentration range investigated. It should also be noted that, at low initial concentrations,
the removal efficiency tended to increase with increasing pollutant concentration for most samples.
The highest yields were observed for chromium, reaching up to 98% at an initial concentration
of 605 ugL~! (11.6 pumol L1). This suggests that the adsorption equilibrium had not yet been
reached. The relatively large size of the beads, compared to functionalized nanoparticles, probably
slowed the adsorption kinetics, introducing a sort of “microkinetic bottleneck.” Further evidence
of non-equilibrium operating conditions can be inferred from the trend of the final metal loading
on the adsorbent, 7,4, as a function of both the initial and the final solution concentration. The
evolution of the final metal load on the adsorbent confirmed that the equilibrium state was
not yet reached under the tested conditions. For all experiments, the load increased with the
initial concentration, without showing any plateau region. This provides further evidence of non-
equilibrium conditions, although for copper it can be reasonably assumed that the equilibrium
state was relatively close, since the load consistently increased with the initial concentration. This
aspect is of particular importance, as saturation time represents a crucial parameter in the design
of real industrial adsorbers. When the load was analyzed as a function of the final concentration
of the ions, which should theoretically correspond to the equilibrium concentration, the results
indicated that equilibrium was still not achieved (with the exception of copper). In addition, the
bead saturation was not observed: the loads increased with the final concentration but did not
exhibit the typical plateau behavior that would indicate the complete occupation of active sites.
Comparison with literature data highlights some interesting aspects. In a related study [235], an
adsorbent composed of sawdust—chitosan nanocomposite beads was applied to the removal of
copper and nickel from aqueous solutions. In that work, an adsorbent concentration of 20 mg mL~!
(1 g in 50 mL of solution) was used, with initial ion concentrations in the range of 20-200 mg L.
In the present work, the adsorbent concentration was significantly lower (1.6-1.8 mgmL~!), and
the ion concentration range was also lower (0.1-5 mg L™!). Therefore, the adsorbent-to-pollutant
ratios were comparable. According to the cited study, equilibrium was reached in 70 min. By
contrast, in the present case, even after only 10 min of stirring, the removal yields were about 50%
higher for each ion investigated.

3.5.5 Effects of adsorption on magnetic properties

Magnetic characterizations were first performed on pristine magnetite nanoparticles, in order to
establish a reference for their intrinsic magnetic behavior. Subsequently, the same analyses were
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carried out on bead B1, which contains magnetite nanoparticles embedded in the alginate matrix,
to evaluate how the encapsulation process affects their magnetic properties (Section 3.5.2). This
comparison allowed us to highlight the influence of the polymeric environment on the response
of the nanoparticles. However, the study could not be limited to this stage, since the adsorption
of metal ions is expected to further modify the magnetic behavior of the beads. In fact, the
incorporation of adsorbed species not only alters the overall mass balance, but can also influence
the local magnetic environment of the nanoparticles. For this reason, bead B1 was subjected to an
additional characterization after copper adsorption. The results of this post-adsorption analysis,
which provide insights into the evolution of the magnetic properties following the adsorption
process, are reported in the following section.

Focusing on the possible application to the treatment of contaminated water, from which the
adsorbent must be magnetically recovered, the magnetic properties of a bead of Bl type dried
after adsorbing copper ions (in a 3.00 g/L Cu®* solution) were analyzed by performing the M(H)
measurements (Figure 3.19). Table 3.10 reports the mass of wet vs. dry beads. The average dried
mass was used to evaluate the load of copper(ll) per gram of bead.
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Figure 3.19: Magnetization versus field loops performed at 5 K (red opened circles) and 300 K
(black closed squares) for Bl after copper ions adsorption

To maximize the metal effect on the adsorbent’s magnetic signal, the Bl sample with the
highest copper load was selected for this characterization. From the M(H) shown in Figure 3.19
it was possible to observe that the superparamagnetic behavior at 300 K remained also after the
adsorption of copper ions. In fact, the coercive field changed from about 245 Oe at 5 K to a value
below 2 Oe at 300 K. This difference was perfectly in accordance with the behavior observed in
Figures 3.13 and 3.15. Despite this, the magnetic responses showed a difference in terms of signal
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intensity. In fact, as it can be seen in Figure 3.19, the maximum of mass magnetization for the bead
after adsorption was of 16 emug—' at 300 K and of 21 emug~! at 5 K with a difference of more than
40 emu g~! with the data reported in Figure 3.15 (a reduction of 74% at 300 K and of 65% at 5 K).
One possibility to explain the change in signal is to consider that the value of mass used to calculate
mass magnetization in Figure 3.19 was higher than that used for Figure 3.15. In fact, the mass
magnetization in Figure 3.19 was calculated by considering 1/3 of the mass of the dried bead after
copper adsorption, exactly as in the case of a dried bead before adsorption, but in this case (after the
adsorption) the total mass of the bead not only considered the presence of sodium alginate and of
magnetic nanoparticles, but also of copper ions. So, there was an error in the estimation of the mass
associated with magnetic nanoparticles due to the presence of copper. In fact, the average mass of
a group of 20 beads before copper adsorption and of 20 beads after copper adsorption differed
by around 0.5 mg. However, even rescaling the mass used for normalization in Figure 3.19 to the
one used for the bead before adsorption (Figure 3.15), M; would be of 21 emu g™ at 300 K and of
27emug~! at 300 K. Thus, the difference with the case of bead before adsorption would be more
than 30 emug ™! (a reduction of 55% at 300 K and of 47% at 5 K). Another possibility to explain this
change could be the effect of the presence of copper inside the bead. Considering that the mass
susceptibility of bulk copper at 300 K was of —0.0830 x 1076 emu Oe ™' g}, and evaluating the
signal associated to the estimated mass of 0.5 mg of copper at 300 K with an applied field of 90000
Oe, the contribution of copper would be of about —4 x 10~¢ emu and of about —0.017 emu g~ after
the normalization with mass used for data in Figure 3.19. From this estimation, a reduction of about
0.03% of M for the bead after copper adsorption, compared to that before copper adsorption, is
expected, but it is too low to explain the difference between the data in Figure 3.15 and Figure 3.19.
After these evaluations, the difference in signal intensity obtained by comparing M(H) for the bead
before and after copper adsorption cannot be explained by considering only the presence of copper
ions or an underestimation of the mass of the magnetic component. Copper adsorption has also
another effect, which can be observed in the behavior of magnetization at high fields at 300 K. In
Figure 3.19, the magnetization associated with the B1 sample before adsorption shows a maximum
around 58000 Oe and then decreases with the increasing of the field. This behavior is observed also
for the sample of Bl after copper adsorption (see Figure 3.19). However, the maximum has reached
around 37000 Oe. After this field value, magnetization starts to decrease until the maximum field
is reached. This can be explained considering the diamagnetic behavior of the copper which is
relevant when the signal of magnetic nanoparticles reduced its growth. In fact, this behavior is
observed for the M(H) at 300 K, but not for the M(H) at 5K in which the magnetization does not
reach a maximum both in the case before and after copper adsorption.

3.6 Comparison of GO-based adsorbents

Finally, a direct comparison can be drawn between the results obtained in section 3.5.3 on alginate
beads and those reported in the previous section 3.3.2 on GO nanosheet decorated with magnetite
nanoparticles. In fact, the earlier study essentially represented a preliminary assessment of the
same MNAs later embedded within the beads. Among the tested formulations, BGO can be
considered the closest system to MNAs, and therefore it was selected as the reference material for
this comparison. In Figure 3.20, the schematic procedure for the production of both MNAs and
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BGOs is presented.

+ alginate —=7
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Figure 3.20: Preparation of the compared adsorbents. i) preparation of graphene oxide nanosheets
decorated with the magnetic nanoparticles; ii) production of cross-linked alginate beads carrying
magnetic GO-based nanosheets

In fact, a rapid analysis of the ion load as a function of concentration showed that with the
beads, neither site saturation nor equilibrium were reached within the tested conditions. In contrast,
for MNAs (where equilibrium was achieved), the loads displayed the expected plateau typical
of saturation, while also increasing with the final concentration. This difference highlights the
adsorption potential of the beads, which in the present study were tested with only 10 min of
contact time. In terms of removal capacity, it was observed that for BGO the yield kept increasing
in almost every test, confirming that the results were far from saturation. However, it should be
emphasized that each load was estimated considering the total bead mass, which contained only
15-20% of MNAs. Since the loads and the yields were of the same order of magnitude, this indicates
that MNAs were not the sole contributors to the adsorption process. This represents a crucial
aspect that warrants further investigation. Since alginate is a linear anionic polysaccharide with the
repeating units G and M arranged in different proportion, the polymer possess various structural
domains depending on their distribution along the chain. When used to generate the beads,
alginate is cross-linked by a hardening solution (typically CaCly) resulting in a three-dimensional
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network that retains carboxylate and hydroxyl groups, which can act as potential active sites for
adsorption [239].

It should be emphasized that the adsorption tests conducted with MNAs (Section 3.2.4) and
BGOs (Section 3.4.3) differed in several fundamental aspects. In the case of 2-D MNAs, the contact
time was fixed at 30 minutes, whereas for BGO it was reduced to 10 minutes due to the higher
mixing efficiency associated with smaller solution volumes. The dosage also varied: MNAs were
used at a concentration of 1 mg/mL, while BGOs were introduced at a fixed rate of five beads
per 2 mL of solution, corresponding to approximately 0.27 mg/mL of MNAs. The separation
procedure was different as well, since MNAs required magnetic recovery followed by filtration,
whereas BGO could be collected directly without further steps. Finally, the concentration ranges
tested diverged, with MINAs experiments limited to 5000-6000 ng/L, while for BGO values up to
10,000 ng/L were investigated in order to obtain reliable isotherm fitting.

Table 3.22 summarizes the comparison between the adsorption performance of MNAs and of
BGO for the removal of Cu?*, Ni**, and Cr®". The data clearly indicate that embedding MNAs into
an alginate matrix substantially enhances adsorption performance compared to the 2-D nanosheets.
Across all ions, the alginate beads exhibited equilibrium loads (ncnq) and removal efficiencies (X)
significantly higher than MNAs. For nickel, a 527% increase in equilibrium load was observed
at Cy = 5000 pgL~!, whereas chromium showed a 137.5% increase at Cy = 2000 pgL~!. Even
at lower concentrations, beads generally outperformed MNAs, though care must be taken when
interpreting X values below 300 pg L~* due to instrumental limitations. The enhancement is par-
ticularly evident when comparing specific concentrations and ions. For Cu?*, at Cy = 1020 pg L1,
MNAs reached nenq = 0.97 mgg™!, whereas beads achieved nenq = 2.87 mgg ™!, nearly tripling
the adsorption capacity. At the maximum tested concentration (Co = 10040 ng L), beads reached
Nend = 29.85 mg g~ !. Similar trends were observed for Ni** and Cr®*, with beads maintaining
high nenq values even at elevated concentrations, while MNAs showed a significant decrease in
performance. Cr®* on beads reached nenq = 19.96 mgg~! and X = 0.940 at Cp = 9980 pg L1,
contrasting with lower capacity and efficiency on MNAs. The superior performance of beads
arises from the combination of MNAs with the alginate matrix. Chemically, the abundant carboxyl
and hydroxyl groups of alginate provide numerous binding sites for metal ions, complementing
the adsorption properties of MNAs. Physically, the gel-like, hydrated, and porous structure of
the beads enhances ion diffusion and accessibility to active sites, allowing for higher adsorption
capacity and sustained removal efficiency across a broad concentration range. These findings are
consistent with literature reports showing that alginate-based composites can increase adsorption
capacity by an order of magnitude compared to planar 2-D nanocomposites [239]. In conclusion,
alginate beads represent a highly effective platform for heavy metal removal from aqueous so-
lutions, achieving higher n¢,q and more stable X values than MNAs alone, even at high initial
pollutant concentrations.

In order to highlight the differences in the removal efficiency between the two materials,
Figure 3.21 was constructed by selecting the experimental points that correspond to the same
initial concentrations (Cy) for both MNAs and BGO. In this way, a direct comparison can be made,
showing how the removal efficiency changes as a function of the ion concentration for the two
adsorbents. As shown in Figure 3.21a, for copper ions MNAs display a consistently higher removal
efficiency at lower concentrations, while BGO reaches higher absolute uptake values at increasing
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Table 3.22: Comparison between removal efficiency of MNAs and BGO for the adsorption of Cu?",
Ni?* and Cr?*

MNAs BGO
N el ) nea(mgg™) X[ Co(ugL™)  ned (mgg) X[
296 + 1 0.27 0.912 123 +1 0.32 0.707
501 +1 0.46 0.910 302 +1 0.90 0.801
690 £ 1 0.64 0.930 8T+ 1 1.87 0.860
Cu?* 1020 £ 10 0.97 0.947 838+ 1 2.87 0.926
2000 £ 10 1.81 0.907 2770 £ 10 7.98 0.778
6430 £+ 10 4.56 0.710 4820 4+ 10 15.05 0.843
- - - 10040 + 10 29.85 0.803
935 +1 0.85 0.914 443 +£1 091 0.558
1900 £+ 10 1.60 0.843 1020 = 10 3.14 0.831
NiZz* 3980 + 10 2.28 0.573 2120 £ 10 7.48 0.952
5120 £ 10 2.90 0.566 4394 £+ 10 13.97 0.856
- - - 5123 +£10 15.31 0.807
440 £ 1 0.43 0.977 139 +1 0.35 0.532
580+ 1 0.57 0.983 225 +1 0.66 0.795
1060 £ 10 1.04 0.984 273+ 1 0.77 0.835
i 1810 £+ 10 1.44 0.796 423 +1 1.36 0.868
4990 £+ 10 2.23 0.447 605 +1 1.98 0.883
- - - 1915+ 1 6.65 0.934
- - - 5120 £ 10 13.39 0.968
- - - 9980 + 10 19.96 0.940
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Cy. A similar behavior is observed in the case of nickel (Figure 3.21b), where the efficiency of MNAs
is markedly higher in the low-concentration regime, whereas BGO outperforms at larger initial
concentrations. Finally, for chromium (Figure 3.21c), MNAs achieve very high efficiencies close to
unity at moderate concentrations, while BGO shows a progressive increase in adsorption capacity
with Cy, eventually surpassing MNAs at the highest investigated concentrations. Overall, these
comparisons emphasize that MNAs are more efficient at removing trace amounts of heavy metals,
making them particularly suitable for applications where very low residual concentrations are
required, whereas BGO exhibits superior adsorption capacity under conditions of high pollutant
load.

From these data, adsorption isotherms were constructed by plotting the equilibrium load (nena)
versus the initial pollutant concentration (Cy) for both MNAs and BGO (Figure 3.22. The analysis
of these isotherms revealed distinct behaviors between the two nanoadsorbents. In the case of
2-D nanosheets, saturation was generally reached for most of the investigated ions within the
tested concentration range. Moreover, the relative affinity of different ions remained consistent
across MNAs and beads: Cu* consistently exhibited the highest adsorption capacity, whereas Cr**
showed the lowest.

Langmuir isotherm parameters, obtained by fitting the experimental data (Table 3.23), highlight
the remarkable enhancement of the adsorption capacity achieved by the presence of alginate in the
beads.

Table 3.23: Langmuir isotherm parameters for MNAs and BGO

Cu?t Ni%* Cr?*
Qmax b R2 Qmax b R2 Qmax b R2
[mg/g]  [L/mg] [-] [mg/g] [L/mg] [-] [mg/g]  [L/mg] [-]

MNAs 31.3 2.75-1072  0.9987 5.45 0.20 0.9900 3.92 0.38 0.9978
BGO 659.55 4.70-107% 0.9996 | 101.45 0.0354 0.9980 | 41.08 9.48-10"2 0.9997

For Cu?* and Ni**, the maximum adsorption capacity (Qmax) increased by approximately
20-fold relative to MNAs, while for Cr®*, Quax was roughly 12 times higher. This substantial
improvement can be attributed to the structural characteristics of the alginate matrix, which
provides a high density of accessible binding sites and a porous, hydrated network that facilitates
ion diffusion and accessibility to active sites. The observed ion-specific trends can be rationalized
based on fundamental chemical and physical properties. Copper ions, with moderate hydrated
radii and high affinity for oxygen-containing functional groups, interact strongly with both MNAs
and alginate beads, leading to high Qmax values. Nickel(II) also exhibits good affinity, although
slightly lower than copper, whereas Cr*" presents a smaller hydrated radius and a stronger
hydration shell, resulting in slower diffusion and steric limitations that reduce adsorption efficiency.
These findings underscore the importance of considering both the chemical nature of the target
ion and the structural properties of the adsorbent when designing efficient remediation systems.
Overall, the Langmuir isotherm analysis confirms that alginate beads provide a significantly larger
adsorption capacity and maintain effective removal across a wider concentration range compared to
MNAs alone. The combination of abundant functional groups and a gel-like, hydrated architecture
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Figure 3.21: Comparison between the removal efficiency of MNAs and BGO for the adsorption of
Cu?*, Ni2* and Cr®* ions at the same initial concentrations
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Figure 3.22: Comparison between Langmuir isotherms for MNAs and BGO
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allows for superior adsorption performance, highlighting the potential of alginate-based beads as
highly effective adsorbents for environmental remediation applications.

3.7 Alginate functionalization with reticulating agents

Although unmodified alginate exhibits a good intrinsic ability to interact with metal ions, its
adsorption efficiency is often limited by the number and nature of available functional groups. To
overcome this drawback, chemical modification can be employed as a rational strategy to enhance
both the density and the diversity of coordination sites. By introducing additional reactive moieties,
it becomes possible not only to strengthen the affinity toward target contaminants but also to
expand the range of metal species that can be effectively captured. At the same time, tailoring
the chemical environment of the polymer contributes to improving stability and reusability, two
crucial aspects for practical applications in water treatment. In this context, the adoption of selective
oxidation and subsequent crosslinking offers a promising pathway to generate advanced alginate-
based adsorbents with superior performance compared to the native material. The following
section illustrates this approach and its relevance for the design of more efficient and robust
adsorption systems. The general synthetic scheme is illustrated in Figure 3.23.

R‘O\
ROH F7°  NH,NH, NHz
cl _ > R ——— HN
- s =0 >c=o
R/ ] - R\ A
;c:o /c=o (
NH,NH
“ - - > HN\ Dihydrazides \N
Hs /
HN
5%
C=0
/
* R
\
R c=0
HN/
%0 NalO, .
N
{
Reticulated DSA
+ Ca?*
v l + Ca?*
SA beads Modified beads

Figure 3.23: General procedure for the production of alginate-modified beads
Specifically, partial oxidation of alginate was carried out, introducing carbonyl groups that can

subsequently be crosslinked through reaction with organic hydrazides. This approach involved
first the partial oxidation of sodium alginate (SA) to introduce aldehyde groups, followed by
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covalent crosslinking through reaction with hydrazide-based agents, forming hydrazone bonds.

The final goal was the preparation of hydrogel beads via additional ionic crosslinking in a Ca**

solution, which were then evaluated for adsorption and removal of transition metal contaminants.
The overall experimental sequence can be summarized as follows:

1. Partial oxidation of sodium alginate with sodium periodate to obtain dialdehyde sodium
alginate (DSA).

2. Covalent crosslinking of DSA with hydrazide derivatives (isophthalic hydrazide, pyridine-
2,6-dicarbohydrazide, and malonic hydrazide) to form hydrazone-linked polymers.

3. Preparation of composite alginate beads by mixing crosslinked DSA with unmodified SA.
4. Tonic crosslinking of the beads in Ca®* solution to finalize hydrogel formation.
5. Evaluation of the beads for heavy metal adsorption from aqueous solutions.

This approach allows precise control over the degree of oxidation and crosslinking, providing
a versatile platform for tuning hydrogel properties such as porosity, mechanical strength, and
metal-binding capacity, which are crucial for efficient water purification.

3.7.1 Oxidation of Alginate

Alginate oxidation is a crucial step in the functionalization process with hydrazide crosslinkers,
since these compounds readily react with free carbonyl groups to form the corresponding hydra-
zones. The degree of oxidation, corresponding to the number of aldehyde groups formed along
the polymer chain, directly determines the extent of crosslinking that can potentially be achieved.

The synthesis of dialdehyde alginate (DSA) proceeds through the oxidation of the hydroxyl
groups in the repeating units, in particular the guluronic (G) residues of the polymer chain. In
these units, the anionic carboxyl group is located further from the site attacked by the negatively
charged periodate ion. Specifically, the hydroxyl groups involved are located at the C2 and C3
positions.

Sodium periodate (NalOj), the oxidizing agent, interacts with the two hydroxyl groups of the
same repeating unit, oxidizing the two carbon atoms, causing ring opening, and reducing iodine’s
oxidation state from +7 to +5.

Since the reaction preferentially targets guluronic (G) units, which are involved in the coordi-
nation of divalent metal centers and in crosslinking, the oxidation process significantly affects gel
formation, mechanical properties, and adsorption capacity.

3.7.2 Reticulating agents

Crosslinking agents are generally small molecules bearing two functional groups suitable for
covalent anchoring onto different chains of the polymer. The formation of interchain crosslinks
affects the solubility of the resulting derivative. However, by an appropriate choice of the linker
structure, it is also possible to introduce new functional groups, including coordinating moieties.

87



3. PREPARATION OF ALGINATE-BASED NANOADSORBENTS

In the case examined in this work, hydrazide-based crosslinkers were selected. Hydrazide
groups can readily react with the aldehyde functionalities of oxidized alginate, leading to the
formation of the corresponding hydrazones.

This type of crosslinking was proposed by T. Shi et al. [227, 228], who employed the hydrazides,
exploiting not only their crosslinking effect but also the potential coordinating contribution of the
nitrogen atoms within the hydrazone groups. When comparing the metal adsorption capacity
of unmodified alginate with that of alginate functionalized using different linkers, the latter
exhibited a significantly higher adsorption performance. Moreover, crosslinking with terephthalic
hydrazide improved the mechanical properties of alginate in comparison with the adipic linker.
This enhancement can be mainly ascribed to the more rigid structure of the aromatic bridge relative
to the aliphatic one. In that work, the formation of beads was not proposed, since the obtained
materials were insoluble in water. Instead, spongy adsorbents were prepared, which may represent
a limitation during separation from the aqueous matrix due to their irregular and undefined shape.

In our study, to investigate the role of different crosslinking structures on the performance of
oxidized alginate, three hydrazide-based linkers were selected. The choice was made to include
both aromatic and aliphatic bridges, in order to assess how the rigidity and electronic nature of the
linker backbone influence the adsorption behavior and the overall stability of the resulting materi-
als. Specifically, the linkers employed were isophthalic hydrazide, pyridine-2,6-dicarbohydrazide,
and malonic hydrazide. Their structure are shown in Figure 3.24.

Pyridine-2,6-dicarbohydrazide (PY-N) Isophthalic dihydrazide (IPDH)
@] O O )
H,N N NH, H,N NH,
H H H H
/
Malonic dihydrazide (MC-N)
O @]
HoN NH,

S -~
N N
H H

Figure 3.24: Linkers employed in alginate functionalization

Isophthalic hydrazide Isophthalic hydrazide is an aromatic linker containing two hydrazide
groups positioned meta with respect to each other on the benzene ring. The rigidity of the aromatic
backbone contributes to enhanced mechanical stability of the crosslinked alginate network, while
the conjugated 7-system may also play a role in modulating adsorption properties.

Pyridine-2,6-dicarbohydrazide Pyridine-2,6-dicarbohydrazide combines an aromatic hetero-
cycle with two hydrazide functionalities located in positions 2 and 6. In addition to providing
rigidity to the network, the nitrogen atom of the pyridine ring can potentially act as a coordinating
site, offering further interactions with metal ions and therefore improving adsorption capacity.

Malonic hydrazide Malonic hydrazide is a small aliphatic linker characterized by two terminal
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hydrazide groups attached to a short three-carbon chain. Unlike the aromatic linkers, its flexibility
can facilitate chain mobility within the alginate matrix. Although less rigid, its bifunctional nature
still enables efficient crosslinking while providing a useful comparison with aromatic analogues.

All the hydrazides investigated in this work were prepared from the corresponding acyl halides
(Figure 3.25) through a nucleophilic substitution reaction with hydrazine. This straightforward
synthetic route ensures good yields and allows the introduction of the hydrazide functionality in a
wide range of acyl derivatives.

2,6-pyridinedicarbonyl dichloride Terephthaloyl chloride
®) 0] O O

N
Cl I Cl Cl Cl

/

Succinyl chloride
(0] O
Cl Cl

Figure 3.25: Acyl halides employed in hydrazide synthesis

Synthesis of isophthalic hydrazide (IPDH)

To obtain isophthalic hydrazide (IPDH), 0.512 g of isophthaloyl chloride (IPC) were dissolved
in 15 mL of EtOH and treated with 1.0 mL of triethylamine (TEA) and 4.0 mL of hydrazine
monohydrate (NH>—NHo). The mixture was stirred for a few minutes and reacted in a microwave
reactor for 1 h at 85 °C under stirring at 600 rpm. After completion of the reaction, the solution was
transferred into a 50 mL Falcon tube, cooled to room temperature, and stored at —20°C overnight.
The precipitate was collected by filtration through a Gooch crucible, washed with 10 mL of ethanol,
and dried in a vacuum desiccator for 12 h. This procedure afforded 0.387 g of IPDH as a crystalline
white solid, corresponding to an 85% yield (theoretical yield: 0.453 g).

Synthesis of pyridine-2,6-dicarbohydrazide (PY-N)

To obtain pyridine-2,6-dicarbohydrazide (PY-N), 0.507 g of dichloro-2,6-pyridine dicarboxylate
(PY-C) were dissolved in 15 mL of EtOH and treated with 1.0 mL of triethylamine (TEA) and
4.0 mL of hydrazine monohydrate (NH;—NH>). The mixture was stirred for a few minutes and
reacted in a microwave reactor for 1 h at 85 °C under stirring at 600 rpm. After completion, the
solution was transferred into a 50 mL Falcon tube, cooled to room temperature, and stored at
—20°C overnight. The precipitate was collected by filtration through a Gooch crucible, washed
with 10 mL of ethanol, and dried in a vacuum desiccator for 12 h, affording 0.408 g of PY-N as a
crystalline white solid, corresponding to a 98% yield (theoretical yield: 0.414 g).
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Synthesis of malonic hydrazide (MC-N)

Malonic hydrazide (MC-N) is the third and final crosslinking agent synthesized. Its precursor,
malonyl chloride (MC), is an extremely reactive liquid that requires careful handling, since it
cannot come into contact with water, alcohols, or other protic nucleophiles. For this reason, all
reactions involving this compound were carried out under a nitrogen flow, either in a round-
bottom flask or inside the microwave reactor tube. Because of its high reactivity toward oxygen-
and nitrogen-containing nucleophiles, the corresponding reactions are usually highly exothermic
and may cause overheating of the solution. This makes synthetic operations in alcoholic solvents,
or the direct use of hydrazine hydrate, particularly difficult, not only due to the formation of
vapors but also because of unwanted by-products such as malonic acid from hydrolysis. For these
reasons, the direct route to the hydrazide was abandoned. Instead, a sequential approach was
adopted: diethyl malonate (MC-E) was first synthesized and isolated as a stable intermediate, and
only afterwards converted into the target hydrazide.

Thus, malonic hydrazide (MC-N) was prepared in two steps. First, 0.5 mL of malonyl chloride
(p = 1.44 g/mL) were added to 20 mL of THF under constant stirring, followed by 15 mL of
MeOH. The mixture was stirred at room temperature for 3 h. After addition of excess Na;CO3
to neutralize the reaction, the solvent was evaporated, and the residue was dissolved in CH,Cl,,
filtered, and washed with 15 mL of dichloromethane. Evaporation of the solvent afforded 0.420 g
of diethyl malonate (MC-E) as a colorless liquid, corresponding to an 88% yield (theoretical yield:
0.672 g). In the second step, 0.208 g of MC-E were dissolved in 15 mL of EtOH and treated with 1.0
mL of triethylamine (TEA) and 1.0 mL of hydrazine monohydrate (NH,—NHs). The mixture was
stirred until homogeneous and reacted under microwave irradiation (100 °C, 30 min, 600 rpm).
After cooling and storage at —20°C overnight, the precipitate was collected by filtration, washed
with 10 mL of ethanol, and dried under vacuum to afford 0.188 g of malonic hydrazide (MC-N) as
a crystalline white solid, corresponding to a 95% yield (theoretical yield: 0.130 g).

Synthesis of dialdehyde alginate (DSA)

Dialdehyde alginate (DSA) was prepared via partial oxidation of sodium alginate (SA) using
sodium periodate (NalOy,), as illustrated in Figure 3.26. Three reactions were performed using
varying molar ratios of NalO, to guluronic acid units (G) of SA: A (1:0.7), B (1:1.5), and C (1:3.2).

. 00, ) 00C, o

006 on on 00C  on 004 on 00¢

9 o, =5 A NalO, . 0, o 4 o .
— o
o TRy —gan 0 e
HO HO- |
OH I OH
O 0
8 L

Figure 3.26: Oxidation of Sodium Alginate to DSA

Sodium alginate was weighed and dissolved in 100 mL of EtOH in a 250 mL flask completely
wrapped in aluminum foil to avoid light exposure. Corresponding amounts of NalO4 were
dissolved in water as follows:

* A:10.103 g SA in 100 mL EtOH with 5.022 g NalO, in 80 mL H»O;

e B:10.097 g SA in 100 mL EtOH with 2.513 g NalOy in 40 mL H»O;
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¢ (C:10.122 g SA in 100 mL EtOH with 1.252 g NalO,4 in 20 mL H»O.

The aqueous NalOy solution was added dropwise using a 50 mL glass burette under continuous
magnetic stirring. After addition, the reaction mixture was stirred at 45 °C for 24 h. After com-
pletion, the precipitate was collected by filtration, washed multiple times with an ethanol/water
solution (v/v = 5:4), and dissolved in 100 mL of deionized water. The solution was placed in
a 3500 Da dialysis membrane within a 500 mL cylinder of deionized water and dialyzed for 3
days, changing the water every hour on the first day and twice daily on the following days. After
dialysis, the membrane was removed, rinsed with deionized water, and the content was divided
into 50 mL Falcon tubes, frozen at —80°C for at least 5 h, and lyophilized for 3 days (< 30 mL
solution per tube is recommended). The resulting DSA was obtained as a white powder, ready
for crosslinking reactions. All oxidation reactions gave an 85% yield, differing in the number of
oxidized guluronic acid units.

3.7.3 Crosslinking of DSA with Hydrazides and Beads Formation

Crosslinking of DSA with Hydrazides

All crosslinking reactions were carried out on the oxidized derivative obtained in reaction A shown
in the previous section.

DSA crosslinked with IPDH: In a 6 mL microwave vial (G10), 0.051 g of DSA were mixed with
0.032 g of IPDH and 5.0 mL of anhydrous MeOH, heated at 80 °C for 30 min under magnetic
stirring at 600 rpm. After the reaction, the solution was transferred to a 15 mL Falcon tube, left in
the freezer at —20°C overnight, filtered through a Gooch crucible with 10 mL of MeOH, and dried
in a vacuum desiccator. 0.062 g of DSA-IPDH yellow solid were obtained (70% yield).

DSA crosslinked with PY-N: 0.051 g of DSA and 0.032 g of PY-N were treated under identical
conditions. The solution was processed as above and 0.058 g of DSA-PY-N yellow solid were
obtained (65% yield).

DSA crosslinked with MC-N: 0.053 g of DSA and 0.022 g of MC-N were treated under the same
conditions. The solution was processed as above and 0.075 g of DSA-MC-N yellow solid were
obtained (64% yield).

Formation of Beads with SA and Crosslinked DSA

To form beads through additional Ca?* crosslinking, each crosslinked DSA derivative was mixed
with unmodified sodium alginate (SA). In fact, the crosslinked derivatives of DSA turned out to be
insoluble both in water and also in all other polar solvents miscible with it. This behavior made
it impossible to prepare beads directly by Ca?*-induced gelation through the standard dripping
technique. To overcome this limitation, the idea was to disperse the crosslinked derivatives within
a solution of unmodified sodium alginate (SA). Thanks to its intrinsic ability to gel into spherical
structures upon contact with Ca®* ions, SA could encapsulate the crosslinked material and generate
composite beads, still suitable for the intended applications. Several preliminary trials were carried
out to optimize the balance between the two components. In the first approach (mixtures A), equal
weights of SA and crosslinked DSA were used (0.075 g each, dissolved in 15 mL of water). In a
second approach (mixtures B), the proportion of crosslinked DSA was lowered (0.121 g of SA and
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0.053 g of crosslinked DSA, in the same solvent volume). The preparation was tested for each
derivative varying the ratio of SA to crosslinked DSA as follows:

Beads with DSA-IPDH:

* A:15mL deionized water, 0.153 g composite (0.075 g DSA-IPDH + 0.075 g SA), vortexed and
sonicated for 2 h.

¢ B: 15 mL deionized water, 0.151 g composite (0.053 g DSA-IPDH + 0.121 g SA), vortexed and
sonicated for 2 h.

Meanwhile, 5.13 g of CaCl, were dissolved in 100 mL of deionized water under stirring until clear.
The alginate composite solution was added dropwise with a burette under constant stirring. Bead
formation was observed only for the type B mixtures. Once obtained, the beads were left to stand
in the beaker for approximately 1 h to allow complete gelation. They were then collected and
transferred into 50 mL Falcon tubes, where a washing protocol was applied in order to remove
the excess Ca®" ions. This consisted of replacing the supernatant water three times per day over a
period of three days, after which the beads were ready for further characterization and adsorption
tests.

Beads with DSA-PY-N:

¢ A:15mL deionized water, 0.152 g composite (0.075 g DSA-PY-N + 0.075 g SA), vortexed and
sonicated for 2 h.

* B: 15 mL deionized water, 0.151 g composite (0.051 g DSA-PY-N + 0.122 g SA), vortexed and
sonicated for 2 h.

Meanwhile, 5.011 g of CaCl; were dissolved in 100 mL of deionized water under stirring until
clear. The alginate solution was added dropwise under stirring. Beads formed only in case B and
were processed as above.

Beads with DSA-MC-N:

¢ A:15 mL deionized water, 0.151 g composite (0.075 g DSA-MC-N + 0.075 g SA), vortexed
and sonicated for 2 h.

¢ B: 15 mL deionized water, 0.152 g composite (0.051 g DSA-MC-N + 0.101 g SA), vortexed and
sonicated for 2 h.

Meanwhile, 5.141 g of CaCl; were dissolved in 100 mL of deionized water under stirring until
clear. The solution was added dropwise under stirring. Beads formed only in case B and were
processed as above.

Beads of SA alone: 0.152 g of SA were dissolved in 15 mL deionized water, vortexed and sonicated
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for 2 h, then added dropwise to 100 mL of CaCl; solution (5.14 g) under stirring. Beads were left
for 1 h, transferred to a 50 mL Falcon tube, and washed three times per day for 3 days to remove
excess ions.

The results showed a clear difference between the two formulations. In mixtures A, the
crosslinked component remained poorly dispersed, while in mixtures B the higher relative amount
of SA favored mutual interactions in solution. Under these conditions, the crosslinked derivatives
became more compatible with the medium, and the system turned homogeneous. Based on this
evidence, the type B mixtures were chosen for further experiments, as they provided a stable and
workable basis for bead formation.

3.7.4 ESEM characterization

The morphological structure of the composite beads can to play a significant role. Environmental
scanning electron microscopy (ESEM) of sectioned beads revealed that PY-N beads are relatively
compact and poorly porous, whereas IPDH beads exhibit a spongy and highly porous structure
(Figure 3.27).

The higher porosity could facilitate the diffusion of divalent cations from the aqueous solution
into the beads and vice versa, enhancing the overall adsorption capacity. Elemental analyses (EDX)
of beads with DSA PY-N and DSA IPDH are reported in Figures 3.28 and Figure 3.29, respectively.

The higher chloride content observed in PY-N beads may be attributed to the greater difficulty
in exchanging ions with the wash solution in the more compact beads compared to the more
porous IPDH beads.

3.7.5 Adsorption tests with modified beads

To evaluate the adsorption capacity of the composite beads containing cross-linked DSA and
unmodified SA to transition metal cations, preliminary tests were carried out using aqueous
solutions of Cu?" and Co?*. Both ions absorb in the visible region, allowing their concentrations to
be monitored by UV-visible spectroscopy. Absorption spectra were acquired in the visible range at
the absorption maximum for Co?*. In the case of Cu?* solutions, since the absorption maximum
occurs at wavelengths beyond the measurable range, a wavelength was selected that ensured a
high absorbance-to-concentration ratio (i.e., a high molar extinction coefficient) while remaining
within the linear range described by the Beer-Lambert law. For both ions, calibration curves were
constructed at the chosen wavelengths. The calibration curve for copper(Il) was obtained from
absorbance measurements at 680 nm on four standard solutions of known concentration. Similarly,
the calibration curve for cobalt(Il) was determined from absorbance measurements at 508 nm using
four standard solutions of known concentration. Figure 3.30 represents the general setup for the
adsorption tests.

Copper(II) adsorption tests Adsorption tests with the composite beads were conducted by
adding a defined mass of each adsorbent (approximately 0.500 g) to a fixed volume (3 mL) of the
stock solution at an initial Cu®" concentration Cy, equals to 0.62 mg/mL. The suspensions were
stirred for 1 h, and the supernatant was then collected for UV-visible measurements.

Cobalt(Il) adsorption tests Adsorption tests for Co?>* were conducted in a manner entirely
analogous to those described for Cu?*. Equal masses of each adsorbent type (approximately 0.500
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(a) ESEM 500 image SA+DSA-PY-N (b) ESEM 50 image SA+DSA-PY-N

(c) ESEM 1 mm image SA+DSA-IPDH (d) ESEM 50 image SA+DSA-IPDH

Figure 3.27: ESEM images of modified beads
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Figure 3.28: EDX PY-N bead
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Figure 3.29: EDX IPDH bead
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Beads SA Beads SA+DSA PY-N Beads SA+DSA IPDH Beads SA+DSA MC-N
0.5¢g 0.5g 059 0.5g
@, 0@ O O Oy OQy
20 %o ) 50 Bo
+3 mL Cu® +3mL Co?* +3mLCu® +3mL Co*  +3 mL Cu* +3mLCo*  +3 mL Cu* +3 mL Co™
C,0.62 mg/mL Cy0.74mg/mL  Co0.62 mg/mL Ca0.74 mg/mL  Cp0.62 mg/mL Ca0.74 mg/mL  Co0.62 mg/mL Cs0.74 mg/mL

Figure 3.30: Schematic representation of the adsorption tests setup

g) were added to a defined volume (3 mL) of the stock solution at an initial Co** concentration Cj
, equals to 0.74 mg/mL. The suspensions were stirred for 1 h, after which the supernatants were
collected and analyzed by UV-visible spectroscopy.

Table 3.24 summarizes the performance of the adsorbents produced by reporting the residual
concentrations of Cu?* and Co**, along with the corresponding removal efficiencies, for solutions
treated with modified beads and with the sodium alginate beads (SA).

Table 3.24: Characterization of Cu?* and Co?* solutions treated with modified beads and sodium
alginate (SA)

Cu2+ C02+
Adsorbent Ctinal (mg/mL) Reduction %  Chnal (mg/mL) Reduction %
- 0.62 0 0.74 0
SA 0.38 38 0.60 20
SA+DSA PY-N 0.33 46 0.52 31
SA+DSA IPDH 0.28 55 0.46 38
SA+DSA MC-N 0.33 46 0.49 34

As shown in Table 3.24, the composite beads with crosslinked alginate generally exhibit a higher
adsorption capacity for Cu®* cations. In particular, the beads containing DSA IPDH (featuring
an isophthalic bridge) reduce the Cu?* concentration by more than 50%. A similar adsorption
trend is observed for Co?*, suggesting that the two metal cations follow a comparable adsorption
mechanism. For cobalt as well, the beads containing DSA IPDH demonstrate the highest adsorption
capacity among the tested adsorbents.

The composite beads containing hydrazone-crosslinked alginate exhibited an increased adsorp-
tion capacity for divalent cations compared to unmodified alginate. It can therefore be concluded
that the presence of hydrazone groups promotes the complexation of transition metal centers,
making these derivatives promising candidates for applications in the treatment of contaminated
water. However, the hypothesis that the PY-N derivative could have a higher adsorption capacity
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SA SA+ SA+ SA+ SA SA+ SA+ SA+
DSAPY-N DSAIPDH DSA MC-N DSAPY-N DSAIPDH DSA MC-N
(a) Cu** adsorption tests (b) Co** adsorption tests

Figure 3.31: Solutions after the ions adsorption tests

due to the presence of nitrogen in the pyridine ring, providing an additional coordination site,
was not confirmed in comparison with the IPDH derivative. Nevertheless, it is in accordance with
the observed more porous structure of the beads containing DSA IPDH, which can facilitate ion
transport and coordination.

3.8 Conclusions

In this chapter, magnetic nanostructured adsorbents (MNAs) were developed and tested for the
removal of different metal ions (Cr’*, Ni**, and Cu?*) at 298 K. From these experiments, single-
ion adsorption isotherms were determined and subsequently applied to six different mixtures
containing all three metal ions. The maximum adsorption efficiencies observed for single-ion
solutions were over 98% for chromium(IlII), 94% for copper(Il), and 91% for nickel(Il). For the
mixed-ion solutions, the maximum removal efficiency slightly decreased for nickel(Il) (up to
86%), while the efficiencies for chromium(IIl) and copper(Il) were largely unaffected. Thus, the
proposed MNAs demonstrated good removal efficiency even for mixtures with highly varying
concentrations of Cr**, Ni?*, and Cu?*, and the predictions of a competitive Langmuir model were
confirmed by experimental results. The ability to remove a mixture of pollutants in a single step is
particularly valuable for wastewater treatment, as real-world samples typically contain multiple
contaminants rather than a single component.

Moreover, it was demonstrated that magnetic nanocomposite adsorbents, prepared by em-
bedding magnetite nanoparticles and graphene oxide decorated with them into alginate beads,
represent a promising class of materials for wastewater treatment. Specifically, three different types
of beads have been produced. BGO consists of nanocomposite beads containing graphene oxide
(GO) sheets decorated with magnetite (Fe3O4) nanoparticles, prepared through a straightforward
coprecipitation method in the presence of GO. For comparison, Bl and B2 were synthesized by
dispersing only magnetite nanoparticles into alginate beads, with different Ca?* concentrations in
the cross-linking solution to modulate the bead structure. Among these tested beads formulations,
bead B1 showed the best overall performance across all investigated metal ions. The experiments
confirmed that 10 min of contact time was not sufficient to reach equilibrium; nevertheless, com-
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parison with literature data suggests that the equilibrium time should not be much longer. This
aspect indicates that such adsorbents can achieve high removal yields within relatively short
operating times, which is advantageous for industrial application. In addition to their adsorption
performance, the beads exhibited favorable technological characteristics: they were homogeneous
in shape and size, easy to reproduce, and cost-effective. Their suitability for implementation in
packed columns makes them compatible with established adsorption technologies. Furthermore,
their intrinsic magnetic behavior offers additional opportunities, such as magnetic stirring or
induction heating, which could be exploited to enhance regeneration efficiency. Overall, these
findings confirm the potential of the proposed magnetic nanocomposite beads as versatile and
scalable adsorbents.

Moreover, alginate was chemically modified with the aim of improving its adsorption perfor-
mance toward transition metal ions. To achieve this, sodium alginate was first partially oxidized to
obtain dialdehyde sodium alginate (DSA), which was then covalently crosslinked with different
hydrazide derivatives—namely isophthalic hydrazide, pyridine-2,6-dicarbohydrazide, and mal-
onic hydrazide—forming hydrazone-linked polymers with an increased density and diversity of
coordination sites. Composite hydrogel beads were subsequently prepared by blending the modi-
fied alginate with pristine SA and stabilized through ionic crosslinking with Ca®*. A preliminary
evaluation of the adsorption capacity of the prepared modified beads was carried out towards
two transition metal ions, Cu?* and Co**, and compared with that of pristine alginate, revealing a
significant improvement. It can therefore be stated that the presence of crosslinking hydrazone
groups leads to a positive modification of the adsorption capacity, making these derivatives good
candidates for application in the treatment of contaminated water. Furthermore, it was found that
alginate crosslinked with IPDH, by providing a porous structure to the beads, exhibits a higher
adsorption capacity compared to the other derivatives analyzed.
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TER DEPURATION

In the framework of sustainability, developing new technologies to improve the current linear
water-use system is of increasing importance. Wastewater represents not only a disposal challenge
but also a potential resource for the recovery of valuable materials, and when adequately treated,
it can be almost entirely recycled, establishing the foundation for a circular economy in water
management. Organic contaminants, such as synthetic dyes and emerging pollutants—particularly
pharmaceuticals—pose significant challenges for conventional treatment methods due to their
chemical stability, persistence, and low biodegradability. These compounds often resist biological
degradation and can accumulate in the environment, causing ecological and human health risks
even at trace concentrations [136]. In this context, photocatalysis has emerged as a promising
strategy to overcome these limitations, as it can generate highly reactive species capable of miner-
alizing recalcitrant organic molecules. Graphitic carbon nitride (g-C3Ny) is a particularly appealing
photocatalyst, offering stability, abundance, non-toxicity, and straightforward preparation, while
its electronic properties allow the effective production of radicals under visible light [246]. By
enabling the degradation of both dyes and pharmaceutical residues, g-C3Ny4-based photocatalytic
systems provide a sustainable solution to the persistent problem of organic pollutant removal,
supporting water reuse and contributing to a circular economy in water management [247].

4.1 Introduction

g-C3Ny is a yellow solid with stacked nanosheet structure that can be synthesized from easily
applicable, economic, and eco-friendly procedures, such as thermal condensation, starting from
different low-cost nitrogenated precursors such as urea, melamine, dicyandiamide, and thiourea.

In response to the increasing demand for efficient and sustainable photocatalytic materials,
graphitic carbon nitride (g-C3N,) has emerged as a particularly promising candidate for pho-
todegradation applications of contaminants of emerging concern. The start of carbon nitride
research dates back to 1834, when Liebig first synthesized a polymer with a linear structure of hep-
tazine units linked by secondary nitrogen, termed "melon". Later, Teter and Hemley [248] reported
five possible structures of C3Ny: graphitic, a-C3Ny, 5-C3Ny, cubic, and pseudocubic. Among these,
triazine (C3N3) and tri-s-triazine /heptazine (C4Ny) rings constitute the two main building units
of g-C3Ny allotropes. It was subsequently demonstrated that the tri-s-triazine-derived structure
is the most stable under ambient conditions, in agreement with density functional theory (DFT)
calculations [249]. The polymeric nature of g-C3Ny allows for straightforward tuning of its sur-
face properties at the molecular level. Furthermore, g-C3Ny4 exhibits remarkable physicochemical
stability and an interesting electronic structure with a moderate band gap of 2.7 eV. The material
favors the formation of C-N bonds while suppressing electron delocalization in the 7 system.
Thermogravimetric analysis (TGA) further confirms that g-C3Ny is thermally stable up to 600 °C,
chemically inert, and insoluble in organic solvents, alkali, and acids, thereby presenting it as a
resilient material under ambient conditions [250].
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The intrinsic structure of the precursor, along with the type of thermal processing, exerts a
decisive influence on the physicochemical properties of graphitic carbon nitride, enabling the
preparation of g-C3Ny-based materials with tailored functionalities such as light absorption,
surface charge, porosity, and photoluminescence. Different synthetic strategies have yielded a
wide variety of morphologies, including nanosheets, nanorods, nanotubes, and nanowires [251].
Despite its numerous advantages, g-C3Ny also presents several drawbacks, such as a relatively
low specific surface area, structural disorder, limited visible-light absorption range, and poor
processability in bulk form, which reduce its dispersibility in both aqueous and organic media.
To overcome these limitations, multiple strategies have been explored, including morphological
modification [252], surface grafting [253], non-covalent doping [254], and copolymerization [255].
Functionalization by introducing organic species, surfactants, or polymers through covalent and
non-covalent approaches has proven effective in enhancing the physicochemical performance of
g-C3Ny. In particular, molecular doping and chemical derivatization represent some of the most
widely employed approaches to tune its electronic properties, exploiting the reactivity of C-N
linkages as well as the free -NH, groups present in the g-C3N4 network.

The main precursors used in this work is melamine (C3H4Nj) also called 1,3,5-triazine-2,4,6
triamine), a white powder mainly used as a starting material for the manufacture of synthetic
resins. In fact, g-C3Njy can be synthesized from different low-cost nitrogen-rich compounds, but
the use of melamine allows for a higher mass yield compared to using for instance urea. Melamine
is obtained by conversion of calcium cyanamide into dicyandiamide, that when heated above its
melting point, produces melamine. These precursors are subjected to calcination at temperatures
ranging from 500 to 600°C in air or an inert atmosphere, resulting in a yellow powder with a
lamellar morphology. By pyrolysis, polycondensation reactions take place, leading to the formation
of longer chains with the elimination of small molecules. In the case of melamine, tri-s-triazine
units are produced, with the elimination of NH3 molecules in each polycondensation reaction,
forming a packed-sheets structure of graphitic carbon nitride. The reaction is shown in figure 4.1.

4.2 State of art

Graphitic carbon nitride (g-C3N4) has emerged in recent years as one of the most promising
metal-free photocatalysts, due to its unique combination of physicochemical stability, visible light
photoactivity, and tunable electronic structure. Structurally, g-C3Ny is a polymeric semiconductor
composed entirely of carbon and nitrogen atoms arranged in a layered architecture analogous to
graphite. However, unlike graphite, where carbon atoms form a continuous hexagonal network, g-
C3Ny is built from tri-s-triazine (heptazine) units interconnected by planar amino bridges, forming
a two-dimensional network with strong in-plane covalent bonding and weak interlayer van der
Waals forces [256].

The electronic structure of g-C3N, features a medium band gap of approximately 2.7 eV, which
makes it responsive to visible light up to around 460 nm [257]. This enables it to act as a promising
photocatalyst under solar illumination. Moreover, the valence and conduction band positions are
suitably aligned for engaging in redox reactions, including water splitting and organic pollutants
degradation. Its thermal and chemical stability are also remarkable, withstanding temperatures up
to 600°C in air and maintaining integrity in acidic and basic environments [258]. These features
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Figure 4.1: Mechanism of the synthesis of g-C3N, from different precursors

position g-C3Ny as a durable and environmentally benign material for photocatalytic applications.
The synthesis of g-C3Ny is straightforward and cost-effective, typically carried out via thermal
polycondensation of nitrogen-rich precursors. Despite the simplicity of this method, bulk g-CsNy
often suffers from low surface area and poor charge carrier mobility, prompting the development
of various strategies to enhance its properties.

The electronic structure of g-C3Ny can be understood by examining its highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) [259]. The HOMO
is largely dominated by nitrogen 2p and 2s orbitals, with smaller contributions from carbon 2p
and 2s orbitals, while the LUMO is mostly formed by carbon 2p and nitrogen 2p orbitals [260].
Computational studies suggest that two primary electronic transitions are present in g-C3Njy: the
m-m" transition and the n-7* transition (Figure 4.2), which correspond to absorption edges around
460 nm and 600 nm, respectively [261].

The characteristic absorption bands of g-C3Ny arise predominantly from interactions between
the lone pairs of nitrogen atoms and the p orbitals of carbon and nitrogen [262]. The 7-7* transition
involves the excitation of electrons from bonding = orbitals to anti-bonding 7* orbitals, producing
an absorption edge near 460 nm and defining a bandgap of approximately 2.7 eV [263, 264].
This transition is crucial for the material’s ability to harvest visible light, thereby enabling its
photocatalytic activity. Additionally, the sp?-hybridized nitrogen atoms in the tri-s-triazine units
possess lone pairs with energies higher than the m bonding orbitals (Figure 4.2). These high-
energy lone pairs can contribute to additional electronic transitions, further influencing the optical
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Figure 4.2: Electronic transitions in g-C3Njy for planar (left panel) and corrugated (right panel)
tri-s-triazine units. The optical absorption spectra correspond to the 7-7* and n-7* electronic
transitions [259]

properties and photocatalytic efficiency of g-C3Nj.

In recent years, research has focused on modifying to overcome its intrinsic limitations, partic-
ularly the rapid recombination of photogenerated electron-hole pairs and limited absorption of
the visible spectrum. Techniques such as exfoliation into nanosheets, template-assisted synthesis
of porous structures, and heteroatom doping have been extensively explored. Non-metal dopants
(e.g., oxygen, sulfur, phosphorus) can introduce mid-gap states or shift the band positions, thereby
extending visible-light absorption and improving charge separation [265]. Metal doping or the
incorporation of metal atoms at specific sites has also been investigated to enhance surface activity
and tailor catalytic behavior.

The photocatalytic applications of g-C3Ny are diverse. One of its most significant uses is in
photocatalytic hydrogen evolution from water, where it can act as a hydrogen evolution pho-
tocatalyst, especially when coupled with suitable cocatalysts such as platinum or molybdenum
sulfide [256]. Another crucial application is the photoreduction of CO; into value-added fuels
like carbon monoxide or methane, a process that benefits from the suitable electronic structure of
g-CsN4 and can be further improved through heterojunction formation with other semiconductors.
Additionally, g-C3N4 has demonstrated efficient performance in the photodegradation of organic
pollutants, including dyes and pharmaceuticals, due to its ability to generate reactive oxygen
species under illumination.

Cutting-edge research is now exploring advanced designs such as Z-scheme heterojunctions
that mimic natural photosynthesis by spatially separating oxidation and reduction processes,
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thereby reducing recombination losses [266, 267]. Furthermore, the use of graphitic carbon nitride
as a support for single-atom catalysts is gaining attraction, leveraging its nitrogen-rich structure to
anchor isolated metal atoms that serve as highly active catalytic centers [268].

Despite these advances, challenges remain in fully exploiting the potential of g-C3Ny. The
bulk material still suffers from limited surface area, and improving the crystallinity and electronic
conductivity is a priority. In fact, in its pristine state, graphitic carbon nitride possesses a relatively
wide band gap, which restricts visible-light absorption. This limitation arises from its lamellar
architecture, which governs the electronic interactions between stacked nanosheets. Perturbation
of this planar order —by defects, structural distortions, or heteroatom incorporation — leads
to band-gap narrowing and enhanced light-harvesting capability. Such modifications may be
introduced mechanically, for example, through exfoliation, or chemically. Chemical modification is
most commonly achieved during thermal synthesis, permitting direct incorporation of dopants
into the polymeric framework. Alternatively, post-synthesis functionalization offers a versatile
route, enabling the preparation of a uniform pristine material that can subsequently be subjected
to targeted doping or functionalization for specific catalytic applications.

Exfoliation of g-C3N4 The transformation of g-C3Ny into nanosheets is highly efficient in
enhancing photocatalytic activity due to the significant increase in specific surface area. Protonated
exfoliation and hydrothermal decomposition processes have been investigated over the past
decades; however, these methods are often complex and costly [131]. Thermal exfoliation, by
contrast, represents one of the most effective approaches to overcome the limitations associated
with other techniques.

In 2020, Mathew et al. reported the synthesis of three different forms of g-C3N, through
thermal condensation of urea, melamine, and dicyandiamide, producing UCN, MCN, and DCN,
respectively. A comparative analysis of these thermally exfoliated polymeric carbon nitrides (PCNs)
revealed that UCN exhibits a high porosity with a surface area of 179 m?/g. This structural feature
significantly enhances the separation efficiency of photogenerated charge carriers, thereby resulting
in superior photocatalytic degradation performance of rhodamine B (RhB) dye under sunlight
irradiation [269].

Ganesan et al. [270] reported the thermal exfoliation of g-C3Nj by heat treatment of bulk g-C3Ny
at 550 °C. Brunauer—-Emmett-Teller (BET) surface area analysis and scanning electron microscopy
(SEM) confirmed the enhanced porosity and high surface area of the thermally exfoliated g-C3Ny
(TE-g-C3Ny). This material was demonstrated as a promising photocatalyst for the degradation of
dyes such as methylene blue (MB), methyl orange (MO), and rhodamine B (RhB). It was further
observed that the exfoliation temperature is directly correlated with the degradation efficiency.
Moreover, TE-g-C3Nj retained its photocatalytic performance over five consecutive recycling
cycles, exhibiting negligible loss in efficiency.

Das et al. [122] characterized exfoliated graphitic carbon nitride (GCNX) prepared through a
two-step heat treatment technique. In the presence of hydrogen peroxide (H,0,), GCNX efficiently
photodegraded rhodamine B (RhB) dye within 30 min. The catalytic degradation efficiency was
systematically investigated under different reaction conditions, including pH, catalyst loading,
dye concentration, and H,O, dosage.

Exfoliated g-C3Njy tends to agglomerate, resulting in a loss of specific surface area and con-
sequently reduced photocatalytic activity. As reported by Dongling Ma et al. [271], ultra-thin
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porous g-C3Ny nanosheets successfully overcame these limitations by achieving 96 % degradation
of methyl orange (MO) within 30 min of visible-light irradiation. Acid-assisted ultrasonication
enabled the formation of ultra-thin, porous g-C3N4 nanosheets with a controlled pore structure,
effectively preventing aggregation.

In 2022, Kim et al. [143] reported the synthesis of few-layered porous g-C3Ny via a simple
molecular self-assembly process. The resulting porous g-C3Nj exhibited a higher density of active
sites, which promoted more efficient charge separation and consequently enhanced photocat-
alytic activity compared to conventional g-C3Nj. Notably, 97.46 % of rhodamine B (RhB) dye was
degraded within 1 h under visible-light irradiation.

In 2023, Gogoi et al. [272] reported a facile and sustainable solvothermal synthesis of g-C3Ny
nanospheres (g-CNNS). The adsorption performance of g-CNNS was evaluated for four different
dyes, revealing a significantly higher affinity for the cationic dye methylene blue (MB). This was
attributed to the strong electrostatic interactions between MB molecules and the surface of g-CNNS.

Functionalizzation of g-C3N4 One important strategy for tailoring the electrical character-
istics of graphitic carbon nitride, narrowing its band gap, enhancing visible-light absorption,
and improving photocatalytic efficiency is element doping. Metal doping is typically achieved
by thermal treatment of a precursor mixed with a metal-soluble salt solution. Alkali-metal in-
corporation has been shown to enhance redox processes and promote photogenerated charge
carrier transfer. By modifying the band structure of the photocatalyst, this approach increases
light absorption and is frequently employed, even with non-metallic elements, to improve the
optical properties associated with the band-gap structure [273, 274]. Non-metal doping reduces the
band gap and strengthens the visible-light absorption of g-C3N4. Modulation through non-metal
incorporation, or by combining g-C3N4 with other narrow-band-gap photocatalysts to construct
composites, effectively broadens its absorption across the visible spectrum [275]. Doping with
non-metal elements also preserves the metal-free nature of g-C3Ny. Typical non-metal dopants
include nitrogen, boron, carbon, sulfur, phosphorus, and oxygen [276]. These elements can also
be introduced through post-synthesis treatments, enabling their incorporation into the pristine
framework in a controlled manner. Such an approach allows the preparation of a uniform stock
material that can subsequently undergo targeted doping or functionalization for specific catalytic
applications.

Chegeni et al. [277] reported the preparation of phosphorus-doped graphitic carbon nitride
(P-g-C3Ny) via a straightforward approach using phosphoric acid and melamine. The resulting
material was characterized by Fourier-transform infrared spectroscopy (FT-IR), X-ray diffraction
(XRD), scanning electron microscopy (SEM), and Brunauer—-Emmett-Teller (BET) surface area
analysis. This synthesis route was noted for its simplicity, efficiency, and ease of implementation
compared to other methods. The as-prepared P-g-C3Ns was evaluated for the adsorption of
methylene blue. Adsorption data were analyzed using both Langmuir and Freundlich isotherms,
with the Langmuir model providing the best fit (R? = 0.98). From the Langmuir isotherm, the

maximum adsorption capacity (¢gmax) was determined to be 100 mg g~*

under the following
conditions: pH 8, adsorbent dosage 0.07 g, initial methylene blue concentration 8 ppm, contact
time 60 min, and temperature 18 °C. The adsorption kinetics followed a pseudo-second-order
model. These results indicate that P-g-C3Ny is a promising material for efficient methylene blue

removal from aqueous solutions. Similarly, Paul et al. [247] functionalized graphitic carbon nitride
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(g-C3Ny) with silver nanoparticles (AgNPs). The photocatalytic activity of the resulting material
was assessed for the degradation of organic dye pollutants, including rose Bengal (RB), crystal
violet (CV), and methylene blue (MB).

Changlin Yu et al. [278] developed porous g-C3N4 nanosheets synthesized through thermal
oxidation of sodium hypophosphite (SHP) and porous g-C3N,, with the materials placed at the
downside of the furnace to enable the element doping process. SHP and porous g-C3N4 nanosheets
were used in a 40:1 mass ratio, leading to the formation of two different nanosheets depending on
the mass ratio applied. These nanosheets were tested as photocatalysts for RhB degradation under
visible light, achieving a photodegradation ratio of 99.5% and a reaction rate constant of 0.120
min~!, which is significantly higher than that of undoped g-C3Ny (0.031 min~!). The mechanism
analysis suggested the involvement of reactive species such as O3~ and OH* in the degradation
process.

Syed Ghulam Musharraf ef al. [279] reported the synthesis of sulfur-doped g-C3N4 (SGCN) via
thermal polymerization of thiourea, which was subsequently applied to the photodegradation of
the industrial dye Acid Orange (AO-7). The SGCN photocatalyst exhibited a degradation efficiency
of 98%, markedly higher than the 45% achieved by pristine g-C3N, under visible light irradiation
within 70 min. In addition, SGCN demonstrated considerable photocatalytic activity toward both
cationic and anionic dyes. Radical trapping experiments indicated that O; species were the main
active contributors, while OH-, e, and h™ also participated in the process. Furthermore, SGCN
achieved degradation efficiencies of 70% for methylene blue (MB) and 81% for Congo red (CR),
highlighting its broad-spectrum photocatalytic performance.

Fengfu Fu and et al. [94] reported the synthesis of boron-doped g-C3Nj (B-g-C3N,) nanosheets
with thicknesses of one monolayer to 5 monolayer and lateral sizes ranging from 50 nm to
200nm. These thin-layered B-g-C3N4 nanosheets exhibited remarkable photocatalytic activity,
achieving efficient degradation of various organic dyes, including eosin Y (EY), rhodamine B
(RhB), methylene blue (MB), and methyl orange (MO), under visible-light irradiation. Complete
degradation of the dyes was achieved within 5 to 20 minutes. The enhanced photocatalytic activity
of the thin-layer B-g-C3N4 nanosheets was attributed to their larger BET surface area and reduced
optical band gap.

Luo et al. [280] reported that the photocatalytic performance of boron-doped graphitic carbon
nitride (BCN and KBCN) exceeded that of pristine graphitic carbon nitride (g-C3Ny) in the selective
oxidation of cinnamaldehyde (a planar molecule containing an aldehyde functional group) to
benzaldehyde under visible-light irradiation. Potassium tetraborate tetrahydrate (K;B4O7 - 4 H,O)
and potassium borohydride (KBHy) were employed as boron sources to prepare BCN and KBCN,
respectively, via calcination under an inert atmosphere. These boron dopants not only introduced
boron atoms into the g-C3N4 framework but also generated nitrogen vacancies on the catalyst
surface, enhancing adsorption of both oxygen and cinnamaldehyde and thereby improving the
catalytic activity. The conversion of cinnamaldehyde and the selectivity toward benzaldehyde
increased by 10% and 11% with BCN, and by 25% and 34% with KBCN, respectively, compared to
pristine g-C3Njy. Further studies on four different substrates indicated that the introduction of a
carbonyl group conjugated with a carbon-carbon double bond enhanced the conversion rate by
a factor of 1.8-2.4. Moreover, the benzaldehyde selectivity was primarily governed by the sub-
strate’s adsorption capability on the catalyst surface, demonstrating that both electronic structure
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modifications and surface interactions contribute to the overall photocatalytic performance.

Jiao et al. [281] synthesized g-C3Ny as a potential photocatalyst for pollution control and en-
ergy conversion, although its performance was limited by poor light absorption and inefficient
photocarrier transport and separation. To address these issues, they employed a one-pot thermal
polymerization strategy involving ammonium bicarbonate and urea, which enabled molecular
homogenization, lamellar separation, polycondensation, and urea recrystallization, ultimately
yielding a porous g-C3N, with abundant nitrogen vacancies and oxygen heteroatoms. The resulting
material exhibited extended visible-light absorption, interconnected charge-transport pathways,
and a high density of active sites. Structural modifications arising from nitrogen vacancies and oxy-
gen heteroatom incorporation significantly altered the electronic configuration, thereby improving
photocatalytic performance. The optimized g-C3Ny derivative demonstrated photodegradation
efficiencies of 97.5% and 99% for RhB (Cy = 50 mg L~!) after 90 min of visible-light and sunlight
irradiation, respectively, highlighting its potential as a porous photocatalyst for environmental
remediation and energy conversion.

Hussain et al. [282] investigated the thermal doping of carbon nitride from urea using a series
of non-metallic precursors. For instance, g-C3Ny4-P was obtained by introducing ammonium
dihydrogen phosphate, resulting in a bandgap of 2.56 eV. Similarly, thiourea was employed
to produce g-C3Ny-S, which exhibited a narrower band gap of 2.40 eV. The latter derivative
demonstrated superior solar light absorption, leading to enhanced photocatalytic activity.

Bresolin et al. [283] address the limitations of low charge transport efficiency and chemical
instability, a cesium/bismuth-based perovskite was anchored onto g-C3sN4 nanosheets to prepare
a composite photocatalyst stabilized by nitrogen—iodine chemical bonding. Among the different
lead-free halide perovskite loadings, the CNCSBI001 composite (g-C3N4:CssBisly, 10:0.1 w%)
demonstrated superior stability and an outstanding yield in the photocatalytic degradation of
organic compounds in aqueous solution under visible light irradiation.

In another study, Bresolin et al. [284] reported the thermally induced copolymerization of
melamine with 2-bromobenzonitrile, yielding a g-C3Ny-Br derivative with a band gap of 2.55 eV.
This material displayed promising photocatalytic efficiency in the degradation of Rhodamine B.

In addjition to non-metals, metal atoms can also be incorporated into the g-C3Ny lattice, taking
advantage of the high donor capability of nitrogen functionalities within the framework. Ma et
al. [285] synthesized an Fe-doped graphitic carbon nitride through the thermal condensation of
melamine in the presence of ferric nitrate nonahydrate. The resulting catalyst exhibited significantly
improved photocatalytic activity compared to pristine g-C3Ny.

Graphitic carbon nitride (g-C3N4) and metal oxide (MOy) based nanocomposites (g-C3Ny-MOy)
are photocatalysts that provide interesting results in terms of charge transfer capacity, redox ca-
pabilities, and charge recombination inhibition. The degradation of common antibiotics such as
amoxicillin (AMX), azithromycin (AZM), cefixime (CFM), ciprofloxacin (CIP), and tetracycline
(TC) using g-C3N4-MOy nanocomposites has been investigated [286]. Sun et al. reported that
a g-C3N4/ZnO nanocomposite with a 3D /2D petal-like microstructure, prepared via a simple
solvothermal method, effectively degraded three sulfonamides. In situ modification of g-C3Nj,
with ZnO nanoparticles improved its visible light responsiveness, oxidation potential, and charge-
transfer efficiency. Consequently, sulfamethoxazole (SMX) degradation reached 96.91% with the
nanocomposite, compared to 60.34% and 43.53% for pure g-C3Ny and ZnO nanoparticles, respec-
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tively, after 80 minutes of visible-light irradiation [77].

Singh et al. [287] reported that a CuO-g-C3N, composite, synthesized via a solution combustion
process, efficiently degraded tetracycline (TC) under solar irradiation within 30 minutes. The
maximum degradation reached 88% in the presence of H,O, and 32% without it. The enhanced
performance is attributed to increased surface area, additional trap states, and improved electron-
hole separation. The catalyst maintained high stability over three cycles with only minor efficiency
loss.

Hunge et al. [288] similarly highlighted that H,O, improves charge carrier dynamics and degra-
dation efficiency, while the composite exhibits superior electron-hole separation and reusability
compared to pure CuO or g-C3Ny. Nonetheless, the reliance on H,O; as co oxidant limits practical
large-scale applications. Ni et al. [289] prepared g-C3N4/TiO, (TCNT) composites with 2%, 4%, and
6% g-C3Ny via grinding and step-scheme heterojunction formation. The 4% composite exhibited
the highest degradation of tetracycline hydrochloride (TCH), reaching 96.53% under UV light
within 50 minutes.
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In this section, the attention is focused on the preparation of photocatalytic materials derived from
graphitic carbon nitride (g-C3Ny). Pristine g-C3Ny is a promising polymeric semiconductor, yet
its practical use is limited by fast electron-hole recombination and restricted light absorption.
To address these shortcomings, a series of non-conventional derivatives was designed through
different doping strategies involving bromine, phosphorus, and boron. Each of these modifications
was conceived to tailor the electronic structure and surface chemistry of the material, thereby
enhancing its photocatalytic efficiency under visible-light irradiation. Taken together, they provided
access to a family of doped g-C3N,4 materials with distinct structural and chemical features. By
progressing from the pristine semiconductor to bromine-, phosphorus-, and boron-modified
derivatives, photocatalytic tests were carried out for the degradation of dyes and pharmaceutical
pollutants.

In the following sections, the preparation procedures, characterization techniques, and photo-
catalytic tests are described in detail, with the aim of elucidating how different dopants influence
the structure—property relationships of g-C3N4 and ultimately govern its performance.

5.1 Materials and method
Table 5.1: Materials used

Composites Chemical formula  Purity Producer
2-Bromobenzonitrile C;yH4BrN 99.9% Merck-Schuchardt
4-Bromo N,N-dimethylaniline BrCyH4N(CH3), 99.9% Sigma-Aldrich
Ammonium Hydroxide NH,OH 28.0-30.0%  Sigma-Aldrich
Boric acid H;BOs 99.5-100.5% Scharlau
Boron trifluoride diethyl etherate  BF3 - O(C4Hjo)2 > 98.0% TCI
Dichloromethane CH,Cl, >99.9% Honeywell
Dimethylformamide C3H;NO > 99.8% Honeywell
Ethanol C,HsO 99.9% Scharlau
Hydrobromic acid aq. solution HBr 48.0% Carlo Erba Analyticals
Melamine C3HgNg 99.9% Alfa Aesar
Methanol CH3;0H > 99.8% Sigma-Aldrich
N,N-Diisopropylethylamine (C3H7),NCH,CH; > 99.0% Sigma-Aldrich
Rhodamine-B CosH31CIN, O3 > 95.0% Sigma-Aldrich
Sodium Hydroxide NaOH > 98.0% Sigma-Aldrich
Sulfuric acid H,S0, 96.0% Carlo Erba Reagents
Sulfamethoxazole C10H11N303S 98% Alfa Aesar
Tetracycline CyHy4N5»Og 98.0-102.0%  Sigma-Aldrich
Triphenylphosphine P(Ce¢Hs)3 99% Aldrich
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5.1.1 Analytical techniques

Transmission electron microscopy (TEM) analysis

The morphology and microstructure of the samples were characterized by transmission electron
microscopy (TEM) and high-angle annular dark-field (HAADF) scanning transmission electron
microscopy (HAADF-STEM) using TEM JEOL F200 operated at 200 kV. Elemental analysis and
mapping were performed using a JEOL 100 mm? silicon drift energy dispersive X-ray spectrometer
(EDX). A carbon supported copper grids, 400 mesh size, were used for preparation of the sample.
All measurements were performed at the Department of Chemical Science (DISC) of the University
of Padua by Dr. Andrea Basagni.

Environmental Scanning Electron Microscopy (ESEM) analysis

Environmental Scanning Electron Microscopy (ESEM) analysis was performed using a FEI Quanta
200 variable pressure environmental scanning electron microscope, equipped with a backscat-
tered electron (BSE) detector and an energy dispersive X-ray spectroscopy (EDX) system (EDAX
Element-C2B). The instrument was operated under variable pressure conditions, allowing for
the direct observation of non-conductive solid samples without the need for conductive coating.
The BSE detector provided compositional contrast based on atomic number differences, while
the EDX detector enabled elemental analysis and mapping of the sample surfaces. Elemental
compositions were obtained by collecting EDX spectra from selected regions of interest (ROIs).
All measurements were carried out under optimized accelerating voltages (typically 15-20 kV),
ensuring adequate spatial resolution and elemental sensitivity. This combined technique allowed
for the morphological and semi-quantitative elemental characterization of the powder samples.
All measurements were performed at Centro di Analisi e Servizi per la Certificazione (CEASC -
UniPd) of the University of Padua by Dr. Federico Zorzi.

Fourier-Transform Infrared Spectroscopy (FTIR) analysis

Fourier-transform infrared (FTIR) spectra of the solid samples were collected using a PerkinElmer
Spectrum 100 spectrophotometer, equipped with a DTGS detector and operated in the range of
4000-400 cm™'. The measurements were performed in attenuated total reflectance (ATR) mode
using a diamond/ZnSe crystal, which allows direct analysis of powders without the need for
additional sample preparation, such as pellet formation. Each spectrum was acquired by averaging
32 scans at a resolution of 4 cm™ to ensure optimal signal-to-noise ratio. Background spectra
were collected before each measurement and automatically subtracted from the sample spectrum
to remove atmospheric contributions (e.g., CO,, H,0). The FTIR spectra were used to identify
functional groups and assess chemical interactions, structural changes, or the presence of specific
bonds characteristic of the sample composition.

Diffuse reflectance spectra (DRS) analysis

Diffuse reflectance spectra (DRS) analysis was carried out using a PerkinElmer Lambda 365+ UV-Vis
spectrophotometer, operating in the 300-7000 nm spectral range, which allows coverage from
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the ultraviolet to the near-infrared region. The measurements were performed on solid powder
samples, which were finely ground in an agate mortar and uniformly spread onto suitable sample
holders (e.g., quartz plates) to guarantee a consistent optical path, surface homogeneity, and
reproducibility of the reflectance signal. Diffuse reflectance data were acquired using an integrating
sphere accessory, which enhances the accuracy of the measurements by collecting both specular
and diffuse components of the reflected light. This configuration is particularly important for
powdered and heterogeneous materials, where scattering phenomena strongly influence the
measured intensity. The raw reflectance spectra were subsequently converted into absorbance-like
data by means of the Kubelka-Munk function 5.1, which establishes a proportionality between the
reflectance and the absorption coefficient of the sample:

(1-R)

FR) = =g

(5.1)

where R is the measured reflectance. The use of the Kubelka-Munk transformation provides a
reliable approximation of the absorption properties of highly scattering samples and is widely
adopted in the optical characterization of powders and polycrystalline solids. To determine the
optical band gap (E,), Tauc plots were constructed by plotting [F'(R)hv|" versus hv, where h is
Planck’s constant, v is the photon frequency, and n is a constant that depends on the nature of
the electronic transition, being n = 1 for direct allowed transitions and n = 2 for indirect ones.
The band gap energy was obtained by extrapolating the linear portion of the Tauc plot to the
photon energy axis (hv), corresponding to the onset of strong absorption. This procedure enables
the distinction between direct and indirect band gaps, thus offering valuable insights into the elec-
tronic band structure of the investigated materials. Overall, the combination of diffuse reflectance
spectroscopy with the Kubelka—Munk and Tauc methodologies represents a powerful approach
for the optical characterization of solid-state powders. It provides quantitative information on
the band gap energy, while also allowing the detection of sub-band-gap states associated with
structural defects, dopants, or surface modifications. This makes DRS particularly well suited
for the study of semiconducting materials, photocatalysts, and other functional solids where the
optical response plays a key role in their technological applications.

X-ray Diffraction (XRD) analysis

X-ray diffraction (XRD) spectra were recorded to characterize samples using a PANalytical X'Pert
Pro diffractometer equipped with a Co X-ray tube and a real-time multiple strip (RTMS) detector
(X'Celerator). X-ray diffraction (XRD) relies on the interaction between incident X-rays and the
periodic lattice of crystalline materials. When a monochromatic X-ray beam impinges upon a crys-
talline specimen, it is scattered by the electrons surrounding the atoms. Constructive interference
of these scattered rays occurs only at specific angles, producing a diffraction pattern that satisfies
Bragg’s Law:

nA = 2dsin 6 (5.2)
where:

* nis an integer (order of diffraction),
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* )\ is the wavelength of the incident X-rays,
* dis the interplanar spacing of the crystal lattice,
* § is the angle of incidence.

The resulting diffraction peaks provide a "fingerprint" of the crystal structure, allowing iden-
tification of crystalline phases and determination of lattice parameters. XRD data is typically
represented as a diffractogram, i.e., a plot of diffracted intensity versus the diffraction angle (26).
The key information obtained includes:

* Phase Identification: Comparing experimental patterns with standard reference data (e.g.,
PDF-4+ database) enables phase determination.

¢ Crystallite Size: Estimated using the Scherrer equation:

KA
~ Bcosb

(5.3)

where:

D = average crystallite size,

K = shape factor (typically ~0.9),

A = X-ray wavelength,
B = full width at half maximum (FWHM) of the peak in radians,

0 = Bragg angle.

¢ Lattice Parameters and Strain: Accurate peak positions enable calculation of unit cell dimen-
sions, while peak broadening can reveal microstrain.

* Preferred Orientation and Texture: Deviations from expected peak intensities may indicate
texture, which can be analyzed using pole figures or Rietveld refinement.

In this research, XRD was employed to analyze the structural properties of doped graphitic
carbon nitride (g-C3N4) materials. The technique was crucial in:

¢ Identifying the crystalline phases present before and after doping;
* Estimating the impact of different dopants (P, B, Br) on interlayer spacing and crystallite size;
* Monitoring structural changes induced by thermal treatments or chemical modification.

The results of XRD analysis were correlated with photocatalytic activity and optical properties
to elucidate structure-property relationships. All measurements were performed at Centro di
Analisi e Servizi per la Certificazione (CEASC - UniPd) of the University of Padua by Dr. Federico
Zorzi.

112



5.1. MATERIALS AND METHOD

X-ray photoelectron spectroscopy (XPS) analysis

X-ray photoelectron spectroscopy (XPS) was carried out by means of a Perkin Elmer PHI 5600ci
Multi Technique System, using AlKa radiation (1486.6 eV) working at 250 W. The spectrometer
was calibrated by assuming the binding energy (BE) of the 4f 7/2 line to be 84.0 eV with respect
to the Fermi level. Both extended and detailed spectra were collected. The standard deviation in
the BE value of the XPS line is 0.1 eV. The atomic percentage, after a Shirley-type background
subtraction was evaluated by using the PHI sensitivity factors. The peak positions (referred to
NIST database) were corrected for the charging effects by considering the C 1s peak at 285.0 eV and
evaluating the BE differences. All measurements were performed at the Department of Chemical
Science (DISC) of the University of Padua by Professor Antonella Glisenti.

UV-Visible Spectroscopy and Photocatalytic Efficiency Calculation

UV-Vis analysis was carried out using a PerkinElmer Lambda 365+ UV-Vis spectrophotometer,
operating in the 200-7000 nm spectral range. The UV-Vis spectrum represents the absorbance of
a material as a function of the wavelength (nm) of the incident electromagnetic radiation in the
ultraviolet and visible regions. The absorbance (A) quantifies the fraction of light energy absorbed
by a given thickness of material and is related to the transmittance (I')-the ratio between the
intensity of the light transmitted through the sample and the incident intensity—according to the
following equation:

A=—logT (5.4)

The absorbance of a solution can be linearly related to the concentration of the analyte by the
Beer-Lambert law:

A=c¢ecl (5.5)

where ¢ is the molar absorptivity (L mol ™' cm™!), ¢ is the molar concentration of the analyte
(mol L~1), and [ is the optical path length (cm).

This relation was employed to determine the concentration of dye in solution and to calculate
the photocatalytic degradation efficiency of the investigated samples. The efficiency was calculated
as follows:

Photodegradation efficiency (%) = (1 — g)) x 100 = (1 — ;140> x 100 (5.6)

Considering that all parameters in the Beer-Lambert law remain constant except for the con-
centration, the efficiency can be equivalently expressed in terms of absorbance. Here, Cy and Ay
represent the initial dye concentration and absorbance (i.e., those of the stock solution), respec-
tively. It is important to note that C, Cj, A, and Ay must refer to the same wavelength in the
absorption spectrum to ensure consistency.

Calibration Curve The calibration curve describes the relationship between the absorbance and
the concentration of the dye. If the Beer-Lambert law holds within the concentration range studied,
this relationship is expected to be linear.
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To establish the calibration curve for Rhodamine-B (RhB), a series of dye solutions with known
concentrations was prepared by diluting a stock solution with a concentration of 20 mg/L. The
concentrations prepared were: 2mg/L, 4mg/L, 6 mg/L, 8 mg/L, and 10 mg/L. According to the
Beer-Lambert Law (Equation 5.5), the slope of the experimental calibration curve is equal to the
product of the molar absorption coefficient (¢) and the optical path length ({). Since both parameters
remain constant throughout the measurements, this value can be inferred directly from the slope

of the linear fit, as shown in Figure 5.1.

3
y=0,2388x

5 R°=0,9836 .

15 T

Absorbance

0a5 ,.”

0 1 2 3 4 5 6 7 8 9 10
Concentration (mg/L)

Figure 5.1: Calibration curve of Rhodamine B between 0-10 mg/L. A linear fit is shown for the
range where the Beer-Lambert law is valid

High-Performance Liquid Chromatography (HPLC) analysis

High-performance liquid chromatography HPLC (UFLC, Shimadzu, equipped with a diode array
detector), was used for the determination of each pharmaceutical concentration along the reaction
time. The specifications regarding the column type, solvents, operating temperature, and other
conditions used for the determination of pharmaceuticals by HPLC are reported in section 5.2.6.
All measurements were performed at the Chemical Engineering and Renewable Resources for
Sustainability (CERES) research centre, at the Faculty of Science and Technology of the University
of Coimbra (FCTUC), Portugal, under the supervision of Professor Rui C. Martins.
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5.2 Experimental

In this section, the synthesis of graphitic carbon nitride (g-C3N,) and its chemical modification
through heteroatom doping will be discussed. Graphitic carbon nitride was prepared by thermal
polymerization of melamine, chosen as a precursor for its higher mass yield compared to urea.
The undoped material was obtained by pyrolysis at 550 °C for 2 h, yielding a yellow powder
that was subsequently ground and stored. To improve visible-light absorption and photocatalytic
performance, different doping strategies were explored. As illustrated in Figure 5.2, doped g-
C3Ny can be obtained either by post-synthesis functionalization of the undoped material or by
co-pyrolysis in the presence of a suitable doping reagent. Bromine doping was first investigated,
starting from brominated precursors or elemental bromine; phosphorus doping was achieved by
co-pyrolysis with triphenylphosphine; and boron doping was carried out using boric acid or boron
trifluoride diethyl etherate. This general scheme highlights how chemical modifications can be
introduced during or after thermal treatment, allowing a direct comparison between different
dopants and their effects on the structure and photocatalytic behavior of g-C3Njy.

Doping
reagent

—_— —_—
pyrolysis
(550°C) :
ﬂg undoped g-C;N, doped g-C3N,
N7 N —_—

b
HaN N NHz Doping
. reagent
melamine

co-pyrolysis (550°C)

doped g-C;N,

Figure 5.2: Mechanism of the synthesis of g-C3Ny

5.2.1 Synthesis of g-C3N,

g-C3Ny4 was synthesized by placing 10 g of melamine in a ceramic crucible covered with aluminium
foil, to reduce the mass loss. The crucible was placed for 2 h at 550 ° C, in a pyrolizer, with a N,
constant flow of 1 mL/s. The sample was left cooling down to ambient temperature, obtaining a
yellow sample that was grinded on an agate mortar.

5.2.2 Synthesis of bromine functionalized g-C;N,

Five different doped g-C3N4 have been synthesized with different bromine precursors: hydro-
bromic acid, 2-bromobenzonitrile, 4-bromo-N,N-dimethylaniline, elemental bromine (Bry). Their
chemical structures are shown in Figure 5.3. The doped samples were called BrN (with N the type
of precursor).

Table 5.2 summarizes the nomenclature of the Br-doped g-C3N4 samples, the dopant reagents
employed, the corresponding atomic percentage of bromine incorporated (calculated based on the
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Figure 5.3: Brominated precursors used

synthesis stoichiometry), as well as the adopted synthetic procedure. In particular, the CP-labelled
samples were obtained by co-pyrolysis, i.e., by mixing the dopant precursor with melamine
prior to thermal condensation, whereas the PP-labelled samples were prepared by post-pyrolysis
functionalization through direct reaction of pre-synthesized g-C3sN, with the dopant reagent.

Table 5.2: Nomenclature and atomic % content of the dopant element in the Br-doped g-C3Ny

samples
Sample Dopant reagent Mass % dopant elem.
Br1-CP* CoHgNZ " 2Br~ 1.1
Br2-CP CgH4BrCN 0.9
Br3-CP BrCsH4N(CHs)o 0.8
Br4-CP Bro 224
Br4-PP** Brs 19.0

* co-pyrolysis doping procedure
* post-pyrolysis doping procedure
¥ according to the synthesis stoichiometry
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Synthesis of Br1-CP

The first Br-doped photocatalyst was called Br1-CP, and was prepared by adding melamine bis-
hydrobromide, obtained by reaction with hydrobromic acid (HBr), to melamine and subsequently
subjected to co-pyrolysis. The synthesis was based on the work of Msalmi et al. [290], which
prepared a similar species using HI. In this case, a white powder of melamine bis-ammonium salt
(CsHsNgt) (Br™), was produced by reaction of pure melamine with excess HBr in dimethylfor-
mamide (DMF) according to the Equation 5.7.

C3HgNg + 2 HBr — C3HgNZT -2 Br™ (5.7)

In detail, 0.695 g of melamine was dissolved in 25 mL of DMF, and the obtained solution was
then treated with 5 mL of HBr. The crystals salts were formed after partial evaporation of the
solvent under reduced pressure. Afterward, 30 mL of ethanol were added, provoking the complete
precipitation of the bis-hydrobromide salt, which was filtered on a filter paper, and dried on a
desiccator under vacuum [290]. The salt obtained was then used in the preparation of Br1-CP: 10 g
of melamine and 0.2 g of ammonium salt were mixed in an agate mortar. The mixed powders were
grinded, placed in a ceramic crucible and pyrolyzed at 550 °C for 2 h, under inert atmosphere. After
2h, the pyrolyzer was switched off and the product was slowly cooled to ambient temperature,
obtaining a yellow sample that was grinded on an agate mortar and stored in a vial.

Synthesis of Br2-CP

The second Br-doped photocatalyst was called Br2-CP. It was prepared by mixing in an agate
mortar 0.2 g of C;H4BrN (2-bromobenzonitrile) with 10 g of melamine. The mixed powders
were ground, placed in a ceramic crucible, and subjected to co-pyrolysis at 550 °C for 2 h under
inert atmosphere. After the thermal treatment, the furnace was turned off and the product was
slowly cooled to ambient temperature, yielding a yellow solid that was ground in an agate mortar
and stored in a vial. This synthesis was based on the work of Bresolin et al. [284] in which 4-
bromobenzonitrile was employed to introduce organic motifs into g-C3Ny4 networks through a
convenient one-pot thermally induced process.

Synthesis of Br3-CP

As the last brominated reagent, BrC¢HsN(CHjs)2 (4-Bromo-N,N-dimethylaniline) was used to
produce Br3-CP. The same co-pyrolysis approach of the synthesis of Br2-CP was followed to
produce it.

Synthesis of Br4-CP

Br4-CP was synthesized following a procedure adapted from the literature [291]. In a typical
synthesis, 0.833 g of melamine was dissolved in 1.0 g of NaOH in 5 mL of deionized water.
Bromine (Br;) was added slowly dropwise until a total volume of 1 mL was reached. The mixture
was stirred at room temperature for 2 h, then the solid residue was centrifuged, with deionized
water and dried, yielding a yellow solid. For the co-pyrolysis, 0.2 g of the obtained brominated
melamine was mixed with 10.0 g of pristine melamine. The mixture was pyrolyzed at 550 °C for
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2 h. After cooling, the resulting solid was ground with a mortar, collected in a vial, and stored for
further use.

Synthesis of Br4-PP

Figure 5.4 shows the schematic synthesis procedure followed for Br4-PP. Unlike the Br4-CP sample,
which was obtained via bromination of melamine prior to thermal condensation, Br4-PP was
synthesized through an innovative post-pyrolysis treatment. In this procedure, 150 pL of elemental
bromine (Bry) were added to a 50 mL round bottom flask containing 2 g of pre-synthesized g-C3Ny,
dispersed in 20 mL of chloroform, under stirring and nitrogen flux. After 2 h of continuous stirring,
the suspension was centrifuged and washed twice with chloroform (5 min at 10000 rpm). The
obtained material was finally dried and stored in air. This post-pyrolysis approach represents a
novel strategy, as it enables the direct functionalization of the carbon nitride framework after its
formation, rather than during the condensation of melamine.

“
»
550°C f N

2h
| | washing S ———
A drying - . .
functionalized g-C5N
g-C5N, %"@ 3Na

CHCls, RT, 2h

Figure 5.4: Schematic synthesis procedure of Br4-PP

5.2.3 Synthesis using triphenylphosphine

The phosphorous-doped samples have been obtained using triphenylphospine as precursor (Figure
5.5).

Figure 5.5: Phosphine used as precursor
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P 0.1%-CP was synthetized by mixing 10 g of melamine with 0.1 g of triphenylphosphine in a
mortar. The mixed powder was put in a ceramic crucible inside a pyrolizer, under inert atmosphere.
The system was heated at 550°C for 2h and left cooled at ambient temperature, keeping the nitrogen
flux inside the furnace. P 1.2%-CP was synthetized following the same procedure. This time the
amount of triphenylphospine added to the melamine was 1 g.

Table 5.3 summarizes the nomenclature of the samples, the dopant reagents employed, and the
corresponding atomic percentage of phosphorous incorporated, calculated based on the synthesis
stoichiometry.

Table 5.3: Nomenclature and atomic % content of the dopant element in the P-doped g-C3Ny

samples
Sample Dopant reagent Mass % dopant elem.
P 0.1%-CP P(CsHs5)3 0.1
P 1.2%-CP P(CsHs)s 1.2

¥ according to the synthesis stoichiometry

5.2.4 Synthesis of boron functionalized g-C;N,

In the synthesis of boron-doped g-C3Ny derivatives, two different boron precursors were employed:
boron trifluoride diethyl etherate (BF; - OEt,), used for the preparation of fluorescent molecules
such as BODIPY [292], and boric acid (H3BO3), a more conventional boron source for g-C3Ny
doping [293, 294, 295]. These reagents were introduced using two distinct synthetic strategies:
co-pyrolysis with melamine and post-pyrolysis functionalization of pre-formed g-C3Ny. In both
cases, different precursor-to-melamine mass ratios were tested in order to evaluate their influence
on the extent of boron incorporation into the carbon nitride framework. The chemical formulas of
the boron precursors used in this study are summarized in Figure 5.6.

OH F
cH,” Yo7 cH,
/ B \ / B \
HO CH F F
Boric acid Boron trifluoride diethyl eherate

Figure 5.6: Boronated precursor used
Table 5.4 summarizes the nomenclature of the samples, the dopant reagents employed, and

the corresponding atomic percentage of bromine incorporated, calculated based on the synthesis
stoichiometry.
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Table 5.4: Nomenclature and atomic % content of the dopant element in the B-doped g-C3Ny

samples
Sample Dopant reagent Mass % dopant elem.
B 0.6%-PP* BF;-OEt, 0.6
B 1.2%-PP* BF;-OEt, 1.2
B 5.8%-PP* BF3-OEt, 5.8
B 0.9%-CP** H;3BOs 0.9
B 0.9%-PP* H3BOs 0.9

* post-pyrolysis doping procedure
* co-pyrolysis doping procedure
¥ according to the synthesis stoichiometry

Synthesis using boron trifluoride diethyl etherate

Figure 5.7 shows the schematic synthesis procedure followed for the samples obtained with a
post pyrolisis tratment with trifluoride diethyl etherate. This synthetic procedure was adapted
from the work of Groves et al. [292]. B 0.6%-PP was synthetized by dissolving 2 g of g-C3Ny in
70 mL of dichloromethane in a ballon, at ambient temperature, at inert atmosphere. The system
was kept agitated for 30 minutes to obtain a complete dispersion. At this point, 0.14 mL of N,N-
Diisopropylethylamine (DIPEA) and 0.14 mL of boron trifluoride diethyl etherate were added,
under nitrogen flux. The system was stirred in an inert atmosphere overnight. B 1.2%-PP was
synthesized following the same synthetic procedure. In this case, the volume of DIPEA and of
BF3 - OEt; added was doubled. 0.28 mL respectively of DIPEA and of BF3 - OEt; were added to
the system, under stirring. In the case of B 5.8%-P the volume of DIPEA and of BF5 - OEt, was
decuplicated, thus 1.40 mL of DIPEA and 1.40 mL of BF3 - OEt, were added respectively.

melamine

e washing
—_—

]
b
@ drying
g-C3N,y B-doped g-C5N,
CH,Cl,, RT, 12h

Figure 5.7: Schematic synthesis procedure of post-pyrolisis boron samples

Synthesis using boric acid

B 0.9%-CP was synthetized by mixing 10 g of melamine with 0.5 g of boric acid (H3BOs3) in a
mortar. The mixed powder was put in a ceramic crucible inside a muffle. The system was heated at
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550°C for 2 h and left cooled at ambient temperature. This synthetic procedure was adapted from
the work of Singh et al. [294]. B 0.9%-PP was synthetized following the same procedure. The only
differences were that this time 0.25 g of boric acid was added to 2.5 g of g-C3N, already obtained.

5.2.5 Testing procedure for dyes identification

As a model dye we chose Rhodamine-B (RhB) to evaluate and compare the photodegradation
capacity of the photocatalysts prepared in this work (Figure 5.8).

Figure 5.8: Chemical structure of Rhodamine-B

RhB is a cationic dye that gives strong pink solutions in water and is widely used in the textile,
paint, leather, plastic, coatings, and paper industries. However, due to its high chemical stability, it
is harmful to the environment, with easy accumulation and long-lasting effects, and can also cause
allergic reactions, irritation, and damage to the eyes and skin [296, 297, 298]. For this reason, its
removal from aqueous effluents is necessary in wastewater treatment. Photocatalytic experiments
were performed by dispersing 62.5 mg of photocatalyst in 100 mL of a RhB solution with a concen-
tration of 4 mg L1, corresponding to 0.400 mg of dye (i.e. 8.3 x 10~7 mol). The suspension was
magnetically stirred in a beaker and kept in the dark for 30 minutes to reach adsorption-desorption
equilibrium. After this period, the lamp was switched on to initiate photocatalysis. At regular
time intervals, aliquots were withdrawn, filtered to remove suspended catalyst, and analyzed by
UV-Vis spectrophotometry (PerkinElmer Lambda 365+). Samples were measured in quartz cuvettes
with a 1 cm optical path, and the absorbance of the RhB band in the visible region was monitored
to evaluate the photocatalytic degradation. Before the photocatalytic tests, blank measurements of
pure deionized water were performed to exclude any interference from the matrix or the cuvettes.

5.2.6 Testing procedure for pharmaceutical identification

Sulfamethoxazole (SMX) and atenolol (AT) were selected as model pharmaceutical pollutants for
photocatalytic degradation studies. Their chemical strcture is shown in Figure 5.9 and in Figure
5.10, respectively.

Both compounds are of environmental concern due to their persistence in water and potential
harmful effects on ecosystems and human health [299, 40]. Photocatalytic experiments were
conducted by dispersing 62.5 mg of photocatalyst in 200 mL of pollutant solution with an initial
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Figure 5.9: Chemical structure of sulfamethoxazole
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Figure 5.10: Chemical structure of atenolol

concentration of 1 mg L~!. This corresponds to 0.200 mg of pollutant, i.e. 7.9 x 10~7 mol for
SMX and 5.2 x 10~7 mol for AT. The suspensions were stirred and left in the dark for 30 minutes
to allow adsorption equilibrium. Afterwards, the lamp was switched on to start the reaction,
and aliquots were withdrawn at fixed intervals, filtered, and analyzed by high-performance
liquid chromatography (HPLC, UFLC Shimadzu). For SMX analysis, 100 L of each sample was
injected into the system using a mobile phase (1 mL min~') composed of 50% methanol and
50% acidic water (0.1% orthophosphoric acid). A C18 (SiliaChrom) column was maintained at
40°C, and detection was carried out at 280 nm. For AT analysis, 100 uL of each sample was
injected with a mobile phase (1 mL min~!) consisting of 10% acetonitrile and 90% acidic water
(0.1% orthophosphoric acid). The same C18 column was used at 40 °C, with detection at 230 nm.
These analytical conditions enabled accurate monitoring of the residual concentration of both
pharmaceuticals during the photocatalytic process.

5.2.7 Scavenger tests

To investigate the role of reactive oxygen species in the photocatalytic degradation of pharmaceuti-
cals, scavenger tests were carried out using atenolol (AT) as model pollutant. The experiments were
performed in 200 mL of aqueous AT solution with an initial concentration of 1 mg/L. A mass of
62.5 mg of photocatalyst was dispersed in the solution under constant stirring, yielding a catalyst
loading of 312.5 mg/L. Prior to irradiation, the suspension was kept in the dark for 30 minutes to
evaluate adsorption of the pollutant onto the photocatalyst surface. After this equilibration period,
scavenger molecules were introduced to selectively quench the formation of reactive species.
Isopropanol (IPA, 20 mmol/L) was used as a hydroxyl radical (-OH) scavenger, corresponding to a
final amount of 4 mmol (approximately 240 mg) in the reactor. p-Benzoquinone (BQ, 0.05 mmol/L)
was employed as a superoxide radical anion (O; ") scavenger, corresponding to a final amount
of 0.01 mmol (approximately 1.08 mg) in the solution. Following the addition of the scavengers,
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the photocatalytic tests were initiated by turning on the visible-light source. During irradiation,
aliquots were withdrawn at fixed time intervals, filtered, and analyzed by high-performance liquid
chromatography (HPLC). Atenolol was quantified by injecting 100 x:L of each sample with a mobile
phase (1 mL min~!) consisting of 10% acetonitrile and 90% acidic water (0.1% orthophosphoric
acid). A C18 column was used at 40 °C, with detection at 230 nm. The procedure allowed direct
comparison of atenolol photodegradation kinetics in the absence and presence of scavengers,
thereby identifying the predominant reactive species involved in the photocatalytic process.

5.3 Material characterization

In this section, the results obtained from the synthesis and characterization of the samples are
presented and discussed. The main focus is on comparing the effects of different doping strategies
on the structural and chemical properties of g-C3Ny, highlighting how each dopant modifies
crystallinity, layer stacking, and surface characteristics.

5.3.1 Pristine g-C3N,4

The pristine graphitic carbon nitride powder obtained from melamine at 550°C shows a brownish
tone (Figure 5.11). The pyrolysed sample yielded about 40%.

Figure 5.11: Pristine graphitic carbon nitride synthesized

ESEM-EDX analysis

As described in subsection 5.1.1, ESEM analyses were carried out to study the morphology of the
synthesized materials. Figure 5.12 reports representative ESEM images of pristine g-C3Ny4, which
reveal an open and porous morphology with a sponge-like structure and interconnected voids.
This indicates that the pyrolysis process promotes the formation of a porous microstructure, likely
resulting from the rapid gas evolution and decomposition during thermal treatment, which can
induce exfoliation and prevent dense stacking of the layers.
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Figure 5.12: ESEM images of g-C3Ny

The chemical composition of the pristine g-C3N, sample was investigated through energy-
dispersive X-ray spectroscopy (EDX) in order to evaluate the elemental distribution of the material
surface. The results of the analysis, summarized in Table 5.5, show that the sample is predominantly
composed of nitrogen (61.6 wt%) and carbon (35.2 wt%), in line with the theoretical stoichiometry
of graphitic carbon nitride. The detection of a small amount of oxygen (3.2 wt%) can be associated
with the presence of surface-adsorbed molecules or with partial oxidation processes occurring
during the thermal treatment and handling of the material.

Table 5.5: Surface composition of pristine g-C3N, determined by EDX analysis

Sample C (wt%) N (wt%) O (wt%)
g-C3N4 35.2 61.6 3.2

TEM analysis

As described in subsection 5.1.1, the TEM analyzes were also carried out. The TEM images provide
further insight into the nanostructure of g-C3Ny.

The sample obtained from pyrolyzed melamine (Figure 5.13) exhibits a compact and aggre-
gated morphology. The sheets appear thick and densely packed, suggesting an high degree of
condensation or restacking. However, some lamellar features are still visible, indicating that the
layered nature of g-C3Ny is retained. Thus, the pyrolysis treatment promotes the condensation
and eventually the graphitization.
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Figure 5.13: TEM images of g-C3Ny

FTIR characterization

In the FTIR spectrum of g-C3Ny (Figure 5.14), it is possible to recognize the characteristic features
of graphitic carbon nitride.

The broad absorption band in the region of 3000-3300 cm ! is attributed to the N-H stretching
vibrations, likely from residual -NHy or -NH groups. Multiple peaks appear in the 1200-1650
cm ™! region, corresponding to C-N and C=N stretching vibrations in the heterocyclic aromatic
structure of tri-s-triazine units, a hallmark of g-C3N. The sharp peak around 810 cm ™" is associated
with the out-of-plane bending mode of triazine rings, confirming the preservation of the g-C3Ny
framework.

XPS analysis

To investigate the surface composition and chemical bonding states, the XPS spectra of pristine
carbon nitride were analyzed. Table 5.6 summarizes the elemental composition obtained from
XPS quantification. The pristine sample exhibits a composition of 44.9% C, 53.3% N, and 1.8% O,
corresponding to a C/N ratio of 0.84. These values are consistent with the expected stoichiometry
of graphitic carbon nitride and confirm the structural integrity of the triazine/heptazine network,
which is the typical framework of g-C3Ny.

Table 5.6: Surface composition of pristine g-C3N4 determined by XPS analysis

Sample C(%) N (%) O(%) C/N

g-CsNy 449 53.3 1.8 0.84

The high-resolution C 1s spectrum of pristine g-C3Ny (Figure 5.15) shows a dominant peak

125



5. PREPARATION OF HETEROATOM-DOPED g-C3N4 DERIVATIVES

C-N heterocycle

%T

1 1 L L 1 1

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure 5.14: IR graph of g-C3Ny

centered at ~288.2 eV, which corresponds to sp?-hybridized carbon atoms bonded to nitrogen
in the N-C=N environment typical of triazine and heptazine rings. A shoulder at lower binding
energy (~286.5 eV) can be assigned to carbon in C-N bonds, whereas a minor component near
284.6 eV is associated with adventitious carbon contamination (C-C/C-H species) on the surface.
In addition, a weak contribution at higher binding energies (~291 eV) is observed, which can be
interpreted either as a 7—7* satellite feature, characteristic of conjugated aromatic systems, or as
an indication of oxygen-containing carbon species (such as carboxyl or carbonate functionalities).
These assignments are consistent with both the intrinsic bonding states of g-C3N,4 and the presence
of minor surface oxidation. The high-resolution N 1s spectrum of pristine g-C3N, (Figure 5.16)
can be deconvoluted into two or three main components depending on the adopted fitting model.
In agreement with most reports in the literature, peaks are typically observed at ~398.6 eV (sp?-
bonded nitrogen in C=N-C), ~399.7 eV (tertiary nitrogen, N—(C)3), and ~401.0-401.2 eV (terminal
amino groups such as -NHj; or -NH). In our fitting procedure, the spectrum can be satisfactorily
described by two main contributions: a dominant peak at ~399.0 eV, which is consistent with
nitrogen involved in amine-type functionalities (-NHj3, -NHR, -NR3), and a secondary component
at higher binding energy (~400.8 eV), attributable to nitrogen species interacting with oxygen
(N-O). The slight differences in the binding energy positions and peak assignment reflect both
instrumental calibration and the presence of surface oxygen, but overall the results are consistent
with the bonding environments expected for g-C3Ny. The O 1s spectrum of pristine g-C3Ny
(Figure 5.17) reveals a relatively weak but detectable signal, in line with the low oxygen content
obtained from XPS quantification (Table 5.6). The main contribution is centered at ~531.5-532.0 eV
and can be attributed to oxygen atoms bound to carbon in C=O or C-O species, likely originating
from surface oxidation or adsorbed oxygen-containing groups. A minor component at higher
binding energies (~533.0 eV) may arise from physisorbed water or residual solvent species. These
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oxygen-related features are not intrinsic to the g-C3Ny framework but are commonly observed in

carbon nitride materials due to their high surface reactivity and tendency to react with atmospheric

oxygen or moisture.
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Figure 5.15: High-resolution C 1s spectrum of pristine g-C3Ny
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Figure 5.16: High-resolution N 1s spectrum of pristine g-C3Ny
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Figure 5.17: High-resolution O 1s spectrum of pristine g-C3Ny

Overall, the XPS analysis confirms that pristine g-C3Ny4 exhibits the expected bonding envi-
ronments and surface composition. The C/N ratio is close to the theoretical value. These results
validate the use of pristine g-C3Ny as a reliable reference sample. In the following sections, the
XPS analysis of heteroatom-doped samples (Br, P, B) will be presented, where the C 1s, N 1s, and
O 1s spectra remain largely consistent with the pristine material, while additional contributions
associated with dopant elements are highlighted.

XRD analysis

Figure 5.18 shows the X-ray diffraction (XRD) patterns of pristine g-C3Ny.

The pattern exhibits the characteristic diffraction peaks of graphitic carbon nitride. The most
intense peak, centered around 27.5° (2¢), corresponds to the (002) plane, associated with the
interlayer stacking of the conjugated aromatic systems. In addition to this, a weaker reflection can
be observed at approximately 13° (20), which is assigned to the (100) plane. This peak arises from
the in-plane structural periodicity of the tri-s-triazine units, highlighting the ordered arrangement
within the aromatic framework. The relative intensity of this reflection is lower compared to the
(002) peak, reflecting the limited degree of long-range order parallel to the layers. The sharpness
and position of the (002) peak provide useful information on the stacking of the layers: a well-
defined peak indicates efficient 7—m stacking, whereas a broader signal suggests structural disorder
or incomplete condensation. The interlayer distance dog2, around 0.32-0.33 nm, can be calculated
from the peak position using Bragg’s law, while the width of the peak can be exploited to estimate
the crystallite size along the stacking direction. Shifts of the (002) reflection towards higher or
lower angles may indicate compression or expansion of the interplanar spacing, often linked to
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Figure 5.18: XRD graph of pristine g-C3Ny4

defects or the incorporation of foreign atoms and groups. Similarly, the absence or weakening of
the (100) reflection can be interpreted as a loss of in-plane periodicity, possibly due to distortions or
a reduced degree of condensation. Overall, the XRD pattern of g-C3Ny reflects its partially ordered
layered structure, where the strong stacking along the c-axis coexists with a more limited ordering

within the planar direction.

Band gap analysis

The band gap of the material was estimated from diffuse reflectance spectra (DRS) measurements,
as described in Subsection 5.1.1. Figure 5.19a reports the DRS curve for pristine g-C3N4, where the
absorption edge can be clearly identified and related to the onset of electronic transitions between

the valence and conduction bands.
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Figure 5.19: Band gap analysis of pristine g-C3Ny
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However, in order to determine the band gap energy more precisely, the Tauc method was
applied by transforming the reflectance data according to the Kubelka-Munk function. The corre-
sponding Tauc plot is shown in Figure 5.19b, where the linear portion of the curve was extrapolated
to the energy axis, leading to a band gap value of 2.68 eV. This value is in good agreement with
those typically reported in the literature for pristine g-C3Ny, thereby confirming the reliability of
the synthesis procedure. In summary, while the DRS spectrum provides the experimental basis to
visualize the optical absorption edge, the Tauc plot allows the quantitative determination of the
band gap energy.

5.3.2 Bromine doping

Five bromine-doped g-CsN,4 samples were synthesized using different bromine sources and labeled
as Br1-CP, Br2-CP, Br3-CP, Br4-CP, and Br4-PP, where CP indicates co-pyrolysis and PP indicates
post-pyrolysis treatment. The samples display distinct coloration, ranging from light yellow to
dark brown and orange, reflecting differences in the bromine precursors and the applied thermal
treatments. Such visual variations are indicative of changes in the electronic structure and optical
properties of the materials. Images of all samples are shown in Figure 5.20.

Figure 5.20: Bromine-doped g-C3N, samples synthesized

Table 5.7 summarizes the synthesis conditions for the different bromine-doped g-C3N4 samples
obtained, including the initial mass, the bromine source, the mass of the isolated product and the
corresponding yield.

Synthetic yields varied depending on the bromine source and the synthetic strategy. The
first three samples (Br1-CP, Br2-CP, Br3-CP) were prepared via co-pyrolysis with melamine bis-
hydrobromide or organic bromides and delivered consistent yields around 43-44%, indicating
that this approach is reproducible and allows for recovery of the product without significant loss.
Br4-CP, synthesized via co-pyrolysis with elemental bromine, showed a lower yield (39%). Br4-PP,
prepared through a post-pyrolysis treatment with elemental bromine, represents a completely
different synthetic pathway and achieved a higher yield (81%), reflecting the efficiency of this
method in preserving the structural integrity of g-C3N4. Overall, these observations highlight that
the yield of Br-doped g-C3sINy is strongly influenced by both the bromine source and the specific
synthetic approach.

130



5.3. MATERIAL CHARACTERIZATION

Table 5.7: Synthesis conditions and yields of bromine-doped g-C3N,4 samples

Sample Mass (g) Dopant reagent Mass obtained (g) Yield (%)

Br1-CP 10 melamine C9H8N§+ -2Br~ 4.41 43
Br2-CP 10 melamine CgH4BrCN 4.43 43
Br3-CP 10 melamine BrCgH4N(CHj3)s 4.52 44
Br4-CP 10 melamine Br, 3.99 39
Br4-PP 2 g-C3Ny Bry 2.0 81

ESEM-EDX analysis

As described in subsection 5.1.1, the SEM analyzes were carried out, as represented in the Figure
5.21.

The EDX elemental analysis reported in Table 5.8 confirms that all bromine-doped g-C;Ny
samples maintain the typical stoichiometric balance between nitrogen (62-64 wt%) and carbon
(34-35 wt%). The oxygen content is low (1.6-3.2 wt%), mainly arising from surface oxidation and
exposure to air.

Table 5.8: EDX elemental analysis on the surface of bromine-doped g-C3N4 samples

Element Weight %

Br1-CP Br2-CP Br3-CP Br4-CP Br4-PP

N 62.5 63.5 63.2 63.0 62.4
C 34.2 34.4 34.2 34.1 34.6
o 3.2 2.1 2.6 29 1.6
Br - - - - 14

Although EDX analysis is useful for elemental characterization, it is known to have limited
sensitivity, especially for light elements. No bromine is detected in the Br1-CP, Br2-CP and Br3-CP
samples, obtained respectively from hydrobromic acid, 2-bromobenzonitrile and 4-bromo-N,N-
dimethylaniline as precursors. Similarly, the Br4-CP sample, synthesized by co-pyrolysis with
elemental bromine, does not exhibit a measurable Br signal. In contrast, bromine is clearly detected
(1.4 wt%) in the Br4-PP sample, where Br, was introduced after pyrolysis through a post-pyrolytic
treatment. This suggests that bromine incorporation is less efficient under high-temperature co-
pyrolysis conditions, but becomes significant when Br; interacts with preformed g-C;N, surfaces.
Therefore, post-pyrolysis functionalization appears to be the most effective strategy for introducing
bromine atoms. These results highlight how the choice of precursor and synthesis pathway strongly
influences bromine retention.

TEM analysis

As described in subsection 5.1.1, the TEM analyzes were carried out, as represented in Figure 5.22.
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(d) Br4-CP (e) Br4-PP

Figure 5.21: ESEM images of bromine-doped g-C;N4 samples
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(a) Br1-CP (b) Br2-CP

(c) Br3-CP

(d) Br4-CP (e) Brd-PP

Figure 5.22: TEM images of bromine-doped g-C;N4 samples
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FTIR characterization

The infrared spectra of the bromine-doped g-C4N4 samples are reported in Figure 5.23.
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Figure 5.23: IR graph of bromine-doped g-C3N4 samples

The spectra allow a direct comparison of the chemical environment of the carbon nitride

framework after doping. All samples show the characteristic vibrational features of the heptazine-
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based structure, including the stretching modes of C-N and C=N bonds. Minor shifts in band
positions are observed depending on the precursor employed, reflecting the different interactions
between bromine and the polymeric network. In particular, the post-pyrolyzed Br4-PP sample
displays subtle modifications, consistent with the EDX evidence of bromine incorporation. These
results confirm that the doping route has a measurable effect on the surface functionalization.

XPS analysis

The XPS spectra of the two bromine-doped g-C3N, samples, Br3-CP and Br4-PP, display overall
features for C 1s, N 1s, and O 1s that are similar to those of pristine g-C3Ny (see Section 5.3.1). This
indicates that the general polymeric structure of g-C3Ny is largely preserved upon bromination.
The bromine-doped carbon nitride samples were obtained by post-synthetic functionalization
of pyrolyzed g-C3N, using elemental bromine (Brs) for Br4-PP, while Br3-CP was prepared via
co-pyrolysis with 4-nitrodimethylaniline. XPS analysis confirms successful bromine incorporation
in Br4-PP, which displays a Br content of 0.9 at.% (Table 5.9).

Table 5.9: Surface composition of Br-doped g-C3N, samples (XPS analysis)

Sample C(%) N (%) O(%) Br(%) C/N

Br3-CP 429 55.2 1.9 - 0.8
Br4-PP 41.0 56.0 2.1 0.9 0.7

In contrast, Br3-CP shows no detectable Br signal, suggesting either low doping levels or loss
of bromine during the thermal treatment procedure. Compared to the undoped reference, both
bromine-doped samples exhibit slightly lower C/N ratios (0.7-0.8), which could reflect partial
oxidation, retention of nitrogen, or structural perturbations due to Br incorporation. Oxygen
levels remain modest (1.9-2.1 at.%), indicating limited surface oxidation and preservation of the
g-C3N, framework. The detection of bromine by XPS confirms that the halogenation process
effectively modifies the surface chemistry of g-C3Ny, particularly with a post-pyrolisis, process
with sufficient Br; loading. Bromine incorporation is expected to introduce electron-withdrawing
effects, altering the local electronic environment and potentially enhancing photocatalytic activity.
The high-resolution Br 3d spectrum of Br4-PP (Figure 5.24) shows a peak at 68.2 eV, indicative of
bromine present as bromide species.

This signal was acquired in high-sensitivity, low-resolution mode to improve the signal-to-noise
ratio, as compared to the high-resolution scans of the C 1s, N 1s, and O 1s regions.

XRD analysis

Figure 5.25 shows the XRD patterns of bromine-doped graphitic carbon nitride synthesized using
two different approaches.

The blue curve corresponds to the sample doped by copyrolysis using 4-bromo-N,N-dimethylaniline
(Br3-CP), while the orange curve refers to the material post-synthetically treated with elemental
bromine (Br4-PP). Both patterns exhibit the characteristic (002) diffraction peak at approximately
27.5° (26), which is attributed to the interlayer stacking of the conjugated aromatic units in the
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Figure 5.24: High-resolution Br 3d spectrum of Br4-PP
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Figure 5.25: XRD graph of bromine-doped g-C3Ny
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g-C3Ny framework. Notably, the Br3-CP sample displays a sharper and more intense (002) peak,
indicating a higher degree of crystallinity and a more ordered lamellar structure. This suggests
that the use of a molecular bromine-containing precursor during synthesis promotes a more ho-
mogeneous and controlled incorporation of dopant into the framework. Conversely, the sample
treated with elemental bromine post-synthetically shows a broader and less intense (002) reflection,
pointing to a partial disruption of the interlayer order and a lower crystallinity. This effect is likely
due to the aggressive oxidative nature of elemental bromine, which may induce structural defects,
fragmentation, or even partial exfoliation of the g-C3Ny layers during treatment. Additionally,
the (100) peak near 13°, typically associated with in-plane structural packing, is barely visible or
absent in both samples, indicating that bromine doping—regardless of the method—has a limited
effect on the in-plane structural order. Overall, the XRD analysis confirms that bromine doping
can influence the crystallinity of g-C3Nj, with the in situ method (Br3-CP) being more effective in
preserving and even enhancing the structural ordering of the material. These structural modifica-
tions are expected to impact the optical and electronic properties of the materials, as discussed in
the following sections. The small peaks observed in the XRD pattern of Br4-PP sample analysed
before being washed with water correspond to ammonium bromide residues. In fact, during the
synthesis, liquid bromine can react with the amorphous regions of graphitic carbon nitride, causing
an etching process. This reaction involves the electrophilic attack of bromine molecules on defect
sites and nitrogen-rich moieties within the amorphous domains, breaking C-N bonds and causing
structural degradation. Consequently, this chemical erosion leads to material loss, which explains
the lower mass yield compared to the initial amount of carbon nitride precursor used.

Band gap analysis

The optical properties of bromine-doped g-C3sNy samples were investigated using diffuse re-
flectance spectroscopy (DRS) to determine the corresponding band gap energies.

The DRS spectra (Figures 5.26a and 5.27a) reveal a noticeable red-shift in the absorption edge
compared to pristine g-C3Ny (Figure 5.19a), suggesting modifications in the electronic structure.
In fact, in bromine-doped samples electronic perturbations arise from the presence of Br atoms,
which can alter the local electronic environment, slightly reducing the band gap and enhancing
visible-light absorption. The band gap values were calculated using Tauc plots derived from the
DRS data (Figures 5.26b and 5.27b), assuming an indirect allowed transition, which is typical for
g-C3Ny. The results are summarized in Table 5.10.

Table 5.10: Band gap values obtained from DRS measurements for bromine-doped g-C3N4 samples

Sample Band gap value (eV)

Br1-CP 2.56
Br2-CP 2.60
Br3-CP 2.45
Br4-CP 245
Br4-PP 2.53
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Figure 5.26: DRS and Tauc plot analysis of Br1-CP, Br2-CP, and Br3-CP
Among the bromine-doped samples, the band gap ranges from 2.45 eV (Br3-CP) to 2.60 eV
(Br2-CP), with Br4-PP exhibiting 2.53 eV. The slight reduction in the band gap relative to undoped

g-C3Ny indicates an enhanced absorption in the visible region, which is particularly beneficial for
photocatalytic processes.
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Figure 5.27: DRS and Tauc plot analysis of Br4-CP and Br4-PP
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5.3.3 Phosphorous doping

The obtained phosphorous-doped g-C3N4 samples exhibit quite a similar color (Figure 5.28).

Figure 5.28: Phosphorous-doped g-C3N4 samples synthesized

In particular, two different materials are shown, corresponding to P 0.1%-CP and P 1.2%-CP,
synthesized with increasing amounts of triphenylphosphine (PPh;s) as the phosphorus source.
Despite the variation in functionalization degree, both powders appear to have an almost identical
yellowish shade, typical of carbon nitride derivatives. No clear macroscopic differences can be
distinguished by simple visual inspection, suggesting that the phosphorus incorporation does not
significantly affect the overall aspect of the final solids. This observation is in line with previous
reports where only subtle optical variations could be detected upon heteroatom doping.

Table 5.11 reports the synthesis data for two phosphorus-functionalized carbon nitride samples.

Table 5.11: Synthesis conditions and yields of phosphorus-doped g-C3N, samples

Sample  Melamine mass (g) P reagent(g) Mass obtained (g) Yield (%)

P 0.1%-CP 10 0.1 4.69 46.9
P 1.2%-CP 10 1.0 4.72 47.2

Both materials were prepared starting from 10 g of melamine, varying the amount of phos-
phorus reagent introduced in the reaction. In the first case, only 0.1 g of P reagent was used,
corresponding to a nominal functionalization degree of 0.1%. The obtained solid mass after syn-
thesis was 4.69 g, which represents a yield of 46.9%. The second sample was prepared with a larger
amount of phosphorus reagent (1.0 g). After synthesis, the recovered mass was 4.72 g, very close to
that of the previous material. The yield in this case was slightly higher, reaching 47.2%.
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ESEM-EDX analysis

Figure 5.29 shows the ESEM images of phosphorus-doped graphitic carbon nitride (P-g-C3Ny)
samples synthesized with different amounts of triphenylphosphine. The ESEM images reveal a
significant change in the surface morphology with increasing phosphorus content. The P 0.1%-CP
sample exhibits a rough, porous structure composed of aggregated particles, indicating a typical
g-C3Ny morphology. In contrast, the P 1.2%-CP sample shows a more compact and homogeneous
surface, suggesting that a higher phosphorus doping level may influence the polymerization or
condensation process during the thermal treatment, resulting in denser packing and reduced
porosity. These morphological differences are consistent with variations in chemical composition
and may affect the photocatalytic or electronic properties of the material.

(a) P 0.1%-CP (b) P 1.2%-CP

Figure 5.29: ESEM images of P 0.1%-CP and P 1.2%-CP

Table 5.12 reports the surface composition of phosphorus-doped g-C3Ny samples as determined
by EDX analysis. Compared to the pristine sample in Table 5.5, the incorporation of phosphorus
slightly decreases the nitrogen content while increasing both carbon and oxygen contributions.
However, no phosphorus signal was detected in either sample, confirming that the low doping
level lies below the detection limit of the EDX technique.

Table 5.12: EDX elemental analysis on the surface of phosphorous-doped g-C;N4 samples

Sample N (wt%) Cwt%) O wt%) P (wt%)

P 0.1%-CP 62.7 35.7 1.6 -
P 1.2%-CP 60.7 36.8 24 -
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TEM analysis

Transmission electron microscopy (TEM) was employed to investigate the morphology of the
phosphorous-doped g-C3sN4 samples. Figure 5.30 presents representative TEM micrographs of P
0.1%-CP (Figure 5.30a) and P 1.2%-CP (Figure 5.30b).

(a) P 0.1%-CP (b) P 1.2%-CP

Figure 5.30: TEM images of P 0.1%-CP and P 1.2%-CP

Both images reveal the typical layered structure of carbon nitride, appearing as thin and
irregularly stacked sheets. The nanosheets exhibit a wrinkled morphology, which is commonly
observed for g-C3Ny due to its graphitic nature. No significant morphological differences are
detected between the two samples at this magnification.

FTIR characterization

Figure 5.31 shows the FTIR spectra of phosphorus-doped g-C3;Ny4 samples, containing different
amount of triphenylphosphine (PPhs) as the phosphorus source.

Both spectra display the typical absorption features of graphitic carbon nitride. The broad
band in the 3000-3300 cm™ region is attributed to N-H and O-H stretching vibrations, likely
from surface amine groups or adsorbed water. The region between 1200 and 1650 cm™ contains
several bands associated with C-N and C=N stretching vibrations within the heptazine units,
while the sharp peak near 810 cm™! corresponds to the breathing mode of the tri-s-triazine rings —
confirming the integrity of the g-C3N, framework. No significant differences are observed in these
regions between the two samples, suggesting that phosphorus doping, even at higher content
(1.2%), does not markedly affect the bulk chemical structure of the g-C3N4 matrix. Minor changes
may occur in the 1000-1150 cm™! region, but no new bands clearly attributable to P-N or P-O
vibrations are distinguishable in these spectra, likely due to overlapping signals or low doping
levels.
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Figure 5.31: IR graph of phosphorous-doped g-C;N4 samples

XPS analysis

The XPS survey spectra of phosphorus-doped g-CsNy4 samples (P 0.1%-CP and P 1.2%-CP) show
overall features similar to those observed for pristine g-C3Ny in Section 5.3.1, indicating that the
polymeric network is largely preserved upon doping. The high-resolution C 1s, N 1s, and O 1s
spectra display comparable shapes and peak positions to the undoped references, suggesting that
the local bonding environments of carbon and nitrogen are mostly maintained.

Table 5.13: Surface composition and C/N ratio of phosphorus-doped g-C3Ny4 samples (XPS analy-
sis)

Sample C(at.%) N (at.%) O (at.%) P (at.%) C/N

P 0.1%-CP 40.9 57.5 1.6 - 0.7
P 1.2%-CP 42.0 56.8 1.3 - 0.7

Although phosphorus was not detected in the survey spectra, likely due to its low concentration
or incorporation in chemical environments not distinguishable from the carbon nitride matrix, some
changes in the elemental composition are observed. Both P 0.1%-CP and P 1.2%-CP exhibit lower
C/N ratios ( 0.7) compared to pristine g-C3Ny (0.8-0.9), suggesting an increase in nitrogen-rich
sites or structural rearrangements that reduce the relative carbon content. Oxygen levels remain
low (1.3-1.6 at.%), indicating limited surface oxidation and the preservation of the condensed
g-C3Ny framework. These findings are consistent with the successful incorporation of low levels
of phosphorus, even if it is below the XPS detection limit. Overall, the XPS results indicate that
phosphorus doping does not significantly disrupt the g-C3N4 network but introduces modifications
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in the elemental composition that could influence electronic and photocatalytic properties.

XRD analysis

Figure 5.32 presents the XRD patterns of carbon nitride samples doped with phosphorus using
triphenylphosphine (PPhs) as the phosphorus source.
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Figure 5.32: XRD graph of phosphorous-doped g-CsNy

Two doping levels are shown: 0.1% P (gray curve) and 1.2% P (black curve). Both samples
display the typical diffraction features of polymeric carbon nitride: a minor reflection near 13°
(100) and a strong peak around 27.4° 20 (002), which corresponds to the interlayer stacking of
the conjugated aromatic systems. These features confirm the successful synthesis of the carbon
nitride framework. Notably, sample P 0.1%-CP exhibits a sharper and more intense (002) reflection,
suggesting a higher degree of crystallinity and well-preserved stacking order. In contrast, P 1.2%-
CP shows a significant broadening and intensity decrease of the (002) peak, indicative of increased
structural disorder. This is likely caused by excessive phosphorus loading, which perturbs the
interlayer interactions and introduces defects.

Band gap analysis

The optical properties of the phosphorous-doped samples were evaluated by diffuse reflectance
spectroscopy (DRS), following the same procedure described in subsection 5.1.1. Figure 5.33a
shows the DRS spectra of P 0.1%-CP and P 1.2%-CP, in which the absorption edges are clearly
visible and indicate a band gap transition similar to that of pristine g-CsNy. To quantitatively
estimate the band gap values, the reflectance data were first converted into the Kubelka-Munk
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function and then analyzed using the Tauc method. The resulting plots are shown in Figure 5.33b,
where the linear regions of the curves were extrapolated to the energy axis.
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Figure 5.33: Band gap analysis of phosphorous-doped g-C3Ny4

The obtained band gap value was very similar, as summarized in Table 5.14.
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Table 5.14: Band gap values obtained from DRS measurements

Sample Band gap value (eV)

P 0.1%-CP 2.64
P 1.2%-CP 2.66

This result confirms that the introduction of phosphorus, even at different functionalization
degrees, does not significantly affect the electronic structure of g-C3Ny. Overall, the DRS analysis
demonstrates that the band gap of the doped materials remains comparable to that of pristine g-
C3Ny, suggesting that phosphorus incorporation mainly influences surface and structural features
rather than bulk electronic transitions.

5.3.4 Boron doping

In the synthesis of boron-doped g-C3Ny derivatives, two different boron precursors were employed.
Boron trifluoride diethyl etherate (BF; - OEty), a reagent used in the preparation of fluorescent
molecules such as BODIPY [292], was chosen to exploit the potential photoluminescent prop-
erties of the boron-containing species that can coordinate to nitrogen atoms within the g-C3Ny
framework. Coordination of boron to the electron-rich nitrogen sites can induce local electronic
modifications, potentially enhancing charge separation and transfer under light irradiation, and
thus improving the photocatalytic performance of the material. Additionally, the incorporation
of boron in this manner could introduce new optically active sites, which might interact with
visible light and contribute to photoluminescent emission, a property that could be leveraged for
photocatalytic applications. On the other hand, boric acid (H3BO3) was employed as a simpler
and less reactive boron source, serving primarily as a benchmark to assess the effects of different
boron precursors on the material properties. Unlike BF; - OEt,, which can form coordination
bonds with nitrogen atoms in the extended conjugated g-C3Ny network and potentially interact
with fluorescent moieties such as BODIPY, H3BO3 undergoes incorporation primarily through
condensation reactions during thermal treatment, resulting in substitutional or interstitial boron
doping. This approach allows for a more controlled and predictable modification of the carbon
nitride framework, without introducing additional photoluminescent species, making it ideal for
isolating the effect of boron itself on the photocatalytic and structural characteristics of the material.

Boron trifluoride diethyl etherate doping

The obtained powders, shown in Figure 5.34, exhibit a similar yellowish color, indicating that
boron incorporation does not significantly alter the macroscopic appearance of the material.

Table 5.15 reports the main characteristics and synthetic yields of the boron-doped g-C3Ny
samples.

All materials were obtained starting from 2 g of g-C3Ny, introducing increasing amounts of
boron precursor to achieve different functionalization degrees. B 0.6%-PP and B 1.2%-PP show
relatively high yields, 79.5% and 81.7%, respectively, whereas B 5.8%-PP presents a lower yield of
47.7%.
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B 0.6%-PP" B 1.2%-PP" B 5.8%-PP

Figure 5.34: BF3 - OEty-doped g-C3N4 samples synthesized

Table 5.15: Synthesis conditions and yields of BF3 - OEt,-doped g-C3Ny samples

Sample  Mass g-C3Ny (g) Breagent(g) Mass obtained (g) Yield (%)

B 0.6%-PP 2.0 0.16 1.72 79.5
B 1.2%-PP 2.0 0.32 1.80 81.7
B 5.8%-PP 2.0 1.61 1.73 47.7

ESEM-EDX analysis The ESEM images (Figure 5.35) display the surface morphology of boron-
doped graphitic carbon nitride (B-g-C3Ny) as a function of increasing boron content: 0.6%, 1.2%,
and 5.8%.

At 0.6% B doping, the material exhibits a relatively uniform surface. When the boron content
increases to 1.2%, the structure appears more compact. At the highest doping level (5.8%), the mor-
phology becomes markedly more heterogeneous, with visible particle agglomeration and denser
clusters. These changes in morphology, as observed by ESEM, indicate that boron incorporation
influences the surface texture and aggregation behavior of g-C3Ny, which may have an impact on
its photocatalytic activity.

Table 5.16 reports the surface composition of g-C3N3 samples treated with BF3 - OEt,, as
determined by EDX analysis.

Table 5.16: EDX elemental analysis on the surface of BF3 - OEts-doped g-C5N4 samples

Sample N (wt%) Cwt%) O (wt%) B wt%)

B 0.6%-PP 61.5 36.4 2.1 -
B 1.2%-PP 43.1 43.0 1.5 12.4
B 5.8%-PP 614 34.6 4.0 -
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(a) B 0.6%-PP (b) B 1.2%-PP

(c) B 5.8%-PP

Figure 5.35: ESEM images of boron-doped g-C3;N, samples with increasing B content: 0.6%, 1.2%,
and 5.8%.
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Compared to the pristine material (Table 5.5), the boron-doped samples show variations in the
nitrogen and carbon contents, while oxygen remains a minor component. A clear boron signal
(12.4 wt%) is detected only in the B 1.2%-PP sample, whereas for B 0.6%-PP and B 5.8%-PP the
dopant lies below the detection limit. These findings illustrate the challenges of quantifying light
elements such as boron by EDX.

TEM analysis The TEM images (Figure 5.36) show the morphological evolution of boron-doped
graphitic carbon nitride (g-C3N4) with increasing B content: 0.6%, 1.2%, and 5.8%.

(a) B 0.6%-PP (b) B 1.2%-PP

(c) B 5.8%-PP

Figure 5.36: TEM images of boron-doped g-C;N, samples with increasing B content: 0.6%-PD,
1.2%-PP, and 5.8%-PP.
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At 0.6% B doping, the sample exhibits relatively thin and partially exfoliated nanosheets with a
visible porous network, suggesting moderate structural disruption due to doping. At 1.2% B, the
nanosheets appear more compact and aggregated, with smoother edges and reduced porosity, indi-
cating a denser microstructure that may result from enhanced condensation or restacking processes
promoted by higher boron incorporation. At 5.8% B, the structure shows further densification and
a more amorphous appearance, possibly due to excessive loading altering the crystalline domains
and inducing significant structural disorder. These observations demonstrate how increasing boron
content influences the nanostructure of g-C3Ny, with potential implications for its surface area,
defect concentration, and photocatalytic properties.

FTIR characterization Figure 5.37 shows the infrared spectra of g-CsN,4 samples doped with
boron trifluoride diethyl etherate.
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Figure 5.37: IR graph of boron BF3 - OEt,-doped g-C5Ny

The spectra provide information on the characteristic vibrational modes of the carbon nitride
framework as well as possible modifications induced by boron incorporation. Comparing the
different samples allows the identification of shifts or changes in intensity that may reflect the
interaction between boron and the g-C3Ny structure.

Band gap analysis The optical properties of the boron-doped g-C3N4 samples synthesized with
boron trifluoride diethyl etherate were investigated by UV-Vis diffuse reflectance spectroscopy.
The spectra, reported in Figure 5.38a, show a strong absorption edge in the visible region, which is
characteristic of g-C3Ny-based materials. The corresponding Tauc plots (Figure 5.38b) were used
to estimate the optical band gap values of the different samples.

The extracted values are summarized in Table 5.17, highlighting a small variation in the band
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Figure 5.38: Band gap analysis of boron trifluoride diethyl etherate-doped g-C3Ny

gap energy as the boron loading increases.
These materials, obtained with different boron loadings, display values in a narrow range
between 2.62 and 2.70 eV. In particular, the samples with lower boron loading (0.6% and 1.2%)
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Table 5.17: Band gap values of boron trifluoride diethyl etherate-doped g-C3N4 samples

Sample Band gap value (eV)

B 0.6%-PP 2.68
B 1.2%-PP 2.70
B 5.8%-PP 2.62

show values around 2.68-2.70 eV, while the highly doped material (5.8%) exhibits a slightly reduced
band gap of 2.62 eV, indicating a possible effect of excess boron incorporation on the electronic
structure.

Boric acid doping

Two materials were obtained with the same boron loading of 0.9%, but following different proce-
dures: co-pyrolysis (B 0.9%-CP) and post-pyrolysis (B 0.9%-PP), in order to investigate the influence
of the synthesis route on the structural and chemical properties of the final material.

The powders, shown in Figure 5.39, exhibit a very similar yellowish color, indicating that the
use of boric acid does not significantly affect the visual appearance of the samples.

B 0.9%-CP B 0.9%-PP

Figure 5.39: H3BOs-doped g-C3N4 samples synthesized

Table 5.18 reports the main characteristics and synthetic yields of the boron-doped g-C3Ny
samples prepared using boric acid as the dopant source. B 0.9%-CP presents a moderate yield of
63.6%, while B 0.9%-PP shows a higher yield of 84.3%.

ESEM-EDX analysis Environmental scanning electron microscopy (ESEM) was employed to in-
vestigate the morphology of the boron-doped g-C3N4 samples prepared with boric acid. Figure 5.40
presents representative micrographs of the two materials synthesized with the same nominal boron
content (0.9%), but obtained through different procedures: co-pyrolysis (Figure 5.40a) and post-
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Table 5.18: Synthesis conditions and yields of H;BO3-doped g-C3N,4 samples

Sample Mass (g) B reagent (g) Mass obtained (g) Yield (%)

B 0.9%-CP 10 0.5 6.36 63.6
B0.9%-PP 2.5 of g-C3Ny 0.25 2.32 84.3

pyrolysis (Figure 5.40b). The images allow a direct comparison of the surface features and particle
aggregation.

(a) B 0.9%-CP (b) B 0.9%-PP

Figure 5.40: ESEM images of H3BO3-doped g-C3N4 samples

Table 5.19 reports the surface composition of H3;BO3-doped g-C3Ny samples as determined by
EDX analysis. Compared to the pristine material (Table 5.5), only minor changes are observed
in the nitrogen, carbon, and oxygen contents. No boron signal was detected in either sample,
indicating that the doping level is below the detection limit of the EDX technique.

Table 5.19: EDX elemental analysis on the surface of H3BOs-doped g-C;N4 samples

Sample N (wt%) Cwt%) O wt%) B (wt%)

B 0.9%-CP 64.5 325 3.1 -
B 0.9%-PP 62.8 34.1 3.1 -

TEM analysis Transmission electron microscopy (TEM) was used to examine the nanostructure of
the boron-doped g-C3Ny4 samples synthesized with boric acid. Figure 5.41 displays representative
images of the two materials with identical boron loading (0.9%), obtained by different procedures:
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co-pyrolysis (Figure 5.41a) and post-pyrolysis (Figure 5.41b). The TEM analysis provides direct
insight into the sheet-like morphology and local structural organization.

(a) B 0.9%-CP (b) B 0.9%-PP

Figure 5.41: TEM images of boric acid-doped g-C;N,4 samples

FTIR characterization Fourier-transform infrared (FTIR) spectroscopy was employed to inves-
tigate the vibrational features of the boron-doped g-C3N4 samples obtained using boric acid as
dopant. Figure 5.42 shows the IR spectra, where the characteristic bands of the g-C3N, framework
can be clearly identified.

Band gap analysis The optical band gap of the boron-doped g-CsN,4 samples obtained using
boric acid as precursor was investigated by UV-Vis diffuse reflectance spectroscopy. The spectra
reported in Figure 5.43a display a distinct absorption edge in the visible region, confirming the
semiconducting nature of the materials. To determine the band gap values more accurately, the
Tauc method was applied, as illustrated in Figure 5.43b, where the extrapolation of the linear
region provides the corresponding energy values.

The second group of boron-doped g-C3Ny4 materials, synthesized using both post- and co-
pyrolysis approaches with the same nominal boron content (0.9%), is reported in Table 5.20.

Table 5.20: Band gap values of boron-doped g-C3N4 with 0.9% nominal content, prepared by post-
and co-pyrolysis

Sample Band gap value (eV)

B 0.9%-PP 2.63
B 0.9%-CP 2.63
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Figure 5.42: IR graph of H3BO3-doped g-C3Ny

The measured band gaps are identical for the two samples, confirming that the synthesis route
has no significant effect on the electronic structure.

XPS analysis of B-g-C3N, samples

The XPS survey spectra of boron-doped g-C3N4 samples (B 0.6%-PP, B 1.2%-PP, B 0.9%-CP) show
features comparable to pristine g-C3Ny in section 5.3.1, indicating that the polymeric structure is
preserved upon a very little boron incorporation. High-resolution C 1s, N 1s, and O 1s spectra
display similar shapes and binding energies as the undoped reference, suggesting that the local
bonding environment of carbon and nitrogen remains largely unaffected.

Table 5.21: Surface composition of boron-doped g-C3N, samples (XPS analysis)

Sample C(at.%) N (at.%) O (at.%) B (at.%) C/N

B 0.6%-PP 43.0 54.7 24 - 0.8
B 1.2%-PP 45.5 50.8 3.6 0.1 0.9
B 0.9%-CP 42.6 53.5 2.8 1.1 0.8

Despite boron being a light element with low photoelectron cross-section, and thus difficult to
detect in survey scans, subtle variations in the elemental composition provide indirect evidence of
successful doping. C/N ratios remain between 0.8 and 0.9, similar to pristine g-C3Ny, suggesting
that boron incorporation occurs at localized sites such as surface defects or edge terminations,
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Figure 5.43: Band gap analysis of boric acid-doped g-CsNy

rather than through a wholesale restructuring of the polymer network. Minor variations in oxygen
content hint at subtle surface chemistry changes, likely due to the use of boron trifluoride etherate
(BF3-OEt;) and DIPEA in dichloromethane, which may introduce functional groups or induce
minor side reactions. High-resolution B 1s spectra (Figures 5.44 and 5.45) reveal peaks around
192-193 eV, indicative of boron species bound to oxygen (e.g., B2O3).
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Figure 5.44: High-resolution B 1s spectrum of B 1.2%-PP
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Figure 5.45: High-resolution B 1s spectrum of B 0.9%-CP
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These spectra were acquired in high-sensitivity, low-resolution mode to improve the signal-to-
noise ratio. Even though the boron loading is low, these results confirm surface modification and
suggest potential effects on the electronic structure of g-C3Ny4, which can influence photocatalytic
activity and charge-carrier dynamics.

XRD analysis of B-g-C3N4 samples

Figure 5.46 presents the X-ray diffraction (XRD) patterns of boron-doped graphitic carbon nitride
samples synthesized with varying boron concentrations and dopant sources.

In particular, Figure 5.46a shows the diffraction patterns for samples doped with 0.6% and
1.2% B using boron trifluoride diethyl etherate (BF3-OEt;) as the dopant precursor, while Figure
5.46b reports the XRD pattern for the sample doped with 0.9% B using boric acid as the dopant
source. All samples exhibit the two characteristic diffraction peaks of graphitic carbon nitride:
the (100) peak at approximately 13.1° 26, associated with the in-plane structural packing motif of
tri-s-triazine units, and the (002) peak near 27.4° 26, corresponding to the interlayer stacking of
conjugated aromatic systems.

Despite all samples sharing the same basic g-C3Ny structure, notable differences emerge
depending on the dopant concentration and precursor:

¢ In Figure 5.46a, both the 0.6% and 1.2% B-doped samples (BF5-OEt,-derived) display a sharp
(002) peak at 27.4°, indicating a relatively ordered lamellar structure. However, increasing
the boron concentration from 0.6% to 1.2% results in a noticeable increase in peak intensity
and narrowing, suggesting improved crystallinity and enhanced layer stacking order.

¢ In contrast, sample B 0.9%-CP using boric acid (Figure 5.46b) also shows the typical g-C3Ny
peaks, but the (002) peak is slightly broader and less intense compared to the BF5-OEt,-
derived counterparts, possibly indicating lower crystallinity or increased structural disorder,
likely due to the different doping mechanism and incorporation behavior of boric acid.

These observations suggest that not only the concentration, but also the chemical nature of the
dopant precursor significantly influences the crystallinity and structural order of boron-doped
g-C3N4.
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Figure 5.46: XRD graph of boron-doped g-C3Ny
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5.4 Test results - RhB degradation

In this section, the results on photocatalytic performance of pristine g-C3N4 and the heteroatom-
doped derivatives using Rhodamine B (RhB) as a model organic dye are reported. RhB possesses
a well-defined spectral response and it is easy to monitor its concentration changes by UV-vis
absorption spectroscopy. The degradation experiments were carried out under visible-light irradi-
ation, and the decrease in RhB concentration was followed at regular time intervals to determine
the photocatalytic activity of each material, as described in section 5.2.5. The comparison between
the different samples provides insights into how the doping with bromine, phosphorus, or boron
influences the optical absorption, charge carrier dynamics, and generation of reactive species.
Materials exhibiting band-gap narrowing and red-shifted absorption edges are expected to utilize
visible light more efficiently, thus enhancing the photocatalytic performance. Control experiments
performed in the absence of catalyst or in dark conditions confirmed that the observed RhB degra-
dation arises from the photocatalytic process and not from self-photolysis or simple adsorption.
The following results are presented as of degradation curves, allowing a direct comparison between
pristine and doped g-C3N4 samples.

5.4.1 Adsorption capacity

As a control experiment to determine the adsorption behavior of RhB a solution of the same
concentration used in the pohtocatalytic experiments (8.35 ymol/L) was put in contact with the
prsitine g-C3Ny under dark conditions (Figure 5.47).
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Figure 5.47: Adsorption kinetic of Rhodamine B using pristine g-C3Ny in dark conditions

The concentration profile, expressed as C/Cy, remains essentially constant over a period of 240
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min, with only minor fluctuations within the error bars, after an initial limited decrease (~ 5-10%
of RhB concentration decrease - adsorption capacity of 0.64 mg/g). This trend clearly indicates
that g-C3N4 does not exhibit significant adsorption capacity for RhB molecules, and therefore its
interaction with the dye is not governed by surface adsorption processes. The negligible removal
of RhB observed here is consistent across the entire series of tested photocatalysts, including
those doped with bromine, phosphorus, or boron. In all cases, the recorded curves showed nearly
identical behaviors, confirming that heteroatom doping does not enhance the intrinsic adsorption
properties of the material. This observation is particularly important for the interpretation of
the subsequent photocatalytic tests, as it demonstrates that the decrease in dye concentration
under irradiation cannot be attributed to adsorption phenomena, but solely to the photocatalytic
degradation activity of the tested materials.

5.4.2 Photocatalytic results for pristine g-C3N,

The photodegradation efficiency of Rhodamine B (RhB) in aqueous solution, catalyzed by pristine
g-CsNy, under two different light sources, namely visible light and UV light is presented in Figure
5.48.
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Figure 5.48: Photodegradation kinetics of Rhodamine B using pristine g-C3N4 with two different
light sources

The y-axis reports the normalized concentration of RhB (C/Cy), where Cj is the initial dye
concentration, and C is the concentration measured at specific irradiation times (on the x-axis).
In both cases, the initial 30 min of the experiment were carried out in the dark to assess the
possible adsorption of RhB onto the photocatalyst surface. However, as confirmed by the control
tests, g-C3N4 does not exhibit any significant adsorption capacity, and the concentration decrease
observed during this stage is limited (~ 10%. Once the illumination stage started, a clear divergence
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between the two irradiation conditions became evident. Under visible light, the catalyst rapidly
degraded RhB, with the C/C, ratio dropping significantly within the first 90 min (by 90%) and
approaching complete removal after 180 min of irradiation. By contrast, the performance under
UV light irradiation was notably slower, with the concentration decreasing gradually and reaching
complete degradation only after approximately 240 min. The faster kinetics under visible light
highlight the ability of g-C3Ny to absorb in the visible region and efficiently generate electron-hole
pairs that participate in the photocatalytic process. In this case, the strong activity can be ascribed to
an enhanced separation and transfer of photogenerated carriers, which facilitate the generation of
reactive oxygen species responsible for dye oxidation and breakdown. The error bars reported in the
plot confirm the reproducibility of the experimental data and indicate only minor deviations among
replicate measurements. Overall, these results demonstrate that pristine g-C3Ny exhibits good
photocatalytic efficiency under visible light compared to UV irradiation, making it a promising
material for applications in environmental remediation. Nonetheless the degradation time could
be an issue in view of a scale-up application, thus the development of more efficient derivatives is
necessary.

5.4.3 Photocatalytic results for bromine-doped samples

The photocatalytic performance of bromine-doped g-C3N4 samples towards RhB degradation
under visible-light irradiation is summarized in Figure 5.49. The photocatalytic degradation of
pristine g-C3Ny is included as a reference for comparison (orange curve). As in the previous
experiments, the first 30 minutes were performed in the dark to take into account the adsorption
contributions; adsorption remains limited (max 20%) for all samples, so the observed concentration
decline after illumination reflects mainly photocatalytic activity.
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Figure 5.49: Adsorption kinetic of Rhodamine B using bromine doped g-C3N4 samples

Among the Br-doped samples, Br1-CP required about 120 minutes of visible-light irradiation
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to reach 90% degradation, showing moderately faster kinetics than the pristine material, which
also reached 90% degradation after roughly 120 minutes of irradiation and complete removal
after approximately 180 minutes. Br2-CP was the least active sample, taking almost 140 minutes
of irradiation to achieve 90% degradation, with a significant fraction of RhB still remaining
after 120 minutes. Br3-CP reached 90% degradation in approximately 60 minutes of irradiation,
with complete removal observed at about the same time, while Br4-CP displayed intermediate
behaviour, attaining 90% degradation in around 120 minutes of irradiation (slightly faster than
the pristine sample). Finally, Br4-PP was the most active photocatalyst, reaching 90% degradation
in roughly 40 minutes of irradiation and nearly complete RhB removal within 50 minutes. These
results indicate that the post-pyrolysis sample Br4-PP exhibits the fastest kinetics, followed by Br3-
CP, while Br1-CP and Br4-CP show intermediate behaviour, and Br2-CP is the least active. These
data suggest that both the chemical nature of the bromine precursor and the doping procedure
co-pyrolysis (CP) versus post-pyrolysis (PP) strongly influence the type, location, and effectiveness
of bromine-related defects. Post-pyrolysis bromination likely enriches the surface with brominated
species and accessible active sites, enhancing interfacial charge transfer and rapid generation of
reactive oxygen species. In contrast, co-pyrolysis can incorporate bromine into the bulk lattice,
which may be beneficial at moderate levels but can also produce deep recombination centers. The
particularly high activity of Br3-CP may be attributed to the dimethylamino substituent in the
4-bromo-N,N-dimethylaniline precursor, which can promote electron-donating interactions or
favourable defect states that assist charge separation, whereas nitrile-bearing precursors (Br2-CP)
doesn’t seem to introduce beneficial modification in the graphitic structure or surface.

5.4.4 Photocatalytic results for phosphorous-doped samples

The photocatalytic degradation curves of RhB under visible-light irradiation for pristine and
P-doped g-C3Ny samples are plotted in Figure 5.50.
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Figure 5.50: Adsorption kinetic of Rhodamine B using phosphorous doped g-C3N4 samples
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As for the other experiments, the first 30 minutes were carried out in the dark, and adsorption
was confirmed to be practically negligible. If the pristine g-C3sN4 reached 90% degradation in about
120 minutes of irradiation, the phosphorus-doped ones exhibited slower degradation kinetics: the
P 0.1%-CP required around 180 minutes of irradiation to reach the same level of degradation, while
P 1.2%-CP was the least active, taking roughly 270 minutes to achieve it, with a significant fraction
still remaining at 180 minutes (28%). This behaviour indicates that phosphorus incorporation
under co-pyrolysis conditions does not necessarily enhance photocatalytic performance and can
even be detrimental at higher nominal loadings. In fact, elevated P concentrations or incomplete
decomposition of triphenylphosphine may generate deep trap states or carbonaceous residues that
act as non-radiative recombination centres. The thermal history (550 °C for 2 h) and the presence of
the bulky triphenyl fragment during condensation can also influence the polymerization pathways,
affecting the condensation degree, layer stacking, and porosity, which in turn impact carrier
transport and surface accessibility. Consequently, the poorer performance of P 1.2%-CP could
reflect increased bulk incorporation of phosphorus, reducing surface-active sites, or the formation
of defect centres that shorten carrier lifetimes. From a practical perspective, these results suggest
that an optimal doping window exists below the 1.2% nominal level. Alternative strategies,
such as using lower amounts of triphenylphosphine, post-pyrolysis doping, or co-doping with a
complementary heteroatom, may achieve a more beneficial electronic modulation without creating
recombination centres.

5.4.5 Photocatalytic degradation with boron-doped samples

Tests performed with trifluoride diethyl etherate doping

The photocatalytic degradation curves of RhB under visible light irradiation using BF3 - OEt,-
doped samples and pristine g-C3Ny4 (as comparison) are reported in Figure 5.51.

As in all photocatalytic tests, the first 30 minutes were carried out in the dark to evaluate the
contribution of adsorption processes. During this stage, only a slight decrease in RhB concentration
was observed for all samples, confirming that boron doping does not drastically alter the surface
affinity of g-C3Ny4 towards the dye. After the irradiation began, clear differences in photocatalytic
performance were detected between the samples, depending on the boron loading. The sample
doped with 0.6% boron (B 0.6%-PP) showed moderately faster kinetics than the pristine material,
achieving 90% degradation in about 90 minutes and almost complete RhB removal within 150 min-
utes. This improvement can be attributed to the introduction of boron atoms into the carbon
nitride framework, as seen in section 5.3.4, which likely act as electron acceptors, suppressing the
recombination of photogenerated electron-hole pairs and enhancing charge carrier separation.
The sample with intermediate boron loading (B 1.2%-PP) displayed the best overall performance,
reaching 90% degradation in roughly 90 minutes and achieving almost complete dye removal
within two hours. The degradation profile indicates a rapid decrease in concentration during the
first 90 minutes of irradiation, suggesting that a moderate level of boron incorporation improves
light harvesting and reactivity. In contrast, the highest loaded sample (B 5.8%-PP) showed slower
kinetics, taking approximately 150 minutes to reach 90% degradation, with the slowest overall
performance among the series. Overall, the data indicate a non-linear dependence of photocatalytic
activity on boron loading. In fact, although boron can create defect sites that improve activity at low
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Figure 5.51: Adsorption kinetic of Rhodamine B using boron doped g-C3N4 samples

or moderate levels, exceeding these levels may distort the g-C3Ny lattice, generate recombination
centres, or reduce the degree of conjugation within the polymeric network, ultimately decreasing
the photocatalytic efficiency. These results emphasize the importance of carefully tuning the dopant
concentration to maximize photocatalytic efficiency.

Tests performed with boric acid doping

The results pf the photocatalytic degradation of RhB under visible light irradiation using the boric
acid-doped samples are reported in Figure 5.52.

As in all experiments, the first 30 minutes were carried out in the dark to evaluate the contribu-
tion of adsorption, which proved almost negligible for all samples. In contrast with the BF3 - OEtq
derivatives, the boron-doped samples prepared using boric acid showed markedly suppressed
activity. Both B 0.9%-CP and B 0.9%-PP exhibited very slow degradation kinetics, with more
than 70% of RhB remaining even after extended irradiation, indicating that the introduction of
boron significantly reduced the photocatalytic performance. Only minor differences were observed
between the co-pyrolyzed and post-pyrolysis treated samples, suggesting that the synthetic route
does not substantially influence the final activity. The decreased performance can be attributed to
the formation of structural defects or mid-gap states induced by boron incorporation, which likely
act as recombination centers for photogenerated charge carriers, thereby drastically reducing their
lifetimes and limiting their participation in the redox reactions necessary for RhB degradation.
Furthermore, boron doping may distort the local lattice of g-C3Ny, affecting its band structure and
reducing its capacity to generate reactive species under visible light. These results demonstrate
that, at the tested concentration, boric acid does not enhance photocatalytic efficiency; rather, it has
a detrimental effect, effectively suppressing the activity of g-C3sNy4. This outcome underscores the
importance of carefully selecting both the dopant type and loading when designing g-C3Ny4-based
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Figure 5.52: Adsorption kinetic of Rhodamine B using boron doped g-CsN4 samples

photocatalysts, as certain modifications can be counterproductive.

The comparison between the two sets of boron-doped g-C3N,4 photocatalysts provides im-
portant insights into the role of dopant concentration and synthetic strategy. In the first case (B
0.6%-PP, B 1.2%-PP, B 5.8%-PP), a clear dependence on the boron loading was observed. At low to
moderate doping levels (0.6% and 1.2%), the photocatalytic degradation of RhB under visible light
proceeded at a slightly faster rate than pristine g-C3Ny, with the 1.2% loaded sample achieving the
highest efficiency. This indicates that small amounts of boron may introduce shallow defect states
that facilitate charge separation and enhance the production of reactive oxygen species. However,
when the boron loading was increased further to 5.8%, the degradation efficiency drastically
decreased, with the sample showing significantly lower activity compared to pristine g-C3Ny.
This suggests that excessive boron loading hinders the photocatalytic process. In contrast, the
second set of samples (B 0.9%-CP and B 0.9%-PP) showed a completely different behavior. Both
materials exhibited almost no photocatalytic activity, with less than 30% RhB removal after 270
minutes, while pristine g-C3Ny reached complete degradation within 210 minutes. The near-
identical performance of the two samples indicates that the synthetic method has little effect on
the final photocatalytic outcome at this concentration. Instead, the data suggest that at a boron
loading close to 1%, the structural perturbations introduced by doping are already sufficient to
suppress activity, regardless of the preparation route. Taken together, these results highlight a dual
trend. On the one hand, low boron doping (around 1% via post-pyrolysis) can be beneficial. On
the other hand, either higher boron loadings (above 5%) or the use of co-polymerization even at
moderate levels (0.9%) have a detrimental effect, essentially quenching the photocatalytic response.
This points to a narrow optimal window for boron incorporation, outside of which recombination
effects dominate. Importantly, the comparison underscores how delicate the balance is between
beneficial and detrimental defect formation.
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5.5 Test result - SMX degradation

The photocatalytic degradation of sulfamethoxazole (SMX) under visible-light irradiation by Br-
doped g-C3N4 samples is shown in Figure 5.53. The photodegradation tests were performed as
described in Section 5.2.6. As in the case of RhB, the first 30 minutes were conducted in the dark to
assess adsorption effects, which remain limited for almost all tested materials (except for Br4-PP),
confirming that the subsequent decline is attributable mainly to their photocatalytic activity.
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Figure 5.53: Photodegradation kinetics of SMX using bromine doped g-C3Ny

The pristine g-C3N4 used as reference showed only limited activity, with a relatively slow and
incomplete degradation of SMX even after 120 minutes of visible-light irradiation, making it the
least active sample in the series. In contrast, all brominated samples exhibited markedly superior
performance, highlighting the beneficial role of bromine doping. Among the co-pyrolyzed samples,
Br3-CP (derived from 4-bromo-N,N-dimethylaniline) shows the fastest degradation kinetics,
achieving 90% removal of SMX within 90 minutes, closely followed by Br1-CP (hydrobromic acid
precursor), which also reaches significant degradation in about 90 minutes but slightly slower
than Br3-CP. Br2-CP ( obtained from 2-bromobenzonitrile precursor) is somewhat slower than
the other doped materials, requiring approximately 120 minutes to achieve 90% degradation. The
post-pyrolysis Br4-PP sample demonstrates strong photocatalytic activity as well, reaching 90%
degradation in roughly 90 minutes, slightly below the performance of Br3-CP. This ranking differs
somewhat from the trends observed in RhB degradation, suggesting that the chemical nature of
the pollutant and its interaction with active sites play a decisive role. In particular, the electron-
rich substituents of Br3-CP’s precursor may generate favourable defect states that facilitate the
degradation of more recalcitrant molecules such as SMX, while the post-pyrolysis Br4-PP provides
abundant surface bromine species that enhance radical generation but perhaps without the same
degree of selectivity. Br1-CP and Br2-CP, while less active than Br3-CP, still demonstrate improved

167



5. PREPARATION OF HETEROATOM-DOPED g-C3N4 DERIVATIVES

degradation compared to pristine g-C3Ny, supporting the conclusion that bromine incorporation
enhances charge separation and visible-light harvesting regardless of precursor. Overall, bromine
doping proves to be an effective strategy to enhance photocatalytic degradation of both dyes and
pharmaceutical pollutants, with the highest efficiency depending on a balance between the doping
method and pollutant-specific interactions.

Making a specific note on Figure 5.53, it can be observed that Br4-PP behaves differently from
the other bromine-doped samples in the adsorption phase. In fact, this material is the only one
exhibiting a consistent adsorption of SMX in dark conditions. However, as shown in Figure 5.54,
the adsorption process mainly occurs within the first 30 minutes, after which the removal stabilizes
at about 40%, indicating that equilibrium is rapidly reached with that time and no further uptake
takes place.
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Figure 5.54: Adsorption kinetic of SMX using Br4-PP in dark conditions

5.6 Test result - AT degradation

The photocatalytic degradation of atenolol (AT) under visible-light irradiation using Br-doped
g-C3Ny samples is presented in Figure 5.55. Photodegradation tests were performed as described
in Section 5.2.6. As with RhB and SMX, the first 30 minutes were conducted in the dark to assess
adsorption phenomena, which remain negligible for all materials, confirming that the subsequent
concentration decrease is driven by the photocatalytic activity.

The pristine g-C3Ny exhibits limited photocatalytic efficiency, showing slow and incomplete
degradation of AT even after 180 minutes of visible-light irradiation. Bromine-doped samples,
in contrast, display significantly enhanced activity, although with notable differences depending
on the doping route. Br3-CP, synthesized via co-pyrolysis with 4-bromo-N,N-dimethylaniline,
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Figure 5.55: Photodegradation kinetics of AT using bromine doped g-CsNy

demonstrates the fastest photocatalytic performance, achieving 90% degradation in approximately
60 minutes and complete removal within the same time frame. The post-pyrolysis Br4-PP sample
also exhibits strong activity, reaching near-complete degradation in about 80 minutes, slightly
lower than the efficiency of Br3-CP. Conversely, Br1-CP, derived from melamine bis-hydrobromide,
shows unexpectedly poor performance, taking over 150 minutes to approach 90% degradation and
performing even worse than the pristine reference, which itself does not reach full removal within
180 minutes. These results indicate that, unlike in the case of RhB and SMX, the photocatalytic
activity towards AT is highly sensitive to the chemical nature of the bromine precursor. Br3-CP
likely allows for specific interactions with the pollutants or generates favorable defect states that
promote a more rapid degradation. Overall, these observations confirm that bromine incorporation
enhances photocatalytic reactivity, but the precursor chemistry and doping method critically
determine the pollutant-specific degradation efficiency.

5.6.1 Scavenger tests

To clarify the role of the different reactive oxygen species (ROS) in the photocatalytic mechanism,
scavenger tests were performed using the Br3-CP photocatalyst, which had previously shown
the highest activity in atenolol (AT) degradation. Two scavengers were employed: isopropanol
(IPA, 20 mmol L™!), a well-known hydroxyl radical (-OH) scavenger, and p-benzoquinone (BQ,
0.05 mmol L~1), a superoxide radical (O, ) quencher. In all cases, 62.5 mg of catalyst was suspended
in 200 mL of AT solution (1 mg L), corresponding to 0.200 mg of pollutant, i.e., 7.9 x 10~ mol.
Tests were performed as described in Section 5.2.7. The addition of IPA provided 4.0 x 10~% mol
of scavenger, corresponding to a ~ 5 x 10?-fold molar excess over AT, while BQ was added at
1.0 x 107° mol, i.e., approximately 13 times in excess relative to the pollutant. These conditions
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ensured that the selected ROS would be efficiently intercepted during the photocatalytic process.
The kinetic curve obtained in the presence of IPA is shown in Figure 5.56.
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Time (min)
Figure 5.56: Effect of IPA (20 mmol L™!) on AT photodegradation over Br3-CP

After the 30 min dark adsorption stage, the concentration of AT remained essentially constant
until illumination was started. Once the lamp was switched on, only a very limited decrease in
concentration was observed, with C/Cy stabilizing around 0.8 after one hour, corresponding to
a removal of about 20%. This result indicates that hydroxyl radicals contribute significantly to
the degradation, but their suppression does not fully inhibit the process, as superoxide-related
pathways can still oxidize the pollutant. In fact, with IPA, hydroxyl radicals are selectively removed:

(CH3)2CHOH + -OH — (CH3),C - OH 4+ H2O

but the superoxide pathway remains active, leading to the partial degradation observed in Fig-
ure 5.56.

In contrast, the test with BQ led to a complete suppression of the photocatalytic activity,
with AT concentration remaining constant throughout irradiation. This clearly identifies O, as
a key oxidant in the degradation mechanism, while -OH plays a secondary yet relevant role.
In fact, as shown in Figure 5.57, the HPLC chromatograms provide clear evidence of the role
of p-benzoquinone (BQ) in the photocatalytic process. The peak corresponding to AT remains
essentially unchanged during irradiation, demonstrating that in the presence of BQ the degradation
of the pollutant is strongly inhibited. At the same time, a progressive decrease of the BQ peak is
observed, accompanied by the appearance and growth of a new signal at longer retention time,
assigned to hydroquinone (HQ). This transformation is attributed to the reduction of BQ into HQ
by reaction with superoxide radicals (O} ). The efficient conversion of BQ into HQ confirms the
quenching of O, and highlights the crucial involvement of this reactive oxygen species in the
photocatalytic degradation pathway of AT. In other words, when O is selectively scavenged by
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BQ, AT cannot undergo efficient degradation, indicating that superoxide radicals play a key role as
the main oxidizing species in the process.
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Figure 5.57: HPLC chromatograms of the scavenger test with BQ

The observed effect can be rationalized by the main photocatalytic reactions. Upon light
irradiation, the photocatalyst generates conduction band electrons and valence band holes:

hv + Photocatalyst — e; 5 + hi
Electrons reduce dissolved oxygen to superoxide:
ecp + 02 = Oy

which may undergo further reactions to form H>O; and, eventually, hydroxyl radicals. Holes
can also directly generate -OH from water or hydroxide ions. These reactive species then oxidize
AT to intermediates and finally to CO; and H>O. In the presence of BQ, superoxide is efficiently
quenched according to:

BQ + e,z or O, — inactive reduced species

which prevents the initiation of the oxidative cascade and explains the complete inhibition ob-
served.

Opverall, the scavenger tests confirm that both -OH and O participate in AT degradation over
Br3-CP, but the reaction is predominantly driven by superoxide species. Hydroxyl radicals are
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mainly formed by O, conversion and accelerate the process, contributing to the high activity in
the absence of scavengers, yet they are not indispensable. This mechanistic insight underlines the
importance of bromine doping in promoting efficient charge separation and oxygen reduction,
which ensures the continuous formation of superoxide and maintains the photocatalytic activity.

5.7 Conclusions

In this chapter, a series of heteroatom-doped derivatives of graphitic carbon nitride (g-C3Ny)
were successfully synthesized and characterized. The pristine g-C3N, material was obtained via
melamine polymerization, while bromine, phosphorus, and boron doping was performed either
through co-pyrolysis or post-synthesis functionalization.

Five different bromine-doped g-C3sN, samples were prepared using distinct bromine pre-
cursors: melamine bis-hydrobromide, 2-bromobenzonitrile, 4-bromo-N,N-dimethylaniline, and
elemental bromine (Brz). The samples obtained via co-pyrolysis were named Br1-CP, Br2-CP, Br3-
CP, and Br4-CP respectively, whereas a post-pyrolysis functionalization with elemental bromine
produced Br4-PP.

The phosphorus-doped g-C3N, derivatives were obtained using triphenylphosphine as a
precursor. Two different nominal loadings were investigated: P 0.1%-CP (low loading) and P
1.2%-CP (higher loading), both synthesized via co-pyrolysis.

The boron-doped derivatives were synthesized using two distinct precursors: boron trifluoride
diethyl etherate (BF3-OEt>) and boric acid (H3BOs3). For BF3-OEt,, post-pyrolysis functionalization
was employed to obtain B 0.6%-PP, B 1.2%-PP, and B 5.8%-PP, differing in the precursor amount to
tune boron incorporation. Boric acid was used both in co-pyrolysis (B 0.9%-CP) and post-pyrolysis
(B 0.9%-PP) approaches, serving as a benchmark to compare the influence of precursor reactivity
on the properties of g-C3Ny.

Overall, this systematic set of doped g-C3N4 samples provides a comprehensive basis to
investigate how the heteroatom type, dopant precursor, dopant loading, and functionalization
strategy affect the structural, optical, and photocatalytic properties of graphitic carbon nitride.

Morphological analyses using TEM and ESEM confirmed that all samples preserved the
characteristic layered structure of g-C3Ny, with doped materials exhibiting minor modifications
depending on the dopant and synthesis method. FTIR spectra consistently showed the broad N-H
stretching band in the 3000-3300 cm ™! region, C-N and C=N stretching in the 1200-1650 cm~!
range, and the sharp triazine breathing mode around 810 cm ™!, confirming the presence of the g-
C3Ny framework across all samples. XRD analysis highlighted the influence of heteroatom doping
on crystallinity. Bromine doping via in situ co-pyrolysis (Br3-CP) preserved and even enhanced the
lamellar ordering, while post-pyrolysis bromination (Br4-PP) slightly reduced interlayer stacking,
likely due to oxidative etching. Boron-doped samples derived from BF;3-OEt; showed a sharp
(002) peak with increasing intensity and narrowing at higher doping levels, indicating improved
crystallinity, whereas boric acid-derived samples displayed broader peaks, suggesting lower
structural order. Phosphorus incorporation did not significantly disrupt the g-CsNy4 network,
although at higher doping (1.2 %), caused some peak broadening and reduced (002) intensity,
indicative of structural disorder. DRS analysis revealed that heteroatom doping affected the
electronic properties and band gap energies. Pristine g-C3Ny exhibited a band gap of 2.68 eV,
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with the bromine-doped samples showed a consistent band gap reduction, with values ranging
from 2.60 eV to 2.45 eV, enhancing visible-light absorption. The lower band gap was achieved
with the samples obtained by the co-pyrolysis of melmaine and 4-bromo-N,N-dimethylaniline
(Br3-CP). Phosphorus-doped samples displayed minimal changes (2.64-2.66 eV), indicating that
phosphorus incorporation primarily influenced surface and structural features rather the bulk
electronic transitions. The boron-doped materials, despite low loading, also suggested minor
modifications of the electronic structure.

Photocatalytic tests demonstrated that bromine doping consistently enhanced activity com-
pared to pristine g-C3Ny, with post-pyrolysis samples generally outperforming co-pyrolyzed ones.
Br3-CP and Br4-PP exhibited the fastest degradation kinetics for RhB, SMX, and AT, confirming
the critical role of dopant precursor chemistry and synthetic pathway in promoting efficient charge
separation and reactive oxygen species generation. The phosphorus-doped samples, particularly
at higher loadings, displayed slower photocatalytic kinetics, suggesting the formation of trap
states that hinder charge carrier mobility. Boron doping showed that moderate BF3-OEt, loading
optimized photocatalytic performance, while excessive loading or the use of boric acid suppressed
activity, likely due to lattice distortions and recombination centers.

Opverall, the systematic comparison of pristine and doped g-C3N, demonstrates that heteroatom
doping can affect the optical, structural, and electronic properties of carbon nitride. Bromine
doping, especially via post-pyrolysis, emerges as an effective strategy for enhancing visible-light-
driven photocatalysis, whereas phosphorus and boron incorporation must be carefully controlled
to avoid detrimental effects. These findings highlight the potential of tailored g-C3Ny4 derivatives
for environmental remediation applications, particularly in the degradation of dyes and emerging
pharmaceutical pollutants in aqueous media.
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6 FINAL REMARKS

Water pollution, particularly from organic dyes, pharmaceuticals, and emerging contaminants,
remains a critical challenge for sustainable development. The United Nations Sustainable Devel-
opment Goals (SDGs) provide a global framework to address these issues, with six goals directly
related to water and sanitation: ensuring availability and sustainable management of water and
sanitation for all (SDG 6), promoting sustainable consumption and production (SDG 12), and
supporting health and well-being (SDG 3), among others. Achieving these goals requires the
development of efficient, scalable, and environmentally friendly water treatment technologies.

Current depuration methods include conventional approaches such as adsorption, coagulation,
and biological treatments, as well as advanced oxidation processes (AOPs), membrane technolo-
gies, and photocatalysis. While these methods have demonstrated varying degrees of effectiveness,
limitations remain in terms of selectivity, energy efficiency, cost, and the ability to remove emerging
contaminants such as pharmaceuticals and personal care products. There is therefore a pressing
need for innovative materials that can improve treatment efficiency, expand the range of removable
pollutants, and operate under mild and sustainable conditions.

Within this context, the development of functionalized adsorbents based on a biopolymer
such as alginate for the removal of heavy metal ions and heteroatom-doped graphitic carbon
nitride (g-C3Ny) for the photocatalytic degradation of organic pollutants with solar light repre-
sents a promising strategy. Alginate matrices offer a biodegradable and tunable platform that
can be shaped into versatile forms such as beads or packed columns, facilitating continuous-
flow applications and scalable water treatment systems. The integration of these materials into
real-world systems holds considerable industrial relevance. Alginate-based adsorbents could be
implemented in modular filtration units for decentralized wastewater treatment or as polishing
stages in industrial effluents where biocompatibility and regeneration are critical. On the other
hand, heteroatom-doped g-C3N4 materials can harvest visible light, including solar irradiation, to
drive photocatalytic degradation of pollutants, providing an energy-efficient and environmentally
friendly (“green”) approach. Doped g-C3N, photocatalysts offer a cost-effective alternative to
noble-metal-based catalysts and could be incorporated into photoreactors powered by solar energy,
significantly reducing operational costs and energy demands. Their adaptability to both batch
and continuous-flow systems further enhances their potential for upscaling and integration into
existing infrastructures.

Despite the promising outcomes, several challenges remain. The long-term stability and me-
chanical robustness of biopolymer-based adsorbents under continuous operation is limited and
must be improved, as swelling, fouling, or partial degradation may affect performance. For the
photocatalytic systems, issues such as charge recombination, limited surface area, sedimentation,
and the difficulty of recovering the powdered catalysts from treated water still constrain practi-
cal applications. From a methodological perspective, ensuring reproducibility and scalability of
synthesis routes—particularly for doped g-C3Ny—requires more precise control over the dopant
distribution, and batch-to-batch consistency. Addressing these limitations will be crucial for bridg-
ing the gap between laboratory-scale proof-of-concept studies and industrial-scale deployment.
Future research should focus on several complementary directions. In the short term, optimiza-
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tion of dopant concentration could further enhance photocatalytic efficiency. For alginate-based
adsorbents, tailoring crosslinking density and incorporating functional fillers may improve both
mechanical resistance and sorption properties. Moreover, scalability studies should include pilot-
scale experiments, techno-economic assessments, and life-cycle analyses to evaluate environmental
impact and industrial feasibility. Ultimately, the integration of sustainable materials into real-world
depuration systems can play a pivotal role in achieving clean water access, reducing industrial
pollution, and advancing the global sustainability agenda outlined in the United Nations SDGs.
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