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1 Introduction

The world we live in is the result of millions of years of evolution and radical changes
that have modified its appearance and liveability. Changes that have led to the
extinction of some species and the survival of others, like ours, which had the
privilege of getting this far. And from simple inhabitants of the Earth, humans
become one of the main authors of the changes our planet is going through. Without
any awareness of how many of the activities that allowed him to evolve and progress
could lead to some of the most significant issues of today, humans continued to
exploit the resources available to their advantage, pursuing the objective of infinite
growth and development. However, the ability to observe and learn that distinguishes
our species eventually revealed the effects of human activities on the environment
and ecosystems. The growing awareness and concern of many, unfortunately not all,
has materialized in the regulatory framework adopted by many countries, in an
attempt to contain the effects of our past ambitions and preserve the world for future
generations of future generations. The work of researchers from all over the world
fits into this legislative, environmental, social and economic framework and focuses
much of their research on proposing sustainable and concrete solutions, as well as

tools to the challenges we are called to respond to.

1.1 Contextualization

More than in past, in recent years, it has become increasingly clear how everything
is interconnected, not only in nature but also in our socio-economic model. It is not
possible to talk about the environment without considering the economic implications
of the actions necessary for its protection on companies or individual countries, nor
ignoring the social impacts that such actions can have. These aspects are inextricably
linked and must be treated as such. For this reason, even if this thesis work focused
mainly on more technical aspects, it was deemed necessary to design a clear

framework within which the scientific results obtained will be inserted.



1.2 Circular Economy and European framework

Humans have always taken inspiration from nature, however the economic model
adopted until now is an exception. In nature, waste from one species often becomes
a source of sustenance or resource for another. When plants or animals conclude their
life cycle, the nutrients they were composed of are reabsorbed into the soil. All this
moved only by the energy of the Sun and with circularity (Ellen MacArthur
Fundation, 2021a).

However, the type of economy we have adopted involves a "take-make-dispose™
model which is not sustainable in the long term as limited resources are consumed
and wastes generated, if not properly treated, can be.

As early as the 1970s-80s (Brundtland, 1987; Meadows et al., 1972) it became
evident that an alternative way of managing natural resources had to be found to
address continued population growth without exhausting these reserves. This
alternative has found its conceptualization in what is today called “circular
economy”. However, it is not at easy to give a univocal meaning of circular economy
since hundreds of definitions based on scientific and semi-scientific concepts
(Corvellec et al., 2022; Kirchherr et al., 2017) have been developed. Many of them
were coined by practitioners as policy makers, businesses, business consultants,
business associations, business foundations, and so on (Korhonen et al., 2018).
Hence, different definitions of circular economy are typically adopted for different
theoretical uses (Kirchherr et al., 2017).

In this complex framework of "final user driven definition" we can still find some
central ideas and principles that are well described by the Ellen MacArthur
Foundation: (i) eliminate waste and pollution; (ii) circulate products and materials (at
their highest value); (iii) regenerate nature.

According to the butterfly diagram they proposed (Figure 1.1), circular economy
keeps products, material and components in use at their highest value at all time trying
to decouple economic growth and development. It does so distinguishing between

two type of cycle: the technical and the biological cycles. In the first one, related to



products that are used rather than consumed, components and materials are kept in
circulation in the economy for as long as possible through sharing, reuse, refurbish
and recycle strategies. The second one is mainly related to biodegradable materials,
such as food or wood-based products, that can be treated to create further value by

cascading them for additional application in different value streams.
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Figure 1.1 - Butterfly Diagram of Circular Economy proposed by Ellen Macarthur Foundation (Ellen MacArthur
Fundation, 2021b)

In the last decay this concept has been embraced by European Union which included
it in its most recent packages of political initiatives.

The European Parliament (European Parliament, 2023) presents the circular economy
as “amodel of production and consumption, which involves sharing, leasing, reusing,

repairing, refurbishing and recycling existing materials and products as long as



possible. [...]” and point out several connected benefits in terms of environment
protection, reduction of raw materials dependence and creation of jobs.

Its relevance in the current European framework is evidenced by the strategies
adopted since 2015: Circular Economy Action Plan (2015), Circular Economy
Package (2018) and New Circular Economy Action Plan (2020). The European
Commission (European Commission, s.d.) describes the latter as one of the main
building blocks of the European Green Deal, a roadmap for becoming a climate-
neutral continent by 2050 and to make the climate challenge and the ecological
transition an opportunity for a new development model. This model is within the
concept of sustainable development, defined as “development that considers the
present without compromising the capacity of future generations to meet their own
needs” (Brundtland, 1987), which is the basis of the Agenda 2030 and the 17
Sustainable Development Goals (SDGs) promoted by the United Nations (United
Nations, 2015).

When circular economy is applied to the agricultural field, it could partially overlap
the concept of bioeconomy, defined as converting renewable biological resources
into new value-added products, including food, feed, bio-based products and
bioenergy (European Commission, 2012), and they have been recently combined in
the concept of sustainable circular bioeconomy (European Commission, 2018).
Implementation of circular strategy for food resources production and management
is fundamental to reach a sustainable development in all its three dimension
(environmental, social and economic) by reducing CO- emissions, preventing land
degradation, reducing agricultural costs and increasing farmers’ profitability
(Velasco-Murioz et al., 2021, 2022).

Transition to a sustainable circular bioeconomy needs a change at a system level with
more sustainable behaviours on the part of all actors, new knowledge and
development of technologies for sustainable processes and new business model to
propose new bio-based products and services corresponding to consumer

expectations (de Vries et al., 2021).



However, it is important not to ignore that several authors have highlighted some
limits and critical issues related to the circular economy concept. In a recent review
(Corvellec et al., 2022). Corvellec and co-workers summarise clearly some of them.
Firstly, they point out how the concept of “circularity” can be misleading if it evokes
industrial systems modelled according to an understanding of nature as a circular
system that is stable, closed, and zero waste. Indeed, modern ecological theory tends
to construct the planet as an evolving open system of resilience in dynamic
equilibrium or non-equilibrium (Skene, 2018). Furthermore, as stated by Cullen
(Cullen, 2017), every circle creates dissipation and entropy, attributed to losses in
guantity and quality, leading necessary the introduction of new materials and energy
into any circular material loop to overcome these losses. A circular economy future
where waste no longer exists is not possible.

Secondly, the authors underline as the circular economy implementation is not clearly
delineate in any of the three levels of policies, organizations, and individual
consumers. Politic, for example, is very focused on technical and economic aspects
and seems less ambitious regarding social justice and environmental protection
(Flynn & Hacking, 2019; Kovacic et al., 2019). At organizational level, companies
promote circularity but limiting their efforts to certain parts of their activities and
often only to improve their reputation while ensuring a long existence and
competitiveness with linear business models (Hofmann, 2019; Stal & Corvellec,
2018). Moreover, some circular business models can only work under very specific
conditions, for example, the spatial proximity between entities (Winans et al., 2017)
and can find several barriers: technical (inappropriate technology, or lack of technical
support and training); economic (capital requirements, high initial costs, or uncertain
return and profit); institutional or regulatory (lack of a conducive legal system, or a
deficient institutional framework) and sociocultural (rigidity of consumer behaviour
and businesses routines) (de Jesus & Mendonca, 2018).

From the consumer's point of view, circular consumption places people faced with
the choice between the novelty of the moment and regenerated or "green by design™

products which are not always able to be attractive (Valenzuela & Béhm, 2017).



Other authors (Korhonen et al., 2018) point out the temporal boundary question
underlying how the short-term and long-term environmental impacts remain
unknown when designing reuse, remanufacturing, and recycling projects. This,
together with the problem of spatial boundaries, makes it essential to evaluate case
by case whether circular economy can deliver sustainable value (Manninen et al.,
2018). It is therefore important to dispel the myth that circular systems are necessarily

more environmentally sustainable than linear systems (Brandéo et al., 2020).

1.3 Water pollution and remediation strategies

Nowadays almost every aspect of our lives is characterized by the presence of
chemicals. Tens of thousands of industrial chemical substances are produced,
distributed and used in Europe continuously and many of these (more than 20,000)
are registered under REACH (European Chemicals Agency, s.d.), a regulation that
outlines the registration, (eco)-toxicological hazard evaluation, and authorization of
industrial chemicals in the European Union. To these must be added also pesticides,
herbicides, fertilizers used in agriculture and pharmaceuticals or cosmetics that we
use in our everyday life.

As consequence of all the anthropic activities, a lot of chemicals enter in the
environment becoming pollutants and affecting soil, air and water quality. The
preservation of water quality is a fundamental duty because the socio-economic well-
being and livelihood of the human population, as well as the survival of ecosystems
and biodiversity, depend on it. The continuous population growth and climate
changes contribute to the water crisis, which leads to the death of more than 13,000
people every year due to the lack of water resources availability and water
contamination (World Health Organization, 2019).

The increasing of environmental contamination together with the technological
innovations enabling us to detect pollutants in even very low concentration, the
improved scientific knowledge about the impact of the use of unhealthy water on

human health and the precautionary principle have prompted several health bodies



and governments to regulate the water protection and management (Dettori et al.,
2022).

Since 1980, Europe has been an active part of political initiatives and strategies for
the protection of water resources (European Parliament, 2024). As declared by the
European Parliament, the main objective of the EU water policy is to “ensure access
to good quality water in sufficient quantities for all Europeans, economic sectors and
the environment, and to ensure the good status of all bodies of water across Europe”.
To reach this purpose and to face the challenges of extreme weather events, the
European policy established two main legal framework related to water: The Water
Framework Directive (2000/60/EC) and The Marine Strategy Framework Directive
(2008/56/EC).

The purpose of the Water Framework Directive (WFD) is to establish a framework
for the protection of inland surface waters, transitional waters, coastal waters and
groundwater which: (a) prevents further deterioration and protects and enhances the
status of aquatic ecosystems [...]; (b) promotes sustainable water use based on a long-
term protection of available water resources; (c) aims at enhanced protection and
improvement of the aquatic environment, inter alia, through specific measures for
the progressive reduction of discharges, emissions and losses of priority substances
and the cessation or phasing-out of discharges, emissions and losses of the priority
hazardous substances; (d) ensures the progressive reduction of pollution of
groundwater and prevents its further pollution, and (e) contributes to mitigating the
effects of floods and droughts.

The WFD is supported by more specific directives that refers to specific water
management field: The Groundwater Directive (2006/118/EC), The revised Drinking
Water Directive((EU) 2020/2184), The Bathing Water Directive (2006/7/EC), The
Environmental Quality Standards Directive (2008/105/EC), The Urban Waste Water
Treatment Directive (91/271/EEC), The Nitrates Directive (91/676/EEC), The EU
Floods Directive (2007/60/EC) (European Parliament, 2024).

The WFD set the basis for the water bodies classification depending on their

ecological and chemical status (Figure 1.2).
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The estimate of the overall ecological quality (EQ) status according to the Annex V
of the WFD, it must take into account both biological quality and supporting quality
elements, which are: physical-chemicals parameters, presence or absence of special
pollutants and hydromorphological characteristics. Special pollutants are indicated in
the Annex VIII of the WFD which propose an “indicative list of the main pollutants”
including organohalogen, organophosphorous and organotin compounds, substances
which have been proved to possess carcinogenic or mutagenic properties, cyanides,
metals and their compounds, arsenic and its compounds, biocides, materials which
contributes to eutrophication and substances which have an unfavourable influence
on the oxygen balance.

On the other hand, for assessing the chemical status of waterbodies the
Environmental Quality Standards (EQSs) are used. They have been list in the
Directive 2008/105/EC which established the maximum acceptable concentration

and/or annual average concentration for 33 priority substances and 8 other pollutants



which, if met, allow(s) the chemical status of the waterbody to be described as good.
This Directive was updated in 2013 (EC, 2013), extending the number of Priority
substances to 45. The list of these substances is also referred to as Annex X
substances of the WFD (Technical Guidance for Deriving Environmental Quality
Standards - Guidance Document No. 27 Updated version 2018, s.d.). They include
compounds of cadmium, nickel, lead and mercury, PAHs, some organic chlorinated
substances, dioxins, etc...

As clear from these statements, among all the water contaminants, heavy metals and
metalloids or Potentially Toxic Elements (PTES) represent a well-known problem for
ecosystems safety and for human health.

Elements belonging this category of pollutants, as copper (Cu), lead (Pb), cadmium
(Cd), nickel (Ni), zinc (Zn), arsenic (As) and mercury (Hg), are ubiquitous and
naturally present in the environment. Since they are not biodegradable, PTEs are
persistent and may be toxic to biota even at low concentrations. Furthermore, they
can bioaccumulate in fishes, causing several pathologies, and biomagnified along the
food chain with adverse consequences for end consumers (Strungaru et al., 2018).
Some of human health hazards associated with exposure to PTES are summarized in
Figure 1.3.

PTEs water remediation techniques include physical strategies (reverse osmosis,
filtration, membrane filtration, flotation, coagulation-flocculation), chemical
(precipitation, ion exchange, electrochemical, reduction/oxidation treatments) and
biological methods (bioremediation and phytoremediation (Abdullah et al., 2019;
Emenike et al., 2022; Farooqi et al., 2022; Kurniawan et al., 2006; Qasem et al.,
2021).

However, one of the most widespread strategies to face potentially toxic elements’
water pollution, as will be detailed in subsequent chapters, is represented by
adsorption. It is a mass transfer process in which a substance is carried from a liquid
phase to the surface of a solid and bounds with the solid surface by physical and/or
chemical interactions. This strategy is attracting interest also due to the possibility to

regenerate adsorbents using suitable desorption processes (Maharana et al., 2021).
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Figure 1.3 - Human health hazards associated with exposure to toxic heavy metals (Maharana et al., 2021)

In parallel with inorganic contaminants, the presence in the environment of several
organic compounds that have proven to be persistent and harmful has raised concern.
In the last decades pharmaceutically active compounds (PhACs), personal care
products (PCPs), endocrine-disrupting chemicals (EDCs), artificial sweeteners
(ASWs), etc., have been increasingly detected in the aqueous environment (Parida et
al., 2021). These compounds are collectively classified as emerging contaminants
(ECs). The list of compounds belonging to this registry of recalcitrant pollutants is
constantly evolving and, consequently, most of them are not yet regulated by
legislation due to the lack of exhaustive data on toxicity, mode of action,
bioaccumulation capacity and reactivity (Deblonde et al., 2011; Gaggero et al., 2023).
Given the vastness of the chemical species that fall into the aforementioned
categories, it is easy to realize the complexity of the problem and why many scientists

are studying new approaches to face this challenge since conventional treatment
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process such as coagulation, flocculation and sedimentation are not effective for ECs
removal (Parida et al., 2021).

Different techniques have been developed as function of the contaminants’
physicochemical properties and nature: adsorption on both inorganic and organic
adsorbents (Almeida-Naranjo et al., 2023), Advanced Oxidation Processes (AOPS)
involving ozone (Wang et al., 2019) or UV light, electro-oxidation techniques
(Rivera-Utrilla et al., 2013), enzymatic reactions (Bilal et al., 2019; Shahid et al.,
2021) biological treatments (Garcia-Rodriguez et al., 2014; Shahid et al., 2021),
photocatalytic approaches (Ahmaruzzaman, 2021; Antoniadou et al., 2021; Miranda-
Garcia et al., 2011).

Furthermore, many integrated strategies, aimed at improving the performance of
individual treatments and broadening the target of contaminants, have been
developed in recent years. Among them, the so called hybrid materials, are becoming
more and more popular. They are the result of the combination of different
components whose coupling leads to an improvement of the individual properties
(Rigoletto et al., 2022).

Polymers have been widely employed in several of the mentioned techniques and
recently also bio-polymers are becoming attractive. This is not only due to their high
availability, ease of use and chemical modification, high biodegradability and
minimal toxicity (Subash et al., 2023) but also because they can be obtained from

exhausted biomass.

1.4 The potential of soybean processing waste: cellulose and SBP

In this research soy was selected as the starting crop and its processing waste, the
hulls, as exploitable lignocellulosic materials.
With a global production of around 396 Million Metric Tons in 2023/2024 (United
States Department of Agriculture), soy is a globally widespread crop widely used for
the production of food, feed, medical products and for several industrial applications
(Figure 1.4) (Singh & Krishnaswamy, 2022).
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In the 2023 the three main producing countries were Brazil (153 Million Metric
Tons), United States (113.34 Million Metric Tons) and Argentina (49.5 Million
Metric Tons), while the European Union with a production of 2.98 Million Metric
Tons was the twelfth producer in the World. In Europe Italy is one of the countries
with the higher soybean production, after Russia and Ukraine (Rotundo et al., 2024,
FAOSTAT).

Soybean is considered a highly nutrient crop plant with an abundance of protein (35—
45%), lipid (15-25%), carbohydrates (30-35%), dietary fibres (17%), and traces of
micronutrient (Hassan, 2013; Sharma et al., 2014; Singh & Krishnaswamy, 2022).
Furthermore, other interesting components as isoflavones, saponins, lecithin, phytic
acids, glycine, bioactive peptide, vitamins, makes soybeans nutritional profile a well-
known beneficial to the health (Qin et al., 2022; Rizzo, 2020; Singh &
Krishnaswamy, 2022).

Hence, its application in human food product and animal feed is spread. During the
industrial soy processing, various by-products as lecithin, soy meal, soy-whey, hulls,
meal, okara and molasses are produced. Most of these by-products could enter in
valorisation paths and being recovered as reported in Table 1.1.

In this work we will focus our attention on soybean hulls, that constitute a by-product
primarily generated during the extraction of soy oil but that is produced in all the
processes that need a de-hulling treatment.

Soybean hulls represents the 8% w/w of the seed and are mainly constituted by
cellulose (29-51%), hemicellulose (10-25%), lignin (1-18%), pectin (4-30%),
proteins (11-15%) (Alemdar & Sain, 2008; Debiagi et al., 2020; Ferrer et al., 2016;
Flauzino Neto et al., 2013; Merci et al., 2015). Due to their composition, soy hulls
are widely used in animal feed as source of fibres in replacement of corn. However,
they find applications also in human dietary fibres, in medical field or in bio refineries
to be converted in fuels/chemicals building blocks (Figure 1.5) (Liu et al., 2017;
Singh & Krishnaswamy, 2022). Being a lignocellulosic biomass, soy hulls can be
employed as a source of carbon for micro-mesoporous adsorbents but also as source

of polysaccharides and cellulose that can be applied in many technological field as
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food packaging, food, medicine or bioremediation (Liu

Krishnaswamy, 2022; Tummino et al., 2020).

Applications of Soybean
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Figure 1.4 - Application of soybean for different human food, animal feed, pharmaceuticals, and other industrial
purposes (Singh & Krishnaswamy, 2022)

Moreover, soy hulls have been widely applied as a source of proteins and enzymes,

among which of particular interest is soybean peroxidase (SBP), a glycoprotein

belonging to class 111 of the plant peroxidase superfamily.

Its catalytic cycle is activated by the presence of hydrogen peroxide and is able to

oxidise many substances, including chlorinated phenolic compounds and different
dyes (Calza et al., 2016; Husain, 2010; Katheresan et al., 2018; Marchis et al., 2011).
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Table 1.1- soy processing by-products valorisation summary

By-product Generating Main Valorisation Reference
process characteristics
Lecithin Soy oil processing  emulsifying food and (Singh &
properties pharmaceutical Krishnaswamy,
industries 2022)
Soymeal Soy oil processing high amount of manufacture of (Singh &
protein with an plant-based protein,  Krishnaswamy,
improved profile of  cookies, bread, 2022)
amino acid, meat substitutes,
contains also and animal feed
minerals and
vitamins
Soy okara Soymilk, tofu and rich in protein animal feed, natural  (Colletti et al.,
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Figure 1.5 - Examples of applications and conversion of soy hulls (Liu et al., 2017)
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The active site contains a Fe-heme prosthetic group directly involved in the catalytic
cycle. In the resting state, the Fe(l11) is coordinated by four nitrogen atoms belonging
to heme pyrrolic group and one N-atom of the side chain of an amino acid. The fifth
ligand is the nitrogen of the distal histidine while the sixth coordination position is
usually free or occupied by a water molecule (Banci, 1997), which is easily
substituted by an H,O, molecule. In a typical peroxidase active site, the distal side of
the heme is characterized by the presence of one histidine and one arginine residues,
which stabilize the coordination with the H.O, molecule and favour the subsequent
steps of the catalytic cycle (Faraco et al., 2007; Sugano et al., 1999).

In the presence of organic or inorganic substrates, H.O- oxidizes the Fe(ll1) to a ferryl
(Fe(IV)=0) radical, which can be reduced by inducing two steps of one-electron
oxidation of a wide variety of compounds with the production of two molecules of

organic or inorganic radicals and water (Battistuzzi et al., 2010) (Figure 1.6).

Figure 1.6 - Summary of peroxidase catalytic cycles (HIS = histidine, SH = substrate; S = radical product) (Rigoletto
et al., 2024)

SBP is very interesting not only due to its catalytic potential but also because it
maintains its catalytic activity over a wide range of pH and temperature making it

exploitable for real water remediation treatments (Rigoletto et al., 2024).
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Since hulls cellulose content is considerable, this was also an object of study and
valorisation in this thesis work.

Cellulose is an unbranched linear polymer composed of cellobiose repeat units linked
by B-(1 — 4)-D-glycosidic bonds. It contains many polar hydroxyl groups, in which
the C-6 position is the primary hydroxyl group, and the C-2 and C-3 positions are
secondary hydroxyl groups. Through the inter- and intramolecular hydrogen bonds
between cellulose molecular chains, the cellulose macromolecular chains in plants

are arranged together to form elementary fibrils (Figure 1.7) (Cheng et al., 2023).

Microfibril bundles

S . ) Cell walls
Microscopic
wood block

Cellulose microfiber

L R

@0

Glucose Cellobiose Cellulose molecular chains Elementary fibrils

Figure 1.7 — A) Schematic representation of the hierarchical structure of cellulose molecules (modified from (Cheng
et al., 2023); B) SEM image of soybean hulls and fibrils (this thesis)
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Cellulose has many interesting properties including abundant reserves, degradability
and biocompatibility, large specific surface area and thermal stability, adjustable
rheological properties, high hydroxyl (~OH) groups content (Cheng et al., 2023).
Due to its large number of active hydroxyl groups, cellulose allows the development
of various derivatives with designable properties via oxidation, esterification,
etherification, grafting, and cross-linking (Credou & Berthelot, 2014; Isogai, 2021;
Nemes et al., 2022).

Its ease of functionalization, as well as affordability and availability, make it an
interesting starting point for the development of a wide range of materials which can
find applications in different fields, such as food industry, packaging, batteries, drug
delivery, cosmetics or water treatments (El Bourakadi et al., 2024).

Moreover, recently the interest in waste-derived cellulose (i.e., derived from
agricultural scraps, industrial by-products and even waste textiles) is increasing to
lower the environmental impact related to the use of virgin plants (Testa & Tummino,
2021).

1.5 Research-related projects

This research work fell within the framework of “The SusWater Project - Sustainable
integrated approach to achieve CECs and PTEs removal from contaminated waters.
The aquaculture as case study”.

It is a Research and Innovation Staff Exchange (RISE) which exploits the
complementary skills of participating organizations, as well as other synergies, and
enable networking activities, organization of workshops and conferences to facilitate
knowledge sharing, the acquisition of new skills and career development for staff
members of research and innovation.

It involves a total of nine partners: four European universities (University of Turin -
Italy, Politecnico of Turin -Italy, Rey Juan Carlos University - Spain and Aalborg
University -Denmark), two non-academic European companies (Societa Agricola

San Biagio -Italy and Metrohm Hispania - Spain), plus three entities belonging to
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third countries including two universities (University of S&o Paulo - Brazil and
Kyushu Institute of Technology - Japan) and a government agency (Department of
Science Service - Thailand).

The project aims to face the challenge of safe and clean water availability by applying
different levels of actions including the synthesis of green materials for the removal
of pollutants, the development of enhanced water treatment technologies, the
implementation of effective legal tools against water pollution and the correct
management of the present water treatment facilities.

If on the one hand the project focuses on monitoring the water quality of partner
aquaculture plants, on the other it aims to develop and test adsorbent materials,
photocatalysts and biocatalysts for the removal of emerging contaminants and

potentially toxic elements from contaminated water.

1.6 Thesis objectives and development

This research work aims to adopt the circular economy approach in the context of the
synthesis and development of cellulose — based materials.

The main goal is to maximise the valorisation of soy processing residue, the hulls, by
transforming them into high added value materials exploitable in the environmental
remediation sector.

A substantial part of my thesis work focused on the development of strategies for the
remediation of water, polluted by emerging contaminants or potentially toxic
elements, based on physico-chemical phenomena such as adsorption or enzymatic
biocatalysis. Particular attention was paid not only to the initial treatment of the
waste, aimed at obtaining the components of greatest interest from the hulls, but also
to the synthesis, the reusability and the end of life of the developed materials.

The extraction of SBP and cellulose from soybean hulls has been optimized. Various
chemical modifications of cellulose have been carried out to obtaining derivatives
which were then characterized and tested for the purification of water contaminated

by both organic and inorganic contaminants. Furthermore, part of the work was
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dedicated to the study of photocatalysts able to produce hydrogen peroxide under
visible light irradiation with the aim of developing self-sustaining systems with the
protein.

Finally, regeneration test and biodegradation experiments were also carried out in
order to extend the materials’ life-time and to close their life cycle by minimizing the

impacts.
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2 Valorisation of soybean hulls

As mentioned in the introductory section, part of the research dealing with the
challenge of resolving the contamination of water bodies has turned its attention to
materials of natural origin. Furthermore, if possible, the use of virgin raw materials
is avoided, preferring to recover waste and by-products from other industrial
processes. This is not only due to the great availability of waste, especially in some
sectors such as the agro-industrial one, but also because the circular economy
approach is becoming increasingly widespread, also driven by the mentioned above
policies promoted by the European Union.

Mitigating the impact of decontamination strategies is one of the challenges we are
trying to respond to, not only by switching some materials from waste to resources
but also by developing new materials from waste, capable of being used multiple
times while maintaining high efficiency.

As explained previously, in this research work we focused on maximizing the
valorisation of soybean hulls, a residue from soybean industrial processing, aiming
at two of the components of main interest: soybean peroxidase (SBP) and cellulose.
SBP is well known for its ability to oxidise many substances, including chlorinated
phenolic compounds and different dyes (Calza et al., 2016; Husain, 2010; Katheresan
et al., 2018; Marchis et al., 2011) and, for this reason, it has been used in several
studies on water remediation. However, despite the very high added value of this
enzyme, it must be considered that SBP represents only a negligible percentage of
hulls mass, which are mainly composed of other biopolymers: cellulose,
hemicellulose and lignin (Alemdar & Sain, 2008).

In particular, since cellulose is a significant component of the hulls (29-51% wi/w),
its isolation after the SBP extraction can be considered an efficient way of waste
biomass valorisation. Indeed, this biopolymer can find a high number of applications
given its availability and ease of chemical modifications. Cellulose derivatives are
studied for the development of innovative materials to be used in the environmental
field and, among the other, the possibility to insert new functionalities into its

structure making cellulose efficient for the removal of specific contaminants from
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water (D. Wang, 2019) or suitable as support for enzyme immobilization(Y. Liu &
Chen, 2016; Sulaiman et al., 2015; F. Zhang et al., 2022).

In the further section SBP extraction and purification and cellulose isolation and
characterization will be deeply discussed.

2.1 Isolation of soybean peroxidase (SBP)

2.1.1 Materials and methods

All chemical reagents are in analytical grade and used without purification. Fresh
yellow soybean (Glycine max) seeds were purchased by Del Prete s.r.l. (Fondi, LT,
Italy) and stored vacuum-packed at room temperature before use.

Soybean extraction and purification

Soybean peroxidase (SBP) was extracted from fresh soybean hulls and successively
purified following a previously optimized method (Calza et al., 2016), which can be
summarised in 5 steps:

i) SBP extractions in phosphate buffer: hulls were manually separated by seeds,
added to a proper volume of buffer (500-700 mL, 0.025 M, pH 7) and subjected
to a subsequent three-hours extractions under stirring. The extraction in buffer was
repeated three times to complete the procedure.

ii) SBP concentration and precipitation: all the enzyme containing solutions were
combined and concentrated by a Vivaflow 50 tangential filter (Sartorius, 30000
MWCQO). Then, SBP was precipitated by addition of ammonium sulphate (53
9/100 mL), and the mixture was left under stirring for one night at 4 °C. This step
is necessary to facilitate the separation of non-protein components, avoid enzyme
denaturation and to guarantee its conservation until successive purification steps.

iii) SBP recover and dialysis: the precipitate was centrifuged for 20 min at 4000 rpm
and dissolved in a proper amount of phosphate buffer (0.025 M, pH 7). The

resulting solution was then dialyzed for 24 h at 4 °C against the same buffer.
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iv) SBP purification: the SBP was purified from the other proteins and peptides by
ionic exchange chromatography using a DEAE-Sepharose CL-6B resin as
stationary phase and a KCI gradient (0-0.5 M in phosphate buffer 0.025 M, pH 7)
as elution phase. The collected fractions were analysed with a Thermospectronic
UNICAM UV-300 dual-beam spectrophotometer and the absorbance values at
280 and 403 nm were used to select the fractions containing SBP.

v) SBP concentration and storage: the selected fractions were pooled and
concentrated by ultrafiltration on Vivaspin 20 (Sartorius, 10000 MWCO) until
their concentration was approximately 0.1 mM. The final SBP sample was then
stored frozen at —12 °C until use.

Before storage, each enzyme batch was characterized by UV-Vis spectroscopy for

the evaluation of concentration, purity level and activity.

The SBP final concentration was calculated through the Lambert Beer law selecting

the absorbance value at 403 nm wavelength and by using 94600 M-*cm™ as value of

molar extinction coefficient (Kamal & Behere, 2002). The purity level was obtained

by the same data and expressed through the Reinheitszahl index (Rz, equation 2.1):

R, =222 (21)

Azg0

where Asz and Asgo are the absorbance values at 403 and 280 nm respectively.
According to literature on peroxidases (Dunford, 1999), an Rz higher than 2 suggest
a good enzyme purity level.

The enzymatic activity was evaluated through a kinetic test based on the formation
of a purple adduct between 4-(dimethylamino)benzoic acid (DMAB) and 3-methyl-
2-benzothiazolinonehydrazone (MBTH) catalysed by SBP in the presence of H.0-
(Ngo & Lenhoff, 1980). The activity is expressed as the variation of the absorbance

at 590 nm as a function of time (Tolardo et al., 2019).
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2.1.2 Results and discussion

SBP extraction and purification procedure has been previously optimized (Calza et
al., 2016). During my PhD, this procedure was used to obtain several samples of
SBP to be used in all the studies described in this elaborate. Hence, the most important
characterization results obtained on SBP samples will be summarized taking into
account also the previous studies.

Three main parameters can be evaluated to understand the efficiency of the process:
i) SBP concentration; ii) SBP purity and iii) SBP activity.

Employing the described optimized procedure, an average enzyme’s concentration
of 5+2x10°M can be obtained with Rz values around 0.5. Although it shows a limited
purity, its activity is still such as to guarantee a high efficiency in environmental
applications already studied (Costa et al., 2020; Lavagna et al., 2021; Sarro et al.,
2018; Tolardo et al., 2019). Indeed, the average activity value for the extracted SBP
was found to be around the 70% of that of the commercial sample used as reference.
Furthermore, as known from the literature, the extracted enzyme has a maximum
activity at pH 5 although it is still active between pH 3.5 and 8.5. Therefore, since the
typical values of natural waters fall within this pH range, SBP is considered an

excellent candidate for the remediation of aquatic systems.

2.2 Multi-hydrolysis cellulose isolation from residual soybean hulls

After SBP extraction, the hulls were recovered, dried at 60 °C and grinded before
being treated for cellulose isolation. As known from the literature, the fractionation
of lignocellulosic biomass can be achieved through both alkaline and acid hydrolysis
of existing bonds binding cellulose, hemicellulose and lignin (Figure 2.1).

In alkaline enviroment the fibers swell beacause of the break-up of the hydrogen
bonds between the cellulose chains, furthermore the cleavage of the bonds within
hemicellulose and lignin occurs. On the other hand, acid treatments ensure, among

other things, hemicellulose solubilisation and depolymerization. The combination of
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all these effects leads to the release of the cellulosic components (Alemdar & Sain,
2008).

ether bond

Hemicelluloses

~ ester bond

oH OH
TeT

L O~L~(

Lignin Hemicelluloses

Figure 2.1 — Links between lignocellulosic components (Oriez et al., 2020)

2.2.1 Materials and methods

The biomass resulting from extraction of SBP was treated with a 2% wi/v sodium
hydroxide solution (solid-liquid ratio 1:10) for 2 h at 80 °C, then washed with distilled
water up to reach a neutral pH value and dried at 60 °C. Successively, the pre-treated
pulp was subjected to acid hydrolysis by reaction with 1 M HCI (solid-liquid ratio
1:10) at 80 °C for 2 h. At the end of the reaction, the solid was washed with distilled
water up to a neutral pH and dried at 60 °C. Finally, the pulp was treated once again
with 2% w/v NaOH solution (solid-liquid ratio 1:10), washed and dried again to
obtain the final product (Dodero et al., 2019; Tolardo et al., 2019).

The sample morphology was investigated with a FESEM Tescan S9000G instrument
with a Schottky emission source, while attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectrum was recorded using a Spectrum Two UATR

(PerkinElmer) instrument in the range 4000-600 cm.
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The dried sample was fractionated into its constituents by using different solvent
according to the NREL methodology (Calcio Gaudino et al., 2022; Genevini et al.,
1997).

The isolated cellulose thermal behaviour was investigated by thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC). For TGA analyses
(TGA 1 Star System of Mettler Toledo, Schwerzenbach, Switzerland), about 10 mg
of sample was heated from room temperature to 100 °C, left at this temperature for
30 min and then heated to 1000 °C at a rate of 10 °C min~* in 30 mL min* of nitrogen
flux. Derivative thermogravimetry (DTG) was used to identify the temperature of
maximum mass-loss rates. Differential scanning calorimetry (DSC) was carried out
with a DSC calorimeter (Mettler Toledo 821e, Schwerzenbach, Switzerland)
calibrated by an indium standard. The calorimeter cell was flushed with 100 ml min™*
nitrogen. The run was performed from 30 to 500 °C, at the heating rate of 10 °C min™
and the mass sample was about 5 mg. The data processing was conducted with the
STARe Software.

2.2.2 Results and Discussion

Cellulose was isolated by following a conventional chemical method already proven
efficient on soybean hulls. The combination of acid and alkali treatments has been
successfully employed in the removal of hemicellulose, lignin and minor components
from this lignocellulosic biomass (Alemdar & Sain, 2008; Ferrer et al., 2016; Iglesias
et al., 2021; Sinclair et al., 2018).

The isolated cellulose was in form of powder with a light brown colour indicating the
presence of a small portion of chromophore-rich compounds due to the lack of a
bleaching phase, considered unnecessary for the purposes of this research.

Cellulose sample morphology (Figure 2.2-Al and 2.2-A2) was investigated through
electron microscopy. SEM images highlighted its fibrous nature, but regions of well-
separated fibres alternate with areas in which clusters of fibres appear to be cemented,

probably due to some residues of lignin or hemicellulose (the same ones responsible
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for the brownish colour to the powder). As a representative dimensional parameter,
the distribution of fibre lengths, fitted by a Gaussian function, displayed a narrower
range of lengths for soy-derived cellulose that were shorter than those of the
commercial one (Fig 2.2-B1 and 2.2-B2).

Actually, the distribution values are centred at 56 + 3 um for commercial cellulose-

derived samples and 35 + 1 um for soy-derived ones (Tummino et al., 2023).
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Figure 2.2 — A) soy-derived cellulose SEM images at different magnifications; B) Fibers length distribution: B1)
commercial cellulose and B2) soy-derived cellulose (Tummino et al., 2023)

ATR-FTIR measurements mainly showed the typical signals of cellulose (Figure 2.3-
A). The signals between 3400 and 3200 cm™ are related to the stretching vibration of
OH groups (Tummino et al., 2020), whereas the asymmetric and symmetric
stretching vibrations of C-H are visible between 3000 and 2800 cm'?; the absorption

band assigned to the bending vibration of adsorbed water could be found at 1640 cm-
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L while the characteristic signals between 1430-1314 cm™ are attributable to the
symmetric bending of CH,, and the bending vibration of C-O and C-H in the
polysaccharide ring. The 1160-1030 cm signals are related to the C-O stretching and
the C-H rocking vibrations of the pyranose ring skeleton, while the B-glycosidic
linkage signal appears at 896 cm™ (Hospodarova et al., 2018; Y. Liu & Kim, 2017;
Yang et al., 2017).

Figure 2.3-B shows the percentage composition of the cellulose isolated by the acid-
alkaline treatments, confirming what already suggested by the brownish colour of the
powder and the morphological analysis. The 88% w/w of the sample is represented
by cellulose while the remaining 12% is made up of three components: hemicellulose,
proteins, sugars and fulvic acids (5%), lignin (4%) and lipids (3%).

The presence of these impurities is also evident in the results of thermal analyses.
Indeed, despite having the same trend, soy-derived cellulose presents a higher residue
at 1000°C (12%) in the TGA thermogram (Figure 2.4-A) compared to the commercial
cellulose sample (8%) (Tummino et al., 2023). Also in DSC curves (Figure 2.4-B),
soy cellulose shows a thermal degradation trend similar to that of commercial
cellulose. However, in the 250-300 °C range the curve is not flat showing a first
degradation event that can be related to the residual hemicellulose components
(Garcia-Maraver et al., 2013; J. Wang et al., 2020).
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Figure 2.3 — A) ATR-FTIR spectrum of soy-derived cellulose; B) soy-derived cellulose compositions from NREL
analysis
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Furthermore, also the shift of the principal endothermic peak at higher temperature
could be a consequence of the presence of residues of lignin or other compounds rich
in aromatic rings. Several studies suggest that this kind of compounds could improve
cellulose thermal stability (Garcia-Maraver et al., 2013; Jiang et al., 2019; N. Zhang
etal., 2019).
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Figure 2.4 — comparison between commercial cellulose (black) and soy-derived cellulose (red): A) TGA
thermograms; B) DSC curves.

2.3 Microwave-assisted cellulose isolation from residual soybean
hulls

The fractionation of biomass through alkaline and acid hydrolysis has proven
effective and the cellulose obtained is of good quality. However, there are critical
aspects that need to be reviewed based on the context outlined in the previous chapter.
It has been clear for decades that the development of new laboratory or industrial
processes and the adaptation of old ones cannot fail to adapt to the growing awareness
of the need to reduce environmental and economic impacts. The publication of the
twelve principles of Green Chemistry (P. Anastas & Warner, 2000) and the twelve
principles of Green Engineering (P. Anastas & Zimmerman, 2003) defined the good
practices to be adopted to reach these purposes. What emerges is the attempt to

optimize the use of mass, energy, space and time, moving to processes safer for
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humans and environment which minimize the production of wastes by using reusable
materials and energy from renewable sources.

The safety of reagents and solvents is a central challenge, and more and more often,
we try, where possible, to make the choice to fall on water.

Indeed, water is the most environmentally friendly solvent as it is non-flammable,
non-toxic and readily available. However, its dielectric properties limit its solvent
power to polar molecules only. These properties can be modified in particular
temperature and pressure conditions below the critical point (373.946 °C, 22.064
MPa) called subcritical conditions, in which it can be maintained in liquid form even
if above the normal boiling point (Freitas et al., 2024).

In general, in the temperature range between 100°C and 374°C, as the temperature
rises, the dielectric constant of water (¢' = 80 at 25°C) decreases, reaching values near
those of organic solvents and increasing its solvent capacity of low and medium
polarity compounds (Freitas et al., 2024; Gallina et al., 2022; J. Zhang et al., 2020).
Increasing the temperature, water viscosity and surface tension decrease steadily, but
its diffusivity is improved as well as mass transfer (J. Zhang et al., 2020).
Furthermore, subcritical water has a slightly acid nature thanks to the self-ionization
that provides more hydronium ions (HsO") that facilitate acid-catalysed reactions
(Okolie et al., 2020; Pattnaik et al., 2022; R.-Y. Zhang et al., 2021).

The interest in subcritical water is growing particularly in the field of biomass
valorisation in a bio-refinery concept, in which natural resources and by-products are
more comprehensively considered, developing new products and reducing waste
disposal (Costa et al., 2023). According to the literature, many studies employed this
technique to extract bioactive compounds (Majeed et al., 2024), pectin (Basak &
Annapure, 2022), proteins, lipids (Alvarez-Vifas et al., 2021), sugars (Mohd Thani
et al., 2020), nutraceuticals and antioxidants from food and herbaceous plants (Costa
et al., 2023).

However, there is a limited numer of studies using subcritical water in processes to

obtain cellulose from biomass (Gomez-Contreras et al., 2024; Kurian et al., 2015).
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The mildly acidic nature of subcritical water selectively hydrolyses hemicelluloses
without degrading the cellulosic moieties (Pattnaik et al., 2022). As reported in the
literature, during the hydrothermal process, hemicellulose deacetylation occurs,
leading to the acetic acid release with a consequent decrease in pH, which can, in
turn, catalyse the hydrolysis of hemicelluloses to shorter oligomers and,
consequently, decrease their molar mass (Alonso-Riafio et al., 2023; Cocero et al.,
2018; Yedro et al., 2017). At the same time, the breaking of ether and ester bonds
that bind hemicellulose and lignin takes place, also leading to the release of lignin
fraction (Nguyen Thi et al., 2017; Pinkowska et al., 2012). These processes are the
same as those that occur during classical acid hydrolysis. As reported in several
studies, the acid treatment breaks the disordered and amorphous parts of the cellulose,
hydrolyses the hemicelluloses and pectin by breaking down the polysaccharides to
simple sugars and hence releasing cellulose fibres (Alemdar & Sain, 2008; Flauzino
Neto et al., 2013).

Subcritical conditions can be obtained through a hybrid technique involving rapid
microwave (MW) heating under controlled temperature and pressure-sealed vessels
in which water is heated above its normal boiling point (Cravotto et al., 2022;
Matusiewicz & Slachcinski, 2014). Microwave processing has attracted attention as
a green technique since it avoids solvent use, has fast heat transfer because it is
produced directly inside the material and reduces reaction time (Aguilar-Reynosa et
al., 2017).

Microwaves are electromagnetic energy waves with wavelengths and frequencies
ranging from 1 m to 1 mm and 0.3 GHz-300 GHz, respectively (Bayat et al., 2023).
Constant changes in electrical fields cause dipoles in polar liquids to undergo
continuous alignment and realignment (Bundhoo, 2018). The continuous changes in
dipoles generate friction within the material which is heated depending both on the
ability of the materials to be polarized by an electric field absorbing and storing
energy (i.e., the dielectric constant €') and the potential to disperse this internal energy

as heat (i.e., the dielectric loss €") (Qin et al., 2022). The relationship between these
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two parameters is called dissipation factor (or dielectric loss tangent) (equation 2.2)
and it is usually used to describe the material capacity to be heated by microwaves.

8”

tand =— (2.2)

8I

According to tan d values, materials may be conductive (tan d < 0), non-conductive
(0.1 < tan d < 0.5) or dielectric (tan d > 0.5). Conductive materials cannot be
penetrated by MW because they reflect the incident microwave beam, whereas non-
conductive materials are microwave-transparent and dielectric materials adsorb well
MW and are ideal for MW-based treatments (Fia & Amorim, 2023).

Usually, lignocellulosic biomasses have low tan d, meaning that they cannot be
efficiently heated through microwave irradiation (Fia & Amorim, 2023). Indeed,
according to several studies, they are characterized by low-loss dielectric properties
resulting in poor MW absorption (Dominguez et al., 2007; Salema et al., 2013, 2017,
Wan et al., 2009).

However, even in the dry form, biomass cells can still contain very small amounts of
water that acts as a target for microwaves heating as MW selectively heat more polar
components creating hotsposts which can results in local expansion or “explosion”
(Aguilar-Reynosa et al., 2017; Hu & Wen, 2008; Palav & Seetharaman, 2007).

To enhance biomasses MW absorption capacity and the treatment outcomes, the
addition of a microwaves absorbing solution (solvent solutions) is needed (Ethaib,
2024). Solvents with high dielectric constant and dielectric loss, like water, are the
most suitable.

Subcritical water treatments are generally used as biomass pre-treatments capable of
altering or modifying the lignocellulosic matrix in such a way as to provide easier
access to chemical reagents or enzymes for subsequent hydrolysis (Ethaib, 2024;
Sarker et al., 2021). Among the treatments that can be coupled with extraction in
subcritical water, the alkaline ones are widely employed. Indeed, at high pH,
lignocellulosic biomasses swell due to the breakdown of intermolecular hydrogen
bonds between cellulose and hemicellulose chains. At the same time, alkali-labile
linkages between lignin monomers or lignin and hemicellulose, as esters, are broken
(Oriez et al., 2020; Singh et al., 2017). The breaking of these bonds leads to the
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fractionation of lignocellulosic biomass in its main components which can therefore
be recovered and valorised.

In further paragraphs, the isolation of cellulose from soybean hulls previously
deprived of the soybean peroxidase was optimized. Different conditions of
microwave-assisted subcritical water hulls fractionation were studied. The obtained
solid residues have been characterized and the need to add an alkaline treatment for

further purification was evaluated.

2.3.1 Materials and methods

All the reagents were used without purification.

Fresh yellow soybean (Glycine max) seeds were purchased by Del Prete s.r.l. (Fondi,
LT, Italy). Sodium hydroxide (NaOH), gallic acid, sodium carbonate (Na.COs) and
Folin—Ciocalteu reagent were purchased by Sigma Aldrich.

Microwave-assisted subcritical water extraction (MW-SWE) experiments

Soybean hulls employed for cellulose isolation were previously subjected to SBP
extraction, dried and grinded.

Then, the hulls were mixed with distilled water at a 1:10 solid-liquid ratio in a Teflon
vessel, left to moisturize for 5 minutes and introduced in a MW multimodal reactor
(SynthWAVE, Milestone, Bergamo, ltaly) able to exploit an external inert gas
feeding (N2). For each test, an appropriate purging with N2 was performed three times
to remove oxygen traces from the system, reducing oxidative stress on the biomass.
The reaction chamber was then pressurized with the necessary amount of N, to avoid
water ebullition (20 bars). The samples were heated at different temperatures (150,
180 and 200 °C) with a maximum irradiation power of 1500 W. The temperature was
increased through a 10-minute ramp and maintained constant for a further time of 10
minutes under stirring.

The resulting solutions were filtered under vacuum, while thoroughly washing the

biomass with distilled water. Both the liquid and the washed biomass were freeze-
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dried (LyoQuest-85, Telstar, Madrid, Spain), weighed, and stored at 4 °C for further
analyses.

The extraction results (Biomass%, Extract% and Loss%) are calculated through
equations 2.3, 2.4, and 2.5 respectively.

biomass after MW—-SWE (g)
biomass before MW—-SWE (g)

Biomass % = x 100 (2.3)
freeze—dried extract (g)

Extract % =
% biomass before MW—-SWE (g)

x 100 (2.4)

Loss % = (Theoretical recovery (g))—(biomass after MW—-SWE (g)) % 100 (2 5)
0= .

Theoretical recovery (g)

The theoretical recovery could be calculated by the difference between the total mass
of the sample before MW-SWE treatment and the mass of the freeze-dried MW-SWE

extract.

Microwave-assisted alkaline (MW-NaOH) treatment

The freeze-dried biomasses were also subjected to a microwave-assisted alkaline
treatment to remove any residues of hemicellulose and lignin.

A proper amount of biomass was mixed with a NaOH solution (10% w/w) at a 1:20
solid-liquid ratio in a Teflon vessel and then introduced in the MW multimodal
reactor. For this treatment, the samples were heated at 120 °C with a maximum
irradiation power of 1500 W. The temperature was increased through a 10 minutes’
ramp and maintained constant for 120 minutes under stirring.

The resulting solutions were filtered under a vacuum, neutralized and freeze-dried.

The biomass was washed, as well, and neutralized before freeze-drying and storage.

Biomass characterization

Morphological investigations were performed using an EVO 10 Scanning Electron
Microscope (SEM, Carl Zeiss AG, Oberkochen, Germany) with an acceleration

voltage of 20 kV. The samples were sputter-coated with a 20 nm-thick gold layer in
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rarefied argon, using a Quorum Q150R ES Plus Sputter Coater. Attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectrum was recorded using a
Spectrum Two UATR (PerkinElmer) instrument in the range 4000-600 cm™.

The dried samples were fractionated into their constituents by using different solvents
according to the NREL methodology (Appendix 1).

The isolated biomasses' thermal behaviour was investigated by thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC). For TGA analyses
(TGA 1 Star System of Mettler Toledo, Schwerzenbach, Switzerland), about 10 mg
of sample was heated from room temperature to 100 °C, left at this temperature for
30 min and then heated to 1000 °C at a rate of 10 °C/min in 30 mL/min of nitrogen
flux. Differential scanning calorimetry (DSC) was carried out with a DSC calorimeter
(Mettler Toledo 821e, Schwerzenbach, Switzerland) calibrated by an indium
standard. The calorimeter cell was flushed with 100 mL/min nitrogen. The run was
performed from 30 to 500 °C, at the heating rate of 10 °C/min and the mass sample

was about 5 mg. Data processing was conducted using STARe Software.

Total Phenolic Content (TPC)—Folin-Ciocalteu Assay

The TPC of freeze-dried liquid fraction deriving from the MW-SWE treatment was
determined using the Folin—Ciocalteu assay, as described by Cravotto and co-workers
(Cravotto et al., 2022). In brief, polyphenol quantification was performed by applying
a calibration curve of gallic acid as a reference compound (with dilutions between 5
and 250 pg/mL) in aqueous solutions. Dried extracts were dissolved in deionized
water at concentrations of 4-6 mg/mL. Both gallic acid and sample solutions (250
pL) were dispensed into borosilicate test tubes. The following solutions were added
sequentially for each test: 500 mL of Na>COs solution (10% wi/v), 4 mL of distilled
water, and 250 pL of Folin—Ciocalteu reagent (diluted 1:1 with distilled H,O). The
resulting mixtures were vigorously shaken and kept at room temperature for 25 min
before the analysis. A Cary 60 UV-Vis spectrophotometer (Agilent Technologies,
Santa Clara, CA, USA) was used to read the absorption at 740 nm in a quartz cuvette

(1 cm). The TPC was expressed as mg/g of gallic acid equivalents (GAE) over the
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dried extract (selectivity) and over the dried matrix (yield). The measurements were
performed in triplicate.

2.3.2 Results and discussion

Microwave-assisted subcritical water extraction: samples characterization

After MW-SWE treatments, three samples of dried biomasses have been obtained
depending on the extraction temperature: MW-SWE-150, MW-SWE-180 and MW-
SWE-200. As emerges from Figure 2.5, increasing the extraction temperature from
150 to 200°C led to a reduction in the percentage of biomass recovered and an
increase in the amount of extract. The increase in biomass loss could be related to a
higher formation of low molecular weight and volatile thermal degradation products

of biomass during the extraction.
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Figure 2.5 — Biomasses and extracts percentage recover after MW-SWE extraction

Each sample of biomass has been subjected to the NREL protocol (Appendix I) to
investigate the change in percentage composition induced by subcritical water
extraction. To have a complete overview of the samples, also the pristine soybean

hulls and the hulls resulting after SBP extraction have been analysed (Figure 2.6).
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Figure 2.6 — Outcomes of biomasses compositional analysis (NREL) of original soybean hulls and treated soybean
hulls before and after MW-SWE treatment normalized for 1 g of biomass

The enzyme’s removal treatment reduces the percentage of hemicellulose in the
treated hulls with respect to the original biomass without, however, changing the
quantity of cellulose that remains around 41% in weight.

The MW-SWE extraction leads to an increase of these percentages in all samples
with a growing trend depending on the temperature: 65.4, 72.8 and 76.6% for MW-
SWE-150, MW-SWE-180 and MW-SWE-200, respectively. These increases are
accompanied by a loss in lignin, which seems comparable in the three treatments, and
a loss in hemicellulose, which increases as the extraction temperature increases. This
trend has already been observed in the literature (Gil-Guillén et al., 2024; Hanim et
al., 2012). According to Yedro and co-workers (Yedro et al., 2017), the extraction
kinetics of hemicellulose is strongly dependent on temperature. However, as this
parameter and extraction times increase, not only does the carbohydrate solubilisation
increase, but also its deacetylation and degradation into oligomers and molecules with
lower molecular weight. Hemicellulose deacetylation leads to acetic acid release,

which reduces the pH of the solution and catalyses biomass acid hydrolysis (Alonso-
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Riafo et al., 2023; Cocero et al., 2018). As described above, this causes the breaking
of ether and ester bonds that bind hemicellulose and lignin, leading to the latter
fraction release (Nguyen Thi et al., 2017; Pinkowska et al., 2012).

ATR-FTIR and morphological analysis were carried out to investigate the quality of
the biomasses. As evidenced in Figure 2.7, the MW-SWE extraction is not sufficient
to ensure the complete removal of non-cellulosic components of the pristine biomass.

Indeed, in all sample spectra, there are signals not ascribable to cellulose.
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Figure 2.7 — Comparison between ATR-FTIR spectrum of commercial cellulose and spectra of MW-SWE
treatments derived biomasses

The presence of bands at 2920-2850 cm™ is one of the main differences. In the
literature, there is no single attribution for these signals. According to some authors,
they would be ascribable to the asymmetric and symmetric stretching of the methyl
and methylene groups that can be found in both lignin (Guo et al., 2008; Li et al.,
2017; Md Salim et al., 2021; Meraj et al., 2024) and hemicellulose (Tasar & Ozer,
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2022). However, some studies also suggest their possible attribution to the
extractives’ content in the biomass matrix, like methyl esters and phenolic acid
methyl esters, which contain methyl and methylene groups (Md Salim et al., 2021,
Poletto et al., 2012).

Furthermore, the peaks at 1739 and 1242 cm™ are other evidence of hemicellulose
residues. According to the literature, the first is the stretching of C=0 present in acetyl
and carboxyl hemicellulose functionalities, while the second could be related to the
C-O stretching in carboxylic groups (Horikawa et al., 2019; Lionetto et al., 2012;
Toscano et al., 2022). On the other hand, the 815 cm™ signal can be ascribable to the
out-of-plane vibration of the lignin guaiacyl unit (Boeriu et al., 2004; Horikawa et
al., 2019).

The presence of non-cellulosic residues is also evidenced in the SEM images (Figure
2.8). Indeed, in MW-SWE-150 and MW-SWE-180 samples (Fig 2.8-A and C) the
fibres are well organized and held together by a coating that is probably made up of
hemicellulose and lignin. At the same time, even if there are separate fibres in the
MW-SWE-200 sample (Fig. 2.8-E), it is still possible to see more aggregated areas
which confirm what was already highlighted by the ATR-FTIR spectra. Figure 2.8-
B and D show some fibres that appear "exploded.” As previously noted, this could be
due to the formation of hot spots and the rapid increase in pressure in preferential
points within the biomass during the microwave treatment (Aguilar-Reynosa et al.,
2017; Hu & Wen, 2008; Palav & Seetharaman, 2007).

Hemicellulose and lignin residues lead to thermal behaviour different from that of
commercial cellulose (Figure 2.9). As shown in Figure 2.9-A, MW-SWE-150 and
MW-SWE-180 samples present the onset of thermal degradation at 220°C and 240°C
respectively, a lower temperature than pure cellulose (~300°C).

According to the literature, this could be related to the hemicellulose component.
Indeed, it begins to decompose earlier than the other components at a temperature of
around 160 °C, and weight loss mainly occurs in the temperature range of 200-300
°C (Faleeva et al., 2024).
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Figure 2.8 - SEM images of MW-SWE-150 (A and B), MW-SWE-180 (C and D) and MW-SWE-200 (E)
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Figure 2.9 — Thermal behaviour of MW-SWE derived biomass: A) TGA and DTG; B) DSC

Two weight loss peaks relating to the thermal decomposition of hemicellulose have
been reported in the literature. The first, at 250°C, is due to the cleavage of glycosidic

bonds and the decomposition of side chains, while the second, at 290°C, is due to
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depolymerization reactions (Collard & Blin, 2014; Faleeva et al., 2024; McCaffrey
et al., 2021; Peng & Wu, 2010). In DTG curves (Fig. 2.9-A) of MW-SWE-150 and
MW-SWE-180, the main peak presents two shoulders in correspondence to these
thermal decomposition temperatures, indicating the presence of hemicellulose
residues in the samples.

At the same time, decreasing the subcritical water extraction treatment temperature
from 200°C to 150°C, the amount of char at the end of thermo-gravimetric analysis
increases (15.6% for MW-SWE-200, 18.3% for MW-SWE-180 and 22.7% for MW-
SWE-150). This trend is opposite to the amount of cellulose calculated through
NREL analysis, which is higher as treatment temperatures increase. This means that
higher TGA final % correspond to higher hemicellulose and lignin content, since
these components tend to form more charred residues. Indeed, cellulose thermal
degradation occurs mainly through depolymerisation and subsequent degradation
reactions that are very fast and have volatile compounds as main products, which are
mostly condensable organic compounds (Collard & Blin, 2014). Conversely, even if
hemicellulose pyrolysis goes through depolymerisation, it leads to the formation of a
greater quantity of char that some authors attribute to the presence of minerals such
as potassium (Couhert et al., 2009; Jensen et al., 1998). However, also studies on
demineralised hemicellulose show that two or three times more char is formed during
its pyrolysis respect to cellulose (Hosoya et al., 2007). This has been attributed to the
difference in thermal stability of the monomer units and the linkages between the
monomers or in the different crystallinity of the constituents (Alén et al., 1996).
Lignin also significantly influences the amount of char. Indeed, during the thermal
degradation, it does not undergo depolymerisation, but still release volatile
compounds, which are mainly incondensable gases. This seems to be due to the
instability of the propyl chains, of some linkages between monomer units and of the
methoxy substituents of the aromatic rings. The final lignin charring process consists
of the rearrangement of the carbon-based skeleton in a polycyclic aromatic structure
(Cao et al., 2013; Collard & Blin, 2014; Liu et al., 2008).
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All our samples show TGA residue percentages higher than commercial cellulose
(8%) and soy-derived cellulose obtained following the multi-hydrolysis method
described above (12%).

Regarding the DSC curves (Fig. 2.9-B), only MW-SWE-200 shows a pattern
comparable to that of commercial cellulose (Fig. 2.4-B) with the endothermic peak
at the decomposition temperature of 356°C. MW-SWE-150 does not present any
endothermic peak, while MW-SWE-180 shows an intermediate behaviour.

All these findings led to the need to add the alkaline treatment to remove the non-
cellulosic components and obtain final samples with a greater enrichment in

cellulose.

Microwave-assisted alkaline treatment: samples characterization

After the MW-SWE extraction, all samples were subjected to a microwave-assisted
alkaline treatment (MW-NaOH) to complete the removal of non-cellulosic
components.

As shown in Figure 2.10, which compares the percentage composition of samples
before and after MW-NaOH, the enrichment in cellulose induced by the alkaline
treatment is effective, with better results for MW-SWE-180-A (91.5%).

The enrichment in cellulose is mainly due to a reduction in the hemicellulose content.
Indeed, in alkaline mediums, cellulose swells and the hydrogen bonds with
hemicellulose are destroyed. At the same time, alkali-labile ester bonds between
lignin monomers or lignin and hemicellulose, are broken. Both of these mechanisms
enhance the dissolution of hemicellulose (Lu et al., 2021; Oriez et al., 2020).

The quality of the cellulose-enriched biomasses has been investigated through ATR-
FTIR and morphological analysis.

As shown in Figure 2.11, the ATR-FTIR pattern of all the samples is comparable to

that of commercial cellulose, confirming that this component is the main one.
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Figure 2.10 — Comparison between outcomes of compositional analysis of MW-SWE biomasses before and after
the MW-NaOH treatment

Despite this, the morphological analysis highlighted that for the MW-SWE-150-A
sample, even the alkaline treatment was not sufficient to completely separate the
fibres (Figure 2.12-Al). On the other hand, MW-SWE-180-A (Fig. 2.12-B1) and
MW-SWE-200-A (Fig. 2.12-C1) present a comparable morphology to both the
commercial and the cellulose derived from the multi-hydrolysis process described
above (Fig. 2.2-A).

Regarding the fibres’ dimension (Fig. 2.12-A2, B2 and C2), the final biomasses show
an average length between 35 and 40 pum, which is shorter than commercial cellulose
(60 pm) fibres but comparable with that of cellulose derived from the multi-
hydrolysis process (Fig. 2.2-B2).
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Figure 2.11 — ATR-FTIR of commercial cellulose and post-MW-NaOH treatment biomasses

Figure 2.13 summarizes the final biomasses' thermal behaviour. TGA curves of MW-
SWE-150-A (Fig. 2.13-A) show an onset of thermal degradation at 280°C, slightly
lower than the other two samples and commercial cellulose.

The lowering of degradation temperature, together with the shoulder of the peak of
the main thermal event at 290°C in DTG graph, suggests that limited residues of
hemicellulose are still present in the biomass. This is in agreement with both the
sample morphology and NREL results. On the other hand, MW-SWE-180-A and
MW-SWE-200-A curves are more comparable to that of commercial cellulose,

confirming the effectiveness of alkaline treatment.
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2.4 Soy-derived cellulose functionalization strategies

The great availability of cellulose both from virgin sources and from waste materials,
its non-toxicity, low cost and stable structure made this biopolymer extremely
interesting in various sectors. However, cellulose as such does not meet all the
requirements necessary to be used in all the fields in which it is actually employed
since, for example, it is moisture sensitive, insoluble in water and most common
solvent, poor in surface functionalities and low resistant to microbial activity (Seddiqi
etal., 2021).

Hence, cellulose can be chemically modified introducing functionalizing moieties to
obtain materials with multiple and specific activities.

According to the molecular structure of cellulose (Figure 2.14), hydroxyl groups in
glucose units are responsible for its chemical activity. Their accessibility and
reactivity depend on the degree of involvement in the hydrogen bond network which
characterize cellulose three-dimensional structure. The hydrogen of the C3-hydroxyl
group binds strongly to the ring oxygen on adjacent anhydroglucose unit (AGU) and
S0 it is not available to react (Credou & Berthelot, 2014). On the other hand, C2 and
C6-hydroxyl groups, having multiple and variable hydrogen bonding options, are
statistically less involved in the hydrogen bond network with a resulting higher
reactivity (Credou & Berthelot, 2014).

Among the three hydroxyl groups in each AGU, the C6-OH group (primary alcohol)
is described as the most reactive site, far more than hydroxyl groups at C2- and C3-
positions (secondary alcohols) (Roy et al., 2009). Hence, the relative reactivity of the
hydroxyl groups can be summarized as C6-OH >> C2-OH > C3-OH.

The accessibility of hydroxyl groups also depends on the crystallinity of cellulose,
since chemical reagents can penetrate only the amorphous region and not the
crystalline one. For this reason, often activation treatments are needed to allow

functionalization reactions (Credou & Berthelot, 2014).

56



cellobiose unit

A
a A
o 6_OH oH OH
4 4
HO 1 0-X80q_| Ho 1 o,ﬁ/
HO—/7~0 | Ho—yx~rO—~7~0" Ho =0

non-reducing anhydroglucose reducing
end group unit (AGU) end group

Figure 2.14 - Cellulose molecular structure (n = degree of polymerization) (Credou & Berthelot, 2014)

Typical functionalization reactions exploited in literature are oxidation, amination,
esterification, etherification, activation or condensation (Aziz et al., 2022; Credou &
Berthelot, 2014; Oberlintner et al., 2021).

A widespread method used to introduce functional groups in cellulose structure is the
employment of alkoxysilane reagents (Figure 2.15).
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Figure 2.15 — Example of silanization reaction of cellulose with 3-aminopropyltriethoxysilane (Tummino et al.,
2023)

For these kind of functionalization low polarity solvent as usually employed as
toluene, dimethylformamide (DMF) and tetrahydrofuran (THF) (Habibi, 2014) to
prevent the oligomerization of silane derivatives that usually occurs in water-based
systems.

Recently, some authors proposed ethanol as good reaction medium for silanization
reactions since it avoid oligomerization being at the same time more eco-compatible
(Testa, 2021; Testa & La Parola, 2021; Tummino et al., 2023). Nevertheless, there is
no shortage of studies in the literature reporting functionalizations in water with
promising results (Beaumont et al., 2018; Khanjanzadeh et al., 2018; Ludovici et al.,
2023; Z. Zhang et al., 2015).
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Cellulose-derivatives obtained through these strategies are insoluble in common
solvents, however for several applications soluble biopolymers are needed.

Among them, carboxymethylcellulose (CMC) represents a widely employed choice.
It is an ether prepared from the replacement of a hydroxyl group with a
carboxymethyl one at positions O-2, O-3, or O-6 of the glucose unit of a previously
alkali swelled cellulose (Figure 2.16). It is soluble in hot or cold water and is usually
find in anionic form as sodic salt, a characteristic that allows CMC to interact with
several organic and inorganic cations. Through these interactions it can easily form
hydrogels through cross-linking reaction (W. Zhang et al., 2022) and find
applications in several field as textile, food, pharmaceutical, biomedical, materials

engineering and water remediation (Rahman et al., 2021).

Step 1: Alkalization

H OH

0 NaOH

<

H
O o\ H

o OHg

Step 2: Etherification

+ NaCl

NaCMC

Figure 2.16 — Cellulose carboxymethylation reaction (Yéafiez-S et al., 2018)

In this work cellulose isolated from soybean hulls through acid-base hydrolytic
process has been functionalized introducing primary amino groups, thiols and
carboxymethyl functionalities. All these cellulose-derivatives have been
characterized and employed to prepare cellulose-based sorbents for water

remediation as described in detail in Chapter 3.
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2.4.1 Materials and methods

All chemical reagents were in analytical grade and used without further purification.
(3-aminopropyl)triethoxysilane  (APTES);  (3-mercaptopropyl)trimethoxysilane
(MPTMS), chloroacetic acid (CA), isopropyl alcohol, ethanol, and acetone were
purchased by Merck, hydrochloric acid (HCI) was purchased by Carlo Erba.

Svynthesis of primary amino groups containing cellulose (Cell-NH>)

For Cell-NH; synthesis, an APTES-functionalization method proposed by Tummino
et al. (Tummino et al., 2023) was employed with minor modifications. In brief, 1 g
of cellulose was dispersed in 20 mL of ethanol and 3 mL of APTES were added. The
mixture was then refluxed at room temperature for 24 h under stirring, filtered,
washed with distilled water, and dried at 100°C.

Synthesis oh thiols containing cellulose (Cell-SH)

For Cell-SH preparation, the MPTMS-functionalization procedure proposed by
Beaumont et al. (Beaumont et al., 2018) was used: 1 g of cellulose was dispersed in
100 mL of distilled water, then 2 mL of HCI 0.5 M and 3.2 mL of MPTMS were
added. The mixture was left under stirring for 30 min and then 4 mL of NaOH 0.5 M
were added. After stirring 150 min at room temperature, the sample was filtered and
washed with acetone and distilled water to remove the unreacted MPTMS, and finally
dried.

Svynthesis of carboxymethyl cellulose

Carboxymethylcellulose (CMC) was synthesised through the acetylation of cellulose
following the method proposed by Robles Barros et al. (Robles Barros et al., 2020)
with minor modifications.

This procedure consists of two steps: alkalinisation and etherification. For the first

stage, 3 g of cellulose was homogenised in 80 mL of isopropyl alcohol under stirring
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for 30 minutes, followed by the addition of 10 mL of 50% NaOH. After 30 minutes
of stirring the suspension was heated up to 63°C and 6.3 g of chloroacetic acid were
added for the etherification stage. At the end of the reaction (190 min), the modified
cellulose was recovered by filtration and washed with 70% ethanol. Finally, CMC
was left under stirring in ethanol for 30 minutes, washed again with methanol and
dried in an oven at 50°C. The degree of substitution (DS) was evaluated according to
the methodology described by Aguir and M'Henni (Aguir & M’Henni, 2006). In
brief, 1 g of CMC was mineralized at 600°C for 4h and the obtained ash was cooled
to room temperature and dissolved in 25 mL of hot distilled water (80°C). The
resulting solution was titrated with 0.1N (0.05M) H,SO, in presence of methyl
orange. The reddish solution was heated to remove dissolved CO- until it turned
yellow. A second titration was performed with H,SO4. The DS could be calculated

using the equation (2.6)

ps =22 . p —01xZ (26)
0.08XB m

where 0.162 is the molar mass of the anhydroglucose unit (AGU) expressed in
kg/mol, 0.08 is the molar mass of -CH,COO'Na* group substituted in the cellulose
(kg/mol); 0.1 is the normality of sulphuric acid solution; m is the mass (g) of the
CMC samples mineralized and V is the total volume (mL) of H,SOa4 used for the

titration.

Cellulose-derivatives characterization

All cellulose-derivatives have been characterized both morphologically and physico-
chemically.

The morphology was investigated through electron microscopy analysis. For Cell-
NH; and Cell-SH a FESEM Tescan S9000G instrument with a Schottky emission
source and equipped with the Ultim Max detector (Oxford, UK) for microanalysis

was employed; while for CMC sample an EVO10 Scanning Electron Microscope
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(SEM, Carl Zeiss Microscopy GmbH) with an acceleration voltage of 20 kV was
used. The samples were sputter-coated with a 20 nm-thick gold layer in rarefied
argon, using a Quorum SC7620 Sputter Coater.

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra were
recorded using a Spectrum Two UATR (PerkinElmer) instrument in the range 4000-
600 cm™.

Elemental analysis (C, N, S, H) was performed on Cell-NH; and Cell-SH with a
FLASH 2000 instrument equipped with a thermal conductivity detector.

The thermal behaviour of the samples was investigated by thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC). For TGA analyses
(Mettler Toledo TGA-DSC 1, Schwerzenbach, Switzerland), the sample (10 mg) was
heated from room temperature to 100 °C, left at this temperature for 30 min and then
heated to 1000 °C at a rate of 10 °C/min under 30 mL/min of nitrogen flux.
Derivative thermogravimetry (DTG) was used to identify the temperature of
maximum mass-loss rates. Differential scanning calorimetry (DSC) was carried out
with a DSC equipment (Mettler Toledo 821e, Schwerzenbach, Switzerland)
calibrated by an indium standard. The calorimeter cell was flushed with 100 mL/min
nitrogen. The run was performed from 30 to 500 °C, at the heating rate of 10 °C/min
and the mass sample was about 5 mg. Data processing was conducted using the
STARe Software.

The Zeta potential of the Cell-NH; and Cell-SH samples was determined using a
NanoPlus DLS Zeta Potential from Micromeritics. Aqueous suspensions were
prepared with a mass-to-volume ratio of 0.5 mg/mL at pH values in the range of 2-9
by adjusting the pH with HCI 0.1 M and NaOH 0.1 M solutions.

2.4.2 Results and discussion

Comparison between outcomes of silanization reactions

Amino-containing cellulose synthesis has been recently optimized and Cell-NH;

composition, morphology, crystallinity and thermal behaviour have been investigated
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and published (Tummino et al., 2023). In this section, results from this study will be
summarized to be compared with those of pristine cellulose and prepared Cell-SH
samples.

Cellulose-derivatives elemental composition (C, H, N, S), expressed in mass weight
percentage and in mmol/g, is shown in Table 2.1. The results confirm the success of
both functionalization processes despite their different outcomes: 15.5% w/w of
sulphur and 0.48% w/w of nitrogen were introduced in Cell-SH and Cell-NHa,
respectively. Consequently, the estimated amount of grafted silane is 4.83 mmol/g
for Cell-SH and 0.346 mmol/g for Cell-NHa.

Nitrogen and sulphur insertion in the functionalized materials was also confirmed by
the ATR-FTIR spectra, as shown in Figure 2.17.

Table 2.1 - Elemental composition of pristine waste-derived cellulose and functionalized samples

Cellulose Cell-SH Cell-NH,
C % wiw 41.9+0.09 423+1.1 304+04
C mmol/g 34.9+0.08 35.2+0.3 258+0.9
H % w/w 5.90 £ 0.07 6.07 £ 0.07 5.42 £0.09
H mmol/g 58.4+0.7 60.2+0.9 53.7+0.7
N % wiw - 0.48 +£0.04
N mmol/g - - 0.346 + 0.026
S % wiw - 155+2.3 -
S mmol/g - 48+0.7

All the samples present the characteristic pattern of cellulose-based materials. The
signals between 3400 and 3200 cm™ are related to the stretching vibration of —-OH
groups (Tummino et al., 2023), whereas the asymmetric and symmetric stretching
vibrations of C-H contained both in the cellulose structure and in the side chains of
APTES and MPTMS are visible between 3000 and 2800 cm?; the absorption band
assigned to the bending vibration of adsorbed water could be found at 1640 cm™®,
while the characteristic signals between 1430-1314 cm™ are attributable to the
symmetric bending of CH,, and the bending vibration of C-O and C-H in the
polysaccharide ring. The 1160-1030 cm signals are related to the C-O stretching and
the C-H rocking vibrations of the pyranose ring skeleton, while the B-glycosidic
linkage signal appears at 896 cm™ (Hospodarova et al., 2018; Y. Liu & Kim, 2017;
Yang et al., 2017).
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In both ATR-FTIR spectra of Cell-NH. and Cell-SH, a signal appears at about 800
cm, which can be correlated to the Si-O-Si bending due to the introduction and
polymerization of silanizing agents (i.e. APTES and MPTMS) (Beaumont et al.,
2018; Testa et al., 2023).

Furthermore, as an additional evidence of the functionalization, the Cell-NH;
spectrum shows a band at 1556 cm™ that can be ascribed to the N-H bending vibration
in primary amines (Kawalerczyk et al., 2022; Khanjanzadeh et al., 2018).

On the other hand, in the Cell-SH spectrum, further signals related to the introduction

of the silanizing reagent are present.
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Figure 2.17 - ATR-FTIR spectra of pristine hulls-derived cellulose; Cell-NH, sample and Cell-SH sample

Indeed, according to the literature, the weak bands at 1260-1240 cm™ could be
assigned to silicon-carbon vibration modes (Launer & Arkles, 2013; S. Liu et al.,
2018; Loof et al., 2016).

The morphological properties of both primary amine and thiol containing cellulose

samples were analysed by electron microscopy.
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According to Tummino et al. (Tummino etal., 2023), soybean hulls derived-cellulose
shows a fibrous morphology characterized by a fibre length of around 35 pum and the
sporadic presence of cemented regions related to impurities or residues of
hemicellulose and lignin. As shown in Figures 2.18-Al and B1, no significant
morphological changes were induced on cellulose fibres by MPTMS and APTES
functionalization, although the presence of aggregates is evident in Cell-SH.

The surface distribution of sulphur and nitrogen in the cellulosic matrix was
investigated by FESEM analysis. As shown in Figures 2.18-A3, S-atoms seem to
form aggregates on the Cell-SH fibres and a similar distribution is also confirmed for
Si-atoms (Fig. 2.18-A2), which are present in ratio 1:1 with S since both elements
were simultaneously introduced in the material through MPTMS-functionalization.
As previously reported, the aggregation of MPTMS derivative could be related to a
homopolycondensation of alkoxysilanes leading to the formation of a polysiloxane
layer (Loof et al., 2016).

On the other hand, in the Cell-NH, sample, the N-atom distribution is not visible,
probably due to the lower amount introduced in the matrix compared to sulphur.
However, the distribution map of Si in this sample (Fig. 2.18-B2) suggests a good
dispersion of APTES-derived functional groups on the Cell-NH; fibres, leading to

the assumption of similar behaviour for nitrogen distribution.

Figure 2.18 - FE-SEM images. (A1) Cell-SH image; (A2) surface distribution of Si in Cell-SH sample; (A3) surface
distribution of S in Cell-SH sample; (B1) Cell-NH; image; (B2) surface distribution of Si in Cell-NH, sample.
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Figure 2.19 shows Cell-SH outcomes of TGA, DTG and DSC analysis. As evidenced
by the TGA thermogram, at 900 °C the remaining residue is 47% which is higher
than the amounts previously found both for cellulose (12%) and Cell-NH; (21%)
(Tummino et al., 2023). The charred residue, which is related to the formation of both
pyrolyzed cellulose and silicon oxycarbide, can be correlated to the higher grafted
silane amount (Thimmiah & Nallathambi, 2021).

Indeed, the highest residual weight (%) of the Cell-SH is in agreement with the data
obtained from the FESEM-EDS and the elemental analysis, which highlight a greater
content of MPTMS-deriving functionalities. Similar results have been obtained by
Thimmiah and co-workers, who observed a TGA residue of around 40% for cellulose
extracted from Aloe Vera and functionalized with MPTMS, with respect to 14%
found in the raw fibres (Ram Thimmiah & Nallathambi, 2023).

Furthermore, DTG and DSC curves suggest a different pyrolytic pathway for the
sulphur-containing sample with respect to those observed for nitrogen-containing and
pristine celluloses. Indeed, the maximum weight loss percentage can be identified in
the DTG graph at two temperatures (300 and 355 °C), which correspond to the
endothermic peaks in DSC measurements, and an additional smaller peak at 500 °C
is also present. On the other hand, Cell and Cell-NH, DSC curves showed only the
cellulose characteristic endothermic peak centred at 350-360 °C (Tummino et al.,
2023) due to a one-step decomposition. The different decomposition stages
experienced by Cell-SH could be related to the presence of a surface layer of
condensed polysiloxanes, which result in a two-step decomposition at 350-450°C and
450-550°C respectively (Loof et al., 2016).

The point of zero charge (PZC) was determined for all the cellulose-based samples
in water suspension and Figure 2.20 displays the Z-potential values as a function of
pH. The low PZC of cellulose and Cell-SH is related to the presence of —-OH and —
SH surface groups that lead to a negative surface charge for most of the pH range
studied. Increasing the acidity of the suspension decreases the magnitude of zeta
potential due to the repression of the deprotonation of the functional groups. At pH

values lower than the PZC, the zeta potential becomes positive as a result of
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functional groups protonation (Lee et al., 2011). Both cellulose and Cell-SH show a
linear dependence of zeta potential on increasing pH, reaching -32 mV and -43 mV
at pH 9, respectively, meaning that the suspensions become more stable by decreasing
the acidity of the medium.
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Figure 2.19 - Cell-SH thermal analysis. Top: TGA and DTG curves. Bottom: DSC curve

Indeed, Z-potential is also considered a measure of electrostatic stability of a
suspension: for absolute values above 30 mV, the repulsive forces prevail and no

aggregation phenomena occur (Ramirez-Garcia et al., 2018).
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Non-functionalized cellulose shows a PZC slightly lower than that reported in the
literature (3.7) (Blaker et al., 2009; Lee et al., 2011) and a greater slope of the curve
describing the trend of the Z-potential as a function of pH. This could be probably
due to some residual acidic functionalities deriving from the procedure used for
cellulose isolation.

The Cell-SH Z-potential trend is also in agreement with different studies that reported
similar results in terms of absolute values in the whole pH range (Coelho Braga de
Carvalho et al., 2021; Geng et al., 2017).

On the other hand, according to the literature (Hokkanen et al., 2014), the
introduction of primary amines shifts the isoelectric point of the Cell-NH; sample
toward a more alkaline pH (5.0). In this case, the suspension does not reach stability
conditions, maintaining some aggregation tendency in all the pH range since the

maximum absolute value of Z potential is only -8 mV (Ramirez-Garcia et al., 2018).
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Figure 2.20 - Z-potential of prepared samples in aqueous suspensions as a function of pH
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CMC characterization

Carboxymethylcellulose has been obtained with a degree of substitution (DS) of 1.2.
The acetylation of cellulose was confirmed by infrared analysis of the sample. ATR-
FTIR spectrum of CMC (Figure 2.21) shows a broad band around 3400 cm™* followed
by a peak at 2990 cm? attributable to the ~OH and C-H stretching vibrations
respectively. Moreover, the intense bands at 1587 and 1413 cm® seems to be
ascribable to the asymmetric and symmetric stretching of carboxylate groups
introduced in the cellulose structure (Melilli et al., 2020; Song et al., 2019). However,
not all the studies in the literature agree on the allocation of the second signal, indeed
some authors ascribe this band to the —CH, scissoring mode (Biswal & Singh, 2004;
Haleemetal., 2014; Rajeh et al., 2019; Rozali et al., 2015). Perhaps, the high intensity
of this signal is the result of the combination of both vibration modes. Finally, the
peak at 1322 cm? is related to C-O bending vibration (Song et al., 2019).

Unlike soy-derived cellulose and its derivatives Cell-NH and Cell-SH, which show
a fibrous morphology, CMC is characterized by the presence of aggregates with
contoured surfaces (Figure 2.22). Similar results have been obtained by Robles
Barros and co-workers (Ascheri et al., 2024; Robles Barros et al., 2020) who attribute
this morphological variation to the breaking of the fibres occurring during the
functionalization process. Actually, the use of NaOH in the carboxymethylation
reaction, which penetrates the amorphous regions of the cellulose, causes a partial
disruption of the structure resulting in a final smoothed and defective morphology
(Celikgei et al., 2022). This loss of the fibrous structure and the appearance of spherical
shaped objects which tend to merge in some points are evidenced in Figure 2.22,
where SEM images of CMC at different magnifications are shown.

Regarding the CMC thermal behaviour, TGA and DSC outcomes are reported in
Figure 2.23. As evidenced by the TGA thermogram (Fig 2.23-A), the thermal
degradation of carboxymethyl cellulose is constituted by two main steps. The first
one between 30 and 200°C is related to the weight loss ascribed to moisture

evaporation (23%).
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Figure 2.21 - ATR-FTIR spectra of pristine soy-derived cellulose and CMC
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Figure 2.22 - Soy-derived CMC SEM images at different magnifications

The second and fastest thermal degradation step occurs between 250 and 315°C. In
this case, the weight loss is equal to approximately 50% and is attributed to the
decomposition of the main polymeric chain, where cleavage of the glycosidic bonds
and breaking of the bonds of the carboxymethyl groups occur, leading to the
decarboxylation of CMC with a CO- releasing (Robles Barros et al., 2020).

Furthermore, some authors reported that in this temperature range also the loss of
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oxygen molecules can happen due to the splitting off of various side groups (Akram
et al., 2016; Biswal & Singh, 2004; Han et al., 2013).

A further degradation takes also place at a temperature higher than 320 °C, with a
weight loss of about 15% as a result of the progression of the pyrolytic processes
(Obele et al., 2021). At the end of the process, CMC presents a final 32% of residue.
Robles Barros and co-workers (Robles Barros et al., 2020) suggest that, beyond the
char component, part of this residue can contain ashes that could be formed by sodium
oxide since CMC has been synthesised as sodium salt.

The DSC curve is reported in Figure 2.23-B, which displays a broad endothermic
peak around 85 °C (attributable to adsorbed water) followed by two overlapping
exothermic peaks at 292 °C and 308 °C. This double phenomenon finds
correspondence in the steep thermal degradation observed in TGA (250-315 °C).
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Figure 2.23 — CMC thermal analysis outcomes: A) TGA thermogram and B) DSC curve

According to the literature (Biswal & Singh, 2004), the first DSC peak coincides with
melting of the sample, while the second appears as a result of the breaking down of
the CMC backbone (depolymerisation with cleavage of glycosidic bonds). Moreover,
both in TGA, as a slope change, and in DSC, as a sort of shoulder (exothermic), at
about 380 °C, another thermal event can be seen and represent the further

decomposition of CMC degradation products.

70



2.5 Final remarks

With a view to valorising soybean hulls, two of the most interesting components
constituting the biomass have been successfully isolated. SBP was obtained with a
satisfactory level of purity and enzymatic activity to guarantee its subsequent use in
the context of the treatment of aqueous matrices contaminated by organic
contaminants. On the other hand, two different cellulose isolation strategies have
been tested: a three-steps acid-base hydrolysis process and a two-steps microwave
assisted method. The analysis on isolated cellulose from both the developed strategies
confirms the good quality of the final biomass, which was obtained in a powder form,
made up by micrometric fibres composed by 88-91% wi/w of pure cellulose.
However, the microwave-assisted hulls fractionation method shows several
advantages, such as the reduction from three to only two treatment steps, the complete
elimination of hydrochloric acid as reagent and an 80% reduction in the amount of
sodium hydroxide used for the alkaline treatment. Despite these evidence, to really
compare the two cellulose isolation processes it will be necessary to do a Life Cycle
Assessment to taking into account also the energy consumption and to evaluate more
comprensively all the impacts.

Furthermore, a first biomass fractionation step avoiding strongly acidic or alkaline
reagents allows other exploitable components, such as polyphenols, to be isolated
from the extraction solution. The TPC analysis on the first step extract of the
optimized process revealed a total concentration of polyphenols of 114 mg of gallic
acid equivalents per gram of extract. With the perspective of a complete valorization
of the treated biomass, not only aimed at the recovery of cellulose, it will be necessary
to characterize the extracts and quantify the dissolved compounds (hemicellulose or
related oligomers and monomers; sugars such as glucose, xylose or arabinose;
furfural, 5- hydroxymethylfurfural, etc) to optimize also their further recovery and
uses.

As for the acid-alkaline hydrolysis, the microwave assisted cellulose isolation method
is actually only applied in lab scale. As well known, a critical aspect in processes

development is the scalability and the difficult scalability of processes that exploit
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microwaves at a semi-industrial or industrial level could be a limit. However, the
temperature and pressure conditions necessary to obtain subcritical water can be
achieved in also pressurized reactors as reported by Cravotto et al. (Cravotto et al.,
2022) and Aimone et al. (Aimone et al., 2023) making these treatments an interesting
option also for real applications.

Cellulose isolated through the multi-hydrolysis treatment successfully underwent to
different chemical modification to make it suitable for further applications and three
soybean cellulose derivatives were effectively obtained. The silanization and
carboxymethylation reactions were verified through different characterization
techniques as well as the main properties of the synthesised materials.

The outcomes of silanization reactions revealed that Cell-NH, and Cell-SH reached
different degrees of functionalization, probably due both to the different reagents
involved (APTES and MPTMS) and the operating conditions. In particular, thiol
groups were introduced in a higher amount. Therefore, from the chemical-physical
point of view, diverse characteristics emerged when analysing the two materials
because of both the type and the extent of grafted moieties. The main discrepancies
were detected in terms of surface zeta potential values and thermal behaviour: Cell-
SH showed a more negative surface with a higher Z potential and a more complex
thermic degradation probably related to the presence of a layer of condensed
polysiloxanes. As will be described in the further chapter, these differences will be
responsible for the different behaviours in the contexts in which these materials will
be tested. However, both Cell-NH; and Cell-SH have been effectively applied in this
thesis work obtaining good results.

Regarding the CMC sample, the effectiveness of the carboxymethylation reaction has
been proven by various characterization techniques as well as by preliminary tests of
solubility in water, a fundamental property for subsequent applications. Indeed, its
solubility in water makes it an extremely interesting and versatile cellulose derivative,
especially for the development of materials without use of dangerous organic

solvents.
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3 Materials for aquaculture water remediation

Water bodies decontamination is one of the greatest challenges facing scientists today
not only because water is essential for the life and well-being of humans and
ecosystems but also because it represents a source of food sustenance.

Indeed, in the last seven decades’ total fisheries and aquaculture production has
significantly expanded with an average growth rate of 3.3% per year. Aquaculture is
one of the few sectors which maintained its growth trend also even during the global
spread of the COVID-19 pandemic, highlighting its importance since it contributes
to fighting poverty, hunger and malnutrition. Indeed, over half of aquatic food is
currently farmed (FAO, 2022).

According to the report “The State of World Fisheries and Aquaculture 2022, in
2020, Asian countries were the main producers, accounting for 70% of the total
fisheries and aquaculture production of aquatic animals, followed by countries in the
Americas (12%), Europe (10%), Africa (7%) and Oceania (1%) (FAO, 2022).
According to the Council Directive 2006/88/EC, aquaculture is defined as the rearing
or cultivation of aquatic organisms using techniques designed to increase the
production of those organisms beyond the natural capacity of the environment
(Council of the European Union, 2006). Among these techniques, the use of
chemicals is consistent to ensure successful and profitable aquaculture production.
These chemicals include antibiotics, hormones, antifoulants, disinfectants,
anaesthetics and fertilizers (A. Ahmad et al., 2022; A. L. Ahmad et al., 2022).
Therefore, aquaculture can not only be affected by the pollution of surface water
bodies but can itself become a source of contaminants of emerging concern (CECs)
released into the environment through wastewater and farmed fish. This is known as
cross-contamination (Lai et al., 2018). CECs change natural resource quality,
interfere with biochemical processes, exert adverse effects on mutagenesis, disrupt
endocrine function, and cause congenital disorders and carcinogenesis in aquatic
species (A. Ahmad et al., 2022; Ramirez-Malule et al., 2020).

In addition to organic contaminants, potentially toxic elements also represent a hazard

in aquaculture. Along with the well-known routes through which potentially toxic
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elements (PTEs) enter water bodies (agricultural activities, industrial activities, etc.)
in fish farming these pollutants can also be introduced through antifoulants, feed,
algaecides, herbicides and plastic objects (Emenike et al., 2022; Mohsen et al., 2022).
Some of PTEs such as Zinc, Iron, Copper, Nickel, Manganese and Cobalt are
essential micronutrients for fish growth, however they become toxic above a certain
amount. Hence their concentrations in water and aquatic food, together with those of
non-essential elements (Lead, Cadmium, Mercury, Arsenic and Chromium), are
strictly regulated (COMMISSION REGULATION (EU) 2023/915, s.d.;
COM(2021)236, 2021; D. Lgs 31/2001, s.d.; Emenike et al., 2022) and several
techniques have been developed to not exceed the law limits.

As mentioned in the introductory section, aquaculture water, contaminated surface
water and waste water can be treated exploiting several techniques including physical
processes (reverse osmosis, filtration, membrane technique, flotation, coagulation-
flocculation), chemical (precipitation, ion exchange, electrochemical,
reduction/oxidation treatments) and biological methods (Emenike et al., 2022).
Among these, adsorption represents an effective strategy for the removal of PTEs and
the development of adsorbent materials has become an increasingly important area
of research (Noe et al., 2022).

The adsorption phenomenon is based on physicochemical interaction between
adsorbent’s functional groups and PTEs’ species present in solution. The most
common mechanism of adsorption occurs through electrostatic interactions as well
as other mechanisms, including ion exchange, complexation, chelation, coordination
and hydrogen bonding. Consequently, the PTEs removal efficiency is affected by
experimental conditions as pH, temperature and pollutants concentration (Ugwu et
al.,, 2020). Therefore, properly designing materials and setting up tests are
fundamental.

Biopolymers-based materials, as already stated in the previous chapter, have been
reported as an interesting alternative to classic adsorbents not only due to their low

cost, high availability, ease of use and chemical modification, high biodegradability
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and minimal toxicity (Subash et al., 2023) but also because they can be obtained from
exhausted biomass deriving from the agro-industrial sector.

Although biopolymers such as cellulose, alginate, chitosan and gelatine naturally
contain chemical groups capable of interacting with PTEs, it is often necessary to
introduce new functionalities into the polymer matrix to improve the affinity with the
species in solution. Furthermore, functionalization reactions are fundamental for the
preparation of smart materials easily handleable, regenerable and reusable that can
be used more efficiently than the pristine powdered bio-polymers. Among them,
hydrogels represent a class of material increasingly studied in the recent literature
(Kanmani et al., 2017; Medeiros Borsagli et al., 2015; Noé et al., 2021; Zanon et al.,
2022).

Hydrogels are three-dimensional networks with high swelling properties in water
thanks to the presence of the hydrophilic groups present in the polymeric structure
such as hydroxyl, amino or carboxyl ones. They could be cross-linked via chemical
bonds or other cohesive forces such as hydrogen bonds or hydrophobic interactions
(Ranaet al., 2024).

Depending on the kind of network, hydrogels could be classified as reversible or
permanent. Reversible hydrogels are physically cross-linked, they can be easily
formed thanks to weak interaction between the polymer chains, often obtained by the
introduction of gelling ions. An example is the case of alginate in which mannuronic
(M) and glucuronic blocks can be cross-linked through ionic interactions using Ca?*
as gellingion (Figure 3.1) (K. Y. Lee & Mooney, 2012). This hydrogel network could
be destroyed in presence of non-gelling cations as Na*. Therefore, physically cross-
linked natural hydrogels could possess lower stability and poorer mechanical
properties in respect to other materials.

On the other hand, permanent hydrogels could be obtained forming covalent bonds
between the polymer’s chains exploiting several strategies (Mehta et al., 2023). A
widely applied method is based on the use of selective functional groups through

Schiff base formation, disulphide bonding, Michael addition or using several linkers
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(small mono- or bi-functional molecules as formaldehyde, glutaraldehyde, genipin,
diethyl squarate, etc.).

OH o'oc OH ooc

i q OH
Egg-box

Figure 3.1 - Schematic of “Egg-box” structure in alginate hydrogel cross-linked with calcium ions
(H.-R. Lee et al., 2019)

Cross-linking of free radicals is also reported in literature. It is started by an initiator
and can be used to graft synthetic monomers over natural polysaccharides to improve
their intrinsic properties (Bashir et al., 2020). An interesting strategy to obtain
chemical cross-linked hydrogels is the UV-curing. This eco-friendly polymerization
technique involves neither the use of solvents nor the production of waste and is very
fast, thus saving energy (Pezzana et al., 2023; Sangermano et al., 2014; Sesia et al.,
2024). An appropriate functionalization of the natural polymer allows the formation
of covalent bonds between polymer chains under UV-light irradiation following the
addition of a photoinitiator (Noe et al., 2021).

If potentially toxic elements can be efficiently removed exploiting appropriately
developed adsorbent materials, for organic contaminants other techniques as
advanced oxidation process, photocatalysis, electrochemistry or biological processes
may be preferable.

Many integrated strategies, aimed at improving the performance of individual
treatments and broadening the target of contaminants, have been developed in recent
years. Among them, the so-called hybrid materials, are becoming more and more
popular. They are the result of the combination of different components whose

coupling leads to an improvement of the individual properties (Rigoletto et al., 2022).
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The introduction of enzymes in these materials' structures is widely studied. Indeed,
enzymes are increasingly used for environmental applications since they offer high
catalytic capacity with milder reaction conditions, production of nontoxic
compounds, absence of byproducts and environmental friendliness. Enzymes in free
form have a very high activity, but they are not usually stable in solution and can be
easily inactivated; in addition, they are often characterized by high costs (Calza et al.,
2016). Hence, several immobilization techniques have been developed to improve
their stability, facilitate their reuse and reduce the costs (Bornscheuer & Buchholz,
2005; Sheldon & Pelt, 2013; W. Zhou et al., 2021).

However, it must be taken into consideration that immobilization can on the one hand
stabilize the enzymes and allow the exploitation of their catalytic capacities for
multiple processing cycles, but it can also often involves a reduction in their activity
(Marchis et al., 2012; Sheldon & Pelt, 2013).

Among the different enzyme immobilization strategies (Figure 3.2), covalent binding
possesses many advantages, such as producing durable enzymes, increasing the
enzyme stability and reducing probability of enzyme leakage (Maghraby et al., 2023)
The covalent binding basically takes place by activation of the support via adding
reactive molecules (Besharati Vineh et al., 2018). In the literature the coupling of
enzymes with several inorganic materials is reported. The most studied systems
involve the preparation of silica monoliths (Magnacca et al., 2012), titanium
nanoparticles (Calza et al., 2016; Morsi et al., 2021), glass beads (Gomez et al., 2006;
Marchis et al., 2012), and magnetic nanoparticles (Donadelli et al., 2018; Tavares et
al., 2018). Furthermore, both synthetic and natural organic supports are also
considered (Bracco et al., 2017; Chagas et al., 2015; Magri et al., 2005; Prokopijevic
etal., 2014, 2017).

The use of hydrophilic polysaccharides is widespread. In this case the interaction with
the enzymes occurs between functional groups present in amino acids (carboxylic
group of aspartic acid, hydroxyl group of threonine, amino group of arginine, or
sulfhydryl group of thiol) and those present in the polymers’ structure (Sizemore et
al., 2013).
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Figure 3.2 - Diagram illustrating major enzyme immobilization methods (Maghraby et al., 2023)

As in the case previously discussed of specific interaction with the PTEs, also for the
enzyme immobilization it may be necessary to modify the biopolymers by
introducing specific functionalities that guarantee the formation of stable bonds with
the protein component (D.-M. Liu et al., 2018; Y. Liu & Chen, 2016; Maghraby et
al., 2023).

In the following sections, the employment of biopolymers, both in powder and in
hydrogel form, for the removal of PTEs from water matrices will be presented.
Furthermore, the application of the same materials coupled with enzymatic catalysis

for the treatment of water contaminated by organic compounds will be discussed.

3.1 Adsorption of mercury in agueous solutions by functionalized soy
derived

Among the PTEs, mercury (Hg) has received special attention due to its high toxicity
for living organisms (Basu et al., 2023). It is released into the environment from

different anthropogenic sources, including iron, steel, cement, and gold industries,
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non-ferrous metal smelting, chloro-alkali industry, and direct mercury production
industries (Pavithra et al., 2023).

Mercury and its compounds, both organic and inorganic, have neurotoxic, genotoxic,
teratogenic, carcinogenic, and bioaccumulative effects (Algieri et al., 2024; Balali-
Mood et al., 2021). Therefore, the Hg concentration limit in drinking water is set at
very low values by different institutions. According to the World Health Organization
(World Health Organization, 2021), U.S. Environmental Protection Agency (US
EPA, 2015) and the European Directive (EU) 2020/2184, the Hg concentration limit
in drinking water is 1 pg/L. Other restrictions are, in turn, oriented to minimize the
mercury content in food, especially within fishery products, as reported in the EU
Commission Regulation 2023/915 of 25 April 2023.

In recent years, different remediation techniques have been developed to avoid
exceeding the threshold of mercury concentration in water and, among them,
adsorption is considered one of the most effective methods for the purification of
heavy metal-polluted water (Noé et al., 2022).

It is well known that mercury shows a high affinity for functional groups containing
sulphur and nitrogen atoms in agreement with the hard-soft acid-base theory (Awad
etal., 2021; Chowdhury et al., 2021; Du et al., 2021). Indeed, Lewis acids like Hg(ll),
could coordinate with lone pairs of Lewis bases (like N and S atoms), forming stable
coordination complexes (Awad et al., 2021).

Considering this framework, in this research work, we tested the previous synthesised
soy-deriving cellulose samples containing primary amino groups and thiols to treat

both ultrapure and real water spiked with increasing concentration of mercury.
3.1.1 Materials and Methods

All chemical reagents were in analytical grade and used without further purification.
The cellulose derivatives employed (Cell-SH and Cell-NH,) have been synthesised
and characterised as described in Chapter 1. Soy-derived cellulose (Cell) has been

used as control material.
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The real water sample has been collected in the farm Societa Agricola San Biagio
Delia Revelli located in the north of Italy (12084 Mondovi, Cuneo).

Real water sampling and characterization

Water was sampled in amber glass bottles, filtered with 70 mm glass microfibers
filters (VWR) and stored at 4 °C. The sampled water was analysed to determine the
main anionic species (by lonic Chromatography, IC Metrohm Eco 925), metals (by
Inductively Coupled Plasma Atomic Emission Spectrometry using an Agilent 5800
ICP-OES) and total organic carbon content (TOC) (obtained with Shimadzu TOC-
5000 analyser).

Mercury adsorption tests

Mercury adsorption experiments were performed to evaluate the effect of Hg(ll)
initial concentration, solutions pH, and the role of the water matrix on the adsorption
behaviour of the synthesized materials.

All the experiments were carried out using an adsorbent dose of 1 mg/mL and a
contact time of 18 h, on the basis of preliminary adsorption tests (data not shown),
which confirmed to be a sufficient period to reach equilibrium conditions.

Mercury stock solutions were prepared starting from mercuric chloride (HgCl.). The
concentration of Hg(ll) in the aqueous solutions was determined by Cold Vapour
Atomic Fluorescence Spectroscopy (CV-AFS) using a PSA Analytical Millennium
Merlin instrument. The analyses were performed following the EN 13506 standard
procedure.

The amount of mercury adsorbed at equilibrium, ge (mg/g), was calculated according

to the equation 3.1:

_ (Co_Ce)'V

=T (6D
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where Co (mg/L) is the initial concentration of Hg(ll), C. (mg/L) is the equilibrium
concentration after the adsorption experiment, V (mL) is the volume of the solution
and W (g) is the mass of the adsorbent.

The equilibrium isotherms were mainly described using the Langmuir and Freundlich
models. The first one considers the adsorption as chemisorption with the formation
of a monolayer of adsorbate (Langmuir, 1918) and it is described by equation 3.2

‘K1-C
— dm'KL'Ce (32)
1+K1-Co

de
where gm (Mg/L) is the maximum adsorption capacity and K. (L/mg) is the Langmuir
constant, which is related to the energy of the adsorption process.
The isotherm parameters were calculated using the linearized equation 3.3:

C, 1 1
C=l.c +
de dm Kpqm

(3.3)

The separation factor R. was also calculated using equation 3.4, as an index of the

reversibility or irreversibility of the adsorption process:

1

R, = . (3.4)

When Ry = 0, it means that the isotherm is irreversible, and when R_ = 1, it indicates
a linear isotherm. Moreover, if 0 < R < 1, the isotherm is favourable, whereas R, >
1 indicates an unfavourable isotherm (Gul et al., 2022).

On the other hand, the Freundlich model (Freundlich, 1932) considers the possible
formation of multilayers of adsorbate or different surface energies for the monolayer

in heterogeneous materials. This model is described by equation 3.5:
_ 1/n
qe = Kr - Ce" " (3.5)

97



where C. (mg/L) is the Hg(ll) equilibrium concentration, and Kr and n are the
Freundlich constant and the heterogeneity factor, respectively. The value of the 1/n
factor indicates if the isotherm is favourable (0 < 1/n < 1), unfavourable (1/n > 1) or
irreversible (1/n = 0) (Kaur & Jindal, 2019).

Isotherm parameters were calculated using the linearized equation 3.6:

In(q,) = In(Kp) + %ln(Ce) (3.6)

Finally, additional adsorption runs were carried out in real water from aquaculture
production spiked with Hg(Il) (1 mg/L).

3.1.2 Results and discussion

Characterization of real water sample

Before using aquaculture water as the matrix for the Hg(ll) adsorption tests, the
sample was analysed using different techniques. As summarized in Table 3.1, it was
characterized by a pH of 7.3, a hardness value of 102.74 mg/L of CaCO; and 28.54
mg/L of total organic carbon.

The heavy metals and semimetals content (As, Cd, Cu, Pb and Hg) was below the
detection limit (LOD) and anions’ concentrations were near the value indicated in the
Directive (EU) 2020/2184, meaning that the selected matrix was not polluted.
Therefore, for the Hg(ll) adsorption tests, the stock solution was prepared without

any concentration correction.

Mercury adsorption tests in ultrapure water

Mercury adsorption tests were first carried out in ultra-pure water by analysing the
final concentrations at equilibrium, i.e. after 18 hours of contact between mercury-

containing solutions and the adsorbent materials (in accordance with the preliminary
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Kinetic tests). The adsorption isotherms were obtained from single experimental runs
at 20 °C and natural pH (ca 5.0) with the initial mercury concentration ranging from
1 to 200 mg/L.

Table 3.1 - Real water sample characterization and comparison with the limit concentration values set by European
Directive

Parameter Unit Value Limits for Limits for protection of
human usage* salmonids**
pH 7.3 6.5-9.5% 6-9
Hardness mg/L CaCOs 102.74 - -
TOC mg/L 28.54 - -
Ca mg/L 24.5 - -
K mg/L 1.91 - -
Mg mg/L 10.6 - -
Na mg/L 5.06 200* -
Si mg/L 454 - -
As pg/L <LOD 10° 50
Cd pg/L <LOD 50 25
Cu mg/L <LOD 2° 0.04
Pb pg/L <LOD 5b 10
Hg ng/L <LOD 1° 05
F mg/L 1.44 1.5° 6
CI mg/L 24.7 250? -
NO3 mg/L 525 50° -
SO* mg/L 51.04 250° -
NO, mg/L 0.634 05° 0.01

*Directive (EU) 2020/2184 of the European Parliament and of the Council of 16 December 2020 on the quality of
water intended for human consumption, Annex |, a) Indicator parameters, b) Chemical parameters

**(i) Directive (EU) 2006/44/EC of the European Parliament and of the Council of 6 September 2006 on quality of
fresh waters needing protection or improvement to support fish life, Annex I; (ii) ltalian Legislative Decree n.
152/2006 [Annex 2 and 5 part I11], Section B: Criteri generali e metodologie per il rilevamento delle caratteristiche
qualitative, per la classificazione ed il calcolo della conformita delle acque dolci superficiali idonee alla vita dei pesci

salmonicoli e ciprinicoli.

Figure 3.3-A shows the amount of mercury adsorbed g. (mg/g) plotted as a function
of the equilibrium Hg(I1) concentration Ce (mg/L). The isotherms can be classified as
L2-type according to the Giles classification (Giles et al., 1974), with a significant
slope at low mercury concentrations and a saturation value when the concentration

of mercury in the solution increases.
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The linear Langmuir and Freundlich plots are presented in Figures 3.3-B and C, while
the estimated adsorption parameters are summarized in Table 3.2. For all the tested
adsorbents, the best fitting of experimental data was obtained with the Langmuir
model, suggesting that the adsorption of Hg(ll) is mainly attributable to a
chemisorption characterized by the formation of a monolayer of the adsorbate on the
cellulose surface. The separation factor Ry is less than one for all the materials,
indicating that mercury adsorption is a favourable process.

As evidenced by the maximum adsorption capacity at pH~5, which is 9.23, 32.26 and
43.86 mg(Hg)/g for Cellulose, Cell-NH; and Cell-SH, respectively, the introduction
of thiols in the cellulose matrix ensures a greater removal of mercury from water
solution. This is also highlighted by the K. value, which expresses the affinity
between adsorbate and adsorbent surface, which is significantly higher for the Cell-
SH sample (1.1 L/mg).
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Figure 3.3 - A) Experimental data for mercury adsorption at pH 5, and Langmuir and Freundlich fit; B) Linear
Langmuir model; C) Linear Freundlich model; D) ge values obtained for a 100 mg/L mercury solution at different
pH.
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Table 3.2 - Adsorption isotherms parameters for Hg(l1) adsorption on cellulose based materials at pH 5

Langmuir parameters

Material K. (L/mg) gm (Mg/g) R? R.
Cell 0.24 9.23 0.961 0.31

Cell-sSH 11 43.86 0.982 0.02

Cell-NH, 0.05 32.26 0.963 0.38

Freundlich parameters

Material Ke (L/mg) n R? 1/n
Cell 2.34 2.87 0.924 0.348

Cell-SH 30.3 9.96 0.863 0.100

Cell-NH; 3.59 221 0.909 0.452

Indeed, the related isotherm shows a marked initial slope indicating that Cell-SH has
very high effectiveness at low levels of initial mercury concentrations: a value of qe
= 0.99 mg/g was estimated for Cell-SH at the initial Hg(Il) concentration of 1 mg/L
and equilibrium concentration near zero.

This behaviour can be attributed to the strong affinity of sulphur toward mercury
according to the principle of hard/soft acids and bases of Pearson (Pearson, 1988).
The effect of pH on the adsorption capacity of Cell-SH, Cell-NH; and Cellulose was
investigated as well. The ge values obtained for a 100 mg/L Hg(ll) solution at pH 3,
5 and 8, are shown in Figure 3.3-D. As observed, increasing the pH from 5 to 8 did
not lead to a significant difference in the adsorption capacities of the materials.
However, by decreasing the pH at 3, a reduction in the amount of Hg(Il) adsorbed by
18%, 83% and 48% was observed for Cell-SH, Cell-NH. and Cellulose, respectively.
This behaviour could be ascribed to two different factors: (i) the Z-potential and
surface charge of the three adsorbent materials as a function of pH, as discussed in
Chapter 2 (Figure 2.20), and (ii) the speciation of HgCl.. Indeed, at pH 3, HgCl; is
the dominant species in solution, whereas by increasing the pH value up to 5, a
contribution of HJCIOH has to be also considered. Moreover, at pH 8, the two species
HgCIOH and Hg(OH), coexist in the solution, becoming mercury hydroxide
predominant at higher pH values (L6pez-Mufioz et al., 2011).

The variation in the maximum adsorption capacity as a function of pH could also be
an evidence of the different affinities between the functionalized cellulose surfaces
and the characteristic mercury species at each pH value. According to these results,

Cell-NH; and pristine cellulose show a low affinity for HgCl,, but a high affinity for
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HgCIlO and Hg(OH).. By contrast, Cell-SH seems to be able to strongly interact with
all the mercury species existing in the aqueous solution at different pH values.

Finally, it is reported in the literature that at low pH, metal adsorption could also be
affected by the competition with protons for the occupation of the surface adsorption
sites (Choi et al., 2020). This aspect could facilitate the removal of metal species
adsorbed on the surface and allow the reuse of the material in subsequent adsorption-

desorption cycles.

Mercury adsorption tests in real spiked water

Mercury adsorption tests were also carried out using the sampled aquaculture water
as the aqueous matrix and Cell-SH as the adsorbent. Since the natural content of Hg
in the aquaculture water was under the detection limit (Table 3.1), the mercury stock
solution was prepared as described in the previous paragraph without any
concentration correction. The adsorption isotherm of mercury was obtained at 20 °C
from many single experimental runs with the initial Hg(ll) concentration ranging
from 1 to 200 mg/L.

The behaviour of Cell-SH was then compared with that of Cell and Cell-NH; at low
(15 mg/L) and high (100 mg/L) Hg(ll) initial concentrations.

Results are shown in Figure 3.4-A, where the amount of mercury adsorbed at
equilibrium, ge, is plotted as a function of the resulting aqueous Hg(ll) concentration,
C. (mg/L). As already observed in the previous experiments in ultra-pure water, also
these isotherms can be classified as L2-type according to the Giles classification.
The linear Langmuir and Freundlich plots are presented in Figures 3.4-B and C, while
the estimated adsorption parameters are summarized in Table 3.3. Similarly, to the
experiment in ultra-pure water, the best fitting of experimental data was obtained with
the Langmuir model, suggesting that the adsorption of Hg(ll) is mainly attributable
to a chemisorption characterized by the formation of a monolayer of the adsorbate on
the cellulose surface. The separation factor R, < 1 indicates that mercury adsorption

is a favourable process.
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Table 3.3 - Adsorption isotherms parameters for Hg(I1) adsorption in the spiked real water matrix

Langmuir parameters

Material K. (L/mg) Om (Mg/g) R? R.

Cell-SH 0.17 48.3 0.936 0.1186
Freundlich parameters

Material Kr (L/mg) n R? 1/n

Cell-SH 20.45 6.23 0.887 0.1604
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Looking at the estimated maximum adsorption capacity gm, Cell-SH shows a
comparable performance in real water (48.3 mg/g) and in ultra-pure water (43.86
mg/g), while the matrix effect is noticeable in the first part of the isotherm. Indeed,
as shown in Figure 3.4-D, for low Hg(l1) initial concentration, the affinity of the Cell-
SH surface seems to be affected by the other substances present in aquaculture water.
One of the factors affecting the results in real matrices could be represented by the
dissolved organic matter since it shows complexing capabilities toward metals due to
the presence of different functional groups. The complexation of mercury could
hinder the reaching of the Cell-SH surface, affecting the adsorption process (C. Chen
et al., 2020; Johs et al., 2019; D. Li et al., 2024).

However, the relatively low TOC value (28.54 mg/L) justifies a competitive effect at
low Hg(ll) concentration but without affecting the maximum adsorption capacity,
resulting in a qm comparable to that obtained in ultra-pure water.

Moreover, the presence of anions or cations could also influence the adsorbent
capabilities of Cell-SH. According to recent studies on similar materials (Algieri et
al., 2024; D. Li et al., 2024), the presence of anions such as NOs™ has no influence on
mercury adsorption and SO+* shows only a limited effect, while CI- has a greater
influence on mercury removal due to its complexation capabilities that increase
Hg(ll) distribution in water (Z. Li et al., 2013; D. Zhang et al., 2017). The newly
formed species HgCls~ and HgCls*, which are negatively charged, could hardly
interact with the surface of adsorbents such as Cell-SH with a strongly negative Z-
potential at the working pH (Figure 2.20, Chapter 2) (P. H. Chen et al., 2014).

The stronger interaction of mercury with sulphur in the presence of competing cations
was also observed (Ruan etal., 2022; Tran et al., 2015; M. Wang et al., 2022). Similar
findings were reported by Wang et al. for amino-functionalized materials, who tested
the effect of typical wastewater background ions (Na*, Mg?", Ca%", K*) and other
heavy metals (Co?*, Cu?", Pb?", Zn?*, Ni?*), confirming the anti-interference ability
of Hg(Il) adsorption process (Z. Wang et al., 2024).

As shown in Figure 3.4-E, at low Hg(ll) initial concentrations (15 mg/L) the

adsorbent capacities of Cell-NH, remain unchanged compared to the results obtained
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in ultra-pure water. Nevertheless, the improvement of the Cell-NH; performance and,
thus, the flattening of the differences in adsorption efficiency between Cell-NH. and
Cell-SH in aquaculture water at 100 mg/L may be somehow attributed to the matrix
effect (Cui et al., 2013; M. Wang et al., 2022; G. Zhang et al., 2009; J. Zhu et al.,
2009). One possible hypothesis is based on the fact that when ions are adsorbed via
inner-sphere association (namely through specific adsorption, such as ligand
exchange), they are less susceptible to the effect of the ionic strength, being able to
even respond to it with greater adsorption (Lv et al., 2012; Sarkar et al., 2000).
However, the explanation that seems more reasonable, according to what has already
been highlighted in ultra-pure water experiments, is that Cell-NH; is more sensitive
to mercury speciation and the species like HgCls~ and HgCl4?~ can interact with amino
groups, although the surface charge is overall slightly negative (Nabais et al., 2007).
Finally, additional tests were carried out with a 1 mg/L Hg(ll) solution prepared in
real water with different amounts of Cell-SH as adsorbent in order to reach a mercury
concentration below the EU allowed limit for drinking water (1 pg/L). The final
concentrations of Hg(ll) remaining in the solution obtained using 1, 2 and 3 mg/mL
of Cell-SH were 18, 11 and 0.8 ug/L, respectively, indicating that the developed
materials could be considered effective in the treatment of real mercury-contaminated
waters.

Overall, the Hg removal results obtained in this work fall within average values found
in the literature for biomass-derived adsorbents, except for activated carbons/biochars
(Jeong et al., 2024), in which a generally favourable textural and porosity features
play a major role (Aleku et al., 2024; Giwa et al., 2022). A very recent review, indeed,
summarizes the efficiencies of different mercury adsorbents, confirming our
statement (Georgin et al., 2024). Moreover, what comes to light from a broader
examination of the studies focused on Hg decontamination is that many strategies
rely on the presence of metal-based compounds, often in the form of nanoparticles (1.
Ahmad et al., 2024; Chizitere Emenike et al., 2023) that, although able to bring about
high efficiencies, might be associated with secondary environmental side effects
(Bahadar et al., 2016; Kumah et al., 2023). In the specific field of aquaculture, the
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presence of iron, aluminium and zinc, not considered among the most dangerous
metals and widely used in Hg adsorption (Tonu et al., 2024), poses risks for the
welfare of fish, potentially resulting in the reduction of oxygen transfer if precipitate
as salts (EU Platform on Animal Welfare Own Initiative Group on Fish, 2022).

3.2 Cellulose-based hydrogels for PTEs from aquaculture water and
comparison with other bio-based hydrogels

Not only mercury but also the presence of other potentially toxic elements such as
Pb, Cu, Cd, Zn, Ni and As in water represent a well-known problem for ecosystems
safety and for human health. Furthermore, the transition from controlled laboratory
conditions to those of a system that comes close to the real one implies the
consideration of several aspects.

The study of the adsorption phenomenon becomes much more complex when the
variables considered increase. Factors such as working pH, contaminants
concentration and matrix effect significantly influence sorbents’ behaviour.

Indeed, the acidity of the system determines on the one hand the surface charge of
the adsorbent materials and on the other the speciation of the PTEs. This must be
considered together with the intrinsic properties of each element such as
electronegativity, ionic radius and charge density as well as the metal-ligand
complexation constants that determines the strength of the specific interaction with
the sorbent functional groups. All these aspects influence in a more or less significant
way the competition of PTEs for the surface adsorption sites and, consequently, the
efficiency of the water remediation treatment. Furthermore, real water samples may
contain non-negligible levels of organic matter and inorganic ions which can inhibit
adsorption efficiency by complexing contaminants or themselves acting as
competitors for the surface sites of adsorbents.

In the next paragraphs the role of these factors on the adsorbent capacities of three

different sorbents will be discussed in depth. The properties of soy-derived cellulose
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based hydrogels has been studied and compared with that of gelatine and chitosan
based hydrogels synthesised in collaboration with the Politecnico of Turin.

All hydrogels have been characterized and tested for the removal of a mixture of
seven PTEs (copper, lead, cadmium, nickel, zinc, arsenic and mercury) in both ultra-
pure and aquaculture spiked water. The influence of pH and pollutants’ initial
concentration have been evaluated as well as the matrix effect. Furthermore, we
optimized hydrogels regeneration treatment and investigated the reusability of our

materials for several subsequent adsorption-regeneration cycles.

3.2.1 Materials and methods

Materials

Medium molecular weight chitosan (CHI, Mw = 190-310 KDa, 75-85% N-
deacetylation degree), gelatine from cold-water fish skin (GEL), methacrylic
anhydride (MA, 94%), acetic acid (96%), the photoinitiator Irgacure 2959, alginic
acid sodium salt (99%), calcium chloride CaCl, (>93%), disodium
ethylenediaminetetraacetate Na;EDTA (99%), hydrochloric acid HCI (37%) and
sodium hydroxide NaOH (>98%) were purchased from Sigma-Aldrich (Milano,
Italy).

Carboxymethyl cellulose (CMC) was synthesised as described in Chapter 2.
Multi-elements standard solutions were prepared from concentrated (1000 and
10,000 mg/L) stock solutions (Sigma-Aldrich TraceCERT St. Louis, MO, USA) and
diluted to the selected concentrations with high pure water (HPW), i.e., water purified
in a Milli-Q system and having a resistivity of 18.2 MQ-cm, and used for ICP-OES

measurements.

Svynthesis of carboxymethylcellulose-alginate hydrogels

CMC-alginate hydrogels (HY-ACMC) were prepared through gelation in calcium
chloride solution using a CMC-alginate ratio of 1:3. In brief, 0.225 g of sodium
alginate and 0.18 g of CMC were dissolved in 12 mL of distilled water and left under
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stirring until complete homogenization. Successively, the viscous solution was
dripped in 0.2 M CaCl, solution with a plastic syringe in order to obtain beads
(Rigoletto et al., 2023). Spherical hydrogels were left in the gelling solution for 3
days, then washed with distilled water and dried at 105°C overnight.

Synthesis of chitosan hydrogels

To synthesise chitosan-based hydrogel, an initial methacrylation reaction is required.
The methacrylation reaction of chitosan (CHI) was carried out as previously
mentioned (Sesia et al., 2022). CHI was solubilized in 2% wt acetic acid aqueous
solution with a concentration of 1.5% wt. Then, methacrylic anhydride (MA) was
added dropwise with a 1:20 molar ratio between aminoglucose moieties of CHI and
MA. The solution was stirred for 4 h at 50°C, then transferred into a dialysis tubing
cellulose membrane and dialyzed against distilled water for 4 days to remove the
excess of MA and the resulting by-products from the methacrylation reaction.
Successively, the product was freeze-dried to remove water and obtain the
methacrylated chitosan (MCHI).

In order to obtain a three-dimensional polymeric network, the chitosan-based
hydrogels (HY-MCHI) were produced by means of radical photopolymerization
(Sesia et al., 2022). A total of 1.5% wt of MCHI was dissolved in 2% wt acetic acid
solution, then 2 phr (per hundred resin) of Irgacure 2959 was added. Once the mixture
was homogenous, the formulation was poured into a cylinder-shape silicone mold (1
cm in diameter, 1 cm in the height) and irradiated for 5 min with UV light (90
mW/cm?) using a Hamamatsu LC8 lamp with 8 mm light guide and spectral
distribution range of 240-400 nm. Finally, the produced hydrogels were air-dried and

store at room temperature.

Svynthesis of gelatine hydrogels

As for CHI, gelatine from fish skin (GEL) was also methacrylated following a
previously reported procedure (Noé et al., 2022; Vigata et al., 2020). Firstly, 30% wt

of GEL was solubilized in distilled water at 50°C. Then, after the complete
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homogeneity was achieved, 0.6 g of MA for 1 g of GEL was added dropwise. The
reaction was conducted for 4 h at 50°C under stirring condition and at pH 8 by the
addition of 3 M NaOH solution. The resulting solution was dialyzed against distilled
water for 3 days and then freeze-dried. As well as HY-MCHI, also the gelatine-based
hydrogels (HY-MGEL) were obtained through radical UV-curing (Noé et al., 2022).
MGEL (30% wt) was dissolved in distilled water before adding 1 phr of Irgacure
2959. Subsequently, the liquid solution was transferred in rectangular silicone mold
with thickness equal to 1 mm. The samples were irradiated for 1 min with UV light
(90 mW/cm?) by means of the same Hamamatsu lamp mentioned above, finally the

hydrogels were air-dried.

Characterization techniques

CMC characterization is completely reported in Chapter 2.

The successful methacrylation reactions of CHI and GEL were confirmed by
attenuated total reflectance-infrared spectroscopy (ATR-FTIR). Thermo Scientific
Nicolet iS50 FTIR spectrometer (Thermo Fisher Scientific, Milano, Italy) equipped
with a diamond crystal ATR accessory and a resolution of 4 cm™ in the range of
4000-600 cm™ was used.

The surface charge of HY-ACMC hydrogels was investigated through the Z-potential
measurement. About 500 mg of swelled samples were introduced into a cylindrical
cell. The ¢ potential was evaluated as a function of pH in 0.001 M KCl electrolyte
solution. 0.05 M HCI and 0.05 M NaOH solutions were added to change the pH for
titration in the acid and alkaline range, respectively. Four ramps were carried out for
each point collected. An electrokinetic analyzer (SurPASS, Anton Paar) equipped
with an automatic titration unit was used.

The swelling capability of the hydrogels was investigated using a gravimetric
method. Dried hydrogels were placed in distilled water at room temperature and the
weight increase was monitored by removing gels from the water and weighing them
after a quick removal of water from the surface with filter paper. The swelling ratio
(Sw) was calculated with the equation 3.7 where ws and wd are the weight of the

swollen and dry samples, respectively.
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Sw= —WSM‘/Z“ (3.7)

PTEs adsorption test in high pure water

As previously mentioned, the adsorption behaviour of the different hydrogels was
tested evaluating the removal from water of seven PTEs: copper (Cu), lead (Pb),
cadmium (Cd), nickel (Ni), zinc (Zn), arsenic (As) and mercury (Hg).

To evaluate the influence of PTEs initial concentration and pH on the adsorption
capacity, adsorption experiments were carried out in multi-element solution at
specific concentration and maintaining a fixed pH value. PTEs solutions have been
prepared in high pure water and treated using 1 g/L of adsorbents.

PTEs removal percentage (R%) and adsorbent capacities (qe), expressed in mg of
PTEs adsorbed for g of adsorbent have been calculated using the following equations:

R% = 100 — (Ci0 X 100) (3.8)

_(G=OxV (3.9)

e
Why

where Cy is the PTE’s initial molar concentration, C is the PTE’s molar concentration
at each contact time, V is the volume (L) of PTEs multi-element solution and why is

the weight (g) of adsorbent use for adsorption experiments.

Influence of PTEs initial concentration

The influence of PTEs initial concentration was investigated by using multi-element
stock solutions prepared at the concentration of 10, 10° and 10* M (for each
element). Adsorption experiments were carried out at pH 5 with an adsorbent
concentration of 1 g/l and PTEs’ concentration have been determined at different
contact times (in the range 0-24 hours) by Inductively Coupled Plasma Atomic

Emission Spectrometry (ICP-AES, PerkinElmer Optima 7000 DV spectrometer) or

110



by Inductively Coupled Plasma Mass Spectrometry (ICP-MS, Agilent 7500ce) as

function of initial concentration.

Influence of solution pH

The influence of pH on adsorbents’ behaviour was evaluated by performing
adsorption tests in a 10> M multi-element solution, using an adsorbent concentration
of lg/LatpH 3.5,5and 7.

PTEs’ concentrations were determined at different contact times by ICP-AES and
their speciation was studied. For this purpose, a modelling technique was employed,
assuming that only hydrolysis equilibria occur as expected on the basis of the
composition of solutions used during the test. Speciation diagrams for each metal
cation were obtained by PyES software (Castellino et al., 2023) taking into
consideration: (i) thermodynamic formation constants (infinite dilution condition)
(Academic Software. Sourby Old Farm, Timble, Otley, Yorks, LS21 2PW. In SC-
Database. The IUPAC Stability Constant Database,Version 5.84, s.d.); (ii)
temperature of 25°C; (iii) metal concentration 10-5 M; (iv) pH range between 3 and
8.

PTEs adsorption tests in real water samples

Two different water samples from aquaculture farms have been employed as matrix
to study adsorption capacity in real conditions: Italian koi carps’ aquaculture water
from the Agrozootechnics Centre “Tetto Frati” (Carmagnola — Turin, Italy) and
Danish aquaculture water from Ultraaqua (Aalborg, Denmark). After the sampling,
the water samples were stored at — 18°C until their use.

Water samples were thawed and filtered with 0.45 um cellulose acetate filters, their
pH and hardness were measured. Successively, water samples were acidified with
HNO3 (0.1%) and their original PTEs’ content determined by ICP-MS spectrometry.
For the employment in adsorption experiments, water samples thawed, not-filtered
and not-acidified were used as matrices for PTEs solutions. Adsorption tests were

carried out in multi-element solutions in which each element was present around its
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Italian legal limit concentration (50 pg/L As; 22 or 40 pg/L Cu; 10 or 20 pg/L Pb; 50
or 75 pg/L Ni and 200 or 300 pg/L Zn as reported in Table All-2 Appendix I1) as
function of water hardness (Italian Legislative Decree n°152/2006, Annex 2, Part I1I,
Section B). Instead, Cd and Hg were introduced with a concentration of 5 pg/L which
is higher than the legal limit (2.5 and 0.5 pg/L respectively). PTEs solutions were
prepared using real waters as matrix and treated with 1 g/L of each adsorbent. PTEs’
concentrations were determined at different contact times by ICP-AES. The
experiments were carried out between 0 and 180 minutes of contact with the
hydrogels, which is the appropriate time to reach the equilibrium of PTEs removals,

as previously verified.

Hydrogels regeneration and reuse

Different regeneration methods were investigated in order to evaluate the possibility
to use the hydrogels for multiple successive adsorption-desorption cycles. For this
purpose, preliminary tests with HY-ACMC have been done using HCI 0.01 M; HCI
0.1M and Na;EDTA 0.01 M as PTEs desorption mediums (Charpentier et al., 2016;
Fan et al., 2019; Z.-H. Hu et al., 2018).

At the end of each adsorption test, HY-ACMC hydrogels were washed with 10 mL
of ultrapure water and put in contact with 20 mL of desorption solution. Released
PTEs’ concentrations in the washing water and in the regeneration solutions were
determined at different times (0-240 min) by ICP-AES spectrometry.

In a second phase, multiple desorption methods were studied. At the end of the
adsorption test HY-ACMC hydrogels were added to 20 mL of each desorption
solution for 30 minutes, then filtered and added to 20 mL of fresh desorption solution.
The treatment was repeated two more times and the four volumes of regeneration
medium were analysed by ICP-AES spectrometry to evaluate the released amount of
PTEs.

To evaluate the possibility to reuse the hydrogels for several cycles of adsorption-

desorption, 0.01 M Na,EDTA was selected as the best regeneration solution.
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Classic adsorption experiments of 10> M multi-element solution at pH 5 were carried
out using 1g/L of adsorbent and PTEs concentrations were monitored at fixed
adsorption time (0, 60, 120 and 180 min) by ICP-AES spectrometry. At the end of
the experiments, hydrogels were washed with 10 mL of ultrapure water and then
subjected to 3 subsequent regeneration treatments, each one lasting about 30 min,
with 20 mL of Na;EDTA 0.01 M. PTEs concentrations released during each
treatment were monitored by ICP-AES spectrometry.

After the regeneration process, the hydrogels have been used for two other adsorption
cycles interspersed with 3 regeneration cycles.

The desorption (Des), expressed in mg/g, and desorption percentages (Des%) were

calculated using the following equations:

€ X Vyeg

Des = (3.10)

Des% = 27542 x 100 (3.11)

PTE ads

Where V(g (L) is the volume of regeneration solution (HCI 0.01 M; HCI 0.1 M or
Na;EDTA 0.01 M), Wy (g) is the dried weight of adsorbent, C is the PTEs molar
concentration at each regeneration treatment time, Were a0s IS the weight (mg) of

each PTE adsorbed at the end of the adsorption experiment, Were ges is the weight

(mg) of each PTE desorbed at each regeneration treatment time.

3.2.2 Results and discussion

Characterization of synthesised hydrogels

Attenuated total reflectance-infrared spectroscopy (ATR-FTIR) was used to confirm
the functionalization reactions of chitosan and gelatine. Figure 3.5 shows ATR-FTIR
spectra of all the pristine and chemically modified materials employed for the

hydrogel synthesis.
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For HY-MGEL and HY-MCHI preparation the incorporation of methacrylic groups
is crucial to UV-cure gelatine and chitosan.
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Figure 3.5 - ATR-FTIR spectra of pristine and functionalized materials (, spectral zones showing the

functionalization are highlighted in light brown): (A) comparison between gelatine and methacrylated gelatine; (B)
comparison between chitosan and methacrylated chitosan

In Figure 3.5-A the FTIR spectra of GEL before and after the functionalization are
reported. As can be noted in the MGEL spectrum, two new peaks appeared at 1383
and 839 cm, that can be assigned to the C-O stretching and C=C bending vibrations,
respectively (Noé et al., 2022). In Figure 3.5-B the spectra of CHI and MCHI are
compared. Also in this case, the appearance of new signals in the MCHI spectrum
suggested the achievement of the methacrylation reaction. In particular, the
introduction of the methacrylic groups was confirmed in the MCHI spectrum by the
presence of the signal at 1706 cm, attributed to the C=0 stretching, and the signals
at 1617 and 838 cm?, assigned to the C=C stretching and bending vibrations,
respectively (Sesia et al., 2022).

After functionalization either physical or chemical cross-linked hydrogels were
prepared. The swelling capabilities of the different hydrogels were assessed by a
gravimetric measure. Figure 3.6 shows the increase in weight as a function of the
contact time with ultrapure water for HY-ACMC and HY-MGEL, while the Sw
values at the equilibrium state for all the adsorbent materials are reported in Table

3.4. According to Noe et al, HY-MCHI shows a superior swelling capability with a
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Sweq Of 6.16 achieved in less than an hour of immersion in water (Noé et al., 2022),

while HY-MGEL and HY-ACMC present similar behaviour with Sweq values of 2.2

and 2.1 respectively, reaching the equilibrium in 4
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and 5 hours.
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Figure 3.6 - Swelling tests results on HY-ACMC and HY-MGEL

Table 3.4 - Swelling and point of zero charge (PZC) values for synthesised hydrogels

time (min)

Swegq PzZC
HY-ACMC 2.2 <3
(This work) (This work)
HY-MGEL 2.1 44
(This work) (Goudie et al., 2023; Noé et al., 2022)
HY-MCHI 6.16 6.3-7.4
(Noé et al., 2022) (Sesia et al., 2022)

Another important aspect is the ionic state of the hydrogels’ surface that plays a

crucial role in the interactions with metal ions, as it depends on pH. The surface
charge as a function of pH values was investigated by means of the Z-potential

measurement.

As shown in Table 3.4, the HY-MGEL’s surface charge was proved to be strongly
affected by pH with a point of zero charge (PZC) at pH around 4.4 (Benbettaieb et
al., 2020; Goudie et al., 2023; Noé et al., 2022; Shih et al., 2018; Song et al., 2019).
Noe et al. (Noé et al., 2022) performed Z-potential analysis on methacrylated gelatine
and demonstrated that under acidic conditions HY-MGEL possesses a positively

charged surface due to the protonation of

its amino groups. Instead, at pH values
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above 4.4, the HY-MGEL’s surface charge is negative as a result of the functional
group deprotonation (Noé et al., 2022; Song et al., 2019). The same trend of Z-
potential was also found for HY-MCHI with a PZC at a pH of about 6.3-7.4, as
suggested by chitosan pKa of 6.5. Therefore, at acidic pH the HY-MCHI amino
groups are protonated causing a positive charge of the surface, while the HY-MCHI
exhibits negative zeta potentials as pH increased due to the deprotonation of hydroxyl
groups (N. Li & Bai, 2005; Noé et al., 2022; Sesia et al., 2022; Y. Zhu et al., 2018).
Furthermore, the protonated amino groups cause an electrostatic repulsion among the
HY-MCHI’s polymeric chains, making the hydrogel chemically and mechanically
unstable (Sesia et al., 2022). As suggested by the measurement of the Z-potential,
both HY-MGEL and HY-MCHI exhibit an amphoteric nature (Borges-Vilches et al.,
2020; Dong et al., 2014; Peng et al., 2021; Shih et al., 2018; B. Wang et al., 2020;
Zhao et al., 2012; F. Zhu et al., 2022).

The Z-potential analysis of HY-ACMC hydrogels (data not shown) evidenced a
negative surface charge of the material throughout the pH range studied (3-7) with a
tendency to increase as acidity increases, suggesting a PZC at pH<3 (Table 3.4). This
trend is in agreement with several studies (Bastos et al., 2018; Chung et al., 2022; C.
Liu et al., 2019) that reported similar results for both sodium alginate and
carboxymethyl cellulose. Both these biopolymers contain carboxylate and show pKa
value between 3.5 and 3.7 (T. Cai et al., 2013; Chung et al., 2022). Therefore, since
the pH range studied is above the pKa, the functional groups are deprotonated,
resulting in a negative surface charge of HY-ACMC hydrogels.

The Z-potential values of these adsorbents at different pH together with the PTEs
chemical speciation are crucial factors to understand the adsorption process (Lam et
al., 2018).

PTEs adsorption test in ultra-pure water

HY-ACMC, HY-MGEL and HY-MCHI have been tested for PTEs’ removal from
aqueous matrix. To elucidate adsorption behaviour of each material, experiments at

different initial PTEs concentration and at diverse pH values were carried out.
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The influence of initial PTEs concentration was studied through adsorption tests
carried outat pH 5 in 106, 10 and 10 M multi-element solutions (complete removal
curves as function of contact time are reported in Appendix Il, Figure All-1). As
reported in Figure 3.7, both HY-ACMC and HY-MGEL show good removal
percentages for most of the tested elements after 24 hours of treatment. In particular,
HY-ACMC hydrogel leads to a removal percentage > 95% for Pb and > 75% for Cu
and Cd for all the PTES’ initial concentrations considered.

Gelatine based hydrogel adsorption capacity is more affected by elements’
concentration. Indeed, HY-MGEL shows decreasing R% of Zn (96%; 54% and 6%)
going from 10 M to 10* M and a similar behaviour can be noted also for Cd and Ni.
However, for all investigated concentrations, a removal percentage higher than 40%

for most contaminants is ensured.
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Figure 3.7 - Removal percentages after 24 h of contact with 1g/L of adsorbent as function of PTEs concentration:(A)
HY-ACMC; (B) HY-MGEL; (C) HY-MCHI
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On the other hand, HY-MCHI shows a high specificity for Hg which is removed
between 45 and 90% as a function of initial concentration.

To evaluate the possible use of hydrogels in aqueous matrix with different acidity
levels and monitor the PTEs’ removal efficiency as the pH varies, adsorption tests
were carried out at different pH values (3.5, 5 and 7) maintaining an initial PTEs
concentration of 10° M. The solution pH affects not only the surface charge of the
materials, as demonstrated by Z-potential measurements, but also PTES speciation
(Appendix Il, Figure All-3). Therefore, both these factors influence the adsorption
phenomenon since they determine the interaction between adsorbate and adsorbent
(Lam et al., 2018).

Figure 3.8 summarizes the removal percentages obtained after 24 hours of contact for
HY-ACMC (Fig 3.8-A), HY-MGEL (Fig 3.8-B) and HY-MCHI (Fig 3.8-C), while
the complete adsorption curves as a function of contact time are reported in Appendix
Il, Figure All-2.

HY-ACMC shows similar adsorption capacities throughout the studied pH range
after 24 hours of contact. This behaviour agrees with Z-potential, which is negative
for all the pH considered with decreasing values as the alkalinity of the solution
increases (Table 3.4). The negative surface allows HY-ACMC to establish an
electrostatic interaction with metals in cationic form or as positively charged
hydrolytic species. Indeed, the highest removal percentages for HY-ACMC were
found for Pb, Cu and Cd, which are predominantly present as Pb?* or Pb(OH)*, Cu?*
and Cd*, respectively (Appendix II, Fig. All-3), in the pH range 3-7. Although
Figure 3.8-A shows a selectivity of Pb, Cu and Cd removal by HY-ACMC in the
multi-element solution, the removal percentages for Zn and Ni are not negligible
(about 30-50%) since they are present as divalent cations, as well as Cd, and can be
adsorbed through electrostatic interactions.

The removal trend (Pb > Cu > Cd >> Zn > Ni) is the result of a competition for the
surface adsorption sites of the adsorbent and depends on metallic ions properties as
electronegativity, ionic radius and charge density. Considering Pb, Cu, Cd and Zn,

the removal affinity of HY-ACMC matches with Pauling’s electronegativity order
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(Pb 2.33; Cu 1.9; Cd 1.69 and Zn 1.65) and with the reverse order of hydrated ionic
radius (Pb 4.01 A; Cu 4.19 A; Cd 4.26 A and Zn 4.3 A), and consequently of the
charge density. These trends are in agreement with those reported in similar studies
about metal ions competitive removal (Zhan et al., 2018; L. Zhang et al., 2016; M.
Zhang et al., 2020).

Furthermore, to explain competitive adsorption another crucial factor is the stability
constants of the metal-ligand complexes, that in HY-ACMC hydrogels are

represented by metal — acetate complexes:

M"* + -COO" <> M(COO)™
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Figure 3.8 - Removal percentages after 24 h of contact with 1g/L of adsorbent as function pH: (A) HY-ACMC; (B)
HY-MGEL; (C) HY-MCHI

As reported in Appendix I, Table All-1, the logK values for Pb, Cu, Cd, Zn, and Ni
are 2.58, 2.21, 1.92, 1.57 and 1.44, respectively (NIST SDR 96 Database (t = 25 °C,
I = 0), which perfectly reflect the removal order found experimentally.
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However, it was found out that in neutral condition a longer time was required by
HY-ACMC to reach the equilibrium state (Appendix Il, Fig All-2) from around 4
hours at pH 3.5 and 5 to 5 hours at pH 7. Pb and Cu are removed with similar kinetics
at pH 3.5 and 5 since they are present as aquaions. Instead, at pH 7, the species
Pb(OH)*, Cu(OH)" and Cu(OH),) are present (Appendix 11, Fig. All-3) reducing the
amount of aquaions species and leading to a slightly lower removal percentage after
24 hours of contact.

Unlike HY-ACMC, HY-MGEL shows very low or no effectiveness in removing the
majority of the PTEs studied at pH 3.5 (Fig 3.8-B). As can be detectable from the Z-
potential measurements, the gelatine-based material has a positive surface charge at
pH 3.5 (PZC = 4.4, Table 3.4). Therefore, the protonation of HY-MGEL’s amino
groups causes electrostatic repulsion towards metal cations, making their adsorption
difficult. On the other hand, as alkalinity increases the HY-MGEL surface becomes
negatively charged due to the deprotonation of hydroxyl groups, hence more
available to establish attractive electrostatic interactions with metallic cations.
Indeed, at pH 5 Cu?* and Pb?* are predominant in the aqueous solution (Appendix I,
Fig. All-3) and can be adsorbed by HY-MGEL through electrostatic bonds. However,
Pb and Cu R% values slightly decrease at pH 7 (Fig 3.8-B) since also Pb(OH)",
Cu(OH)* and Cu(OH)) species are present (Appendix Il, Fig. All-3), highlighting
a HY-MGEL’s selectivity toward divalent metallic cations. As noted before for HY -
ACMC, the outcome of competitive adsorption is also dependent from the ionic
radius and the relative charge density since ions with less charge and larger size lead
to less stable complexes (Sun et al., 2022). Therefore, the reduced removal of Pb and
Cu compared to pH 5 is also justified because the species Pb(OH)" and Cu(OH)* are
characterized by a greater ionic radius and a lower charge than Pb?* and Cu?*.
Furthermore, as shown in the Figure 3.8-B, a linear trend of R% for Cd, Zn and Ni as
a function of pH is noteworthy: Cd > Zn > Ni. Since they are present as Cd?*, Zn?*
and Ni?" in all the pH range investigated, the removal sequence could be related to a
sum of factor including their electronegativity, charge density and affinity for surface

functional groups (amino and hydroxyl groups, and amide functionalities). Moreover,
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the same trend has been reported in different studies carried out employing materials
containing the same functionalities (Ma et al., 2018; Singh et al., 2019; G. Zhou et
al., 2016).

As well as HY-MGEL, also HY-MCHI is not effective in removing the PTEs
investigated at pH 3.5, while at pH 5 and 7 it allows a removal between 20 and 30%
for Cu and 25% for Pb after a contact time of 24 hours. Cd, Zn and Ni are not removed
by the material throughout the pH range examined (Fig. 3.8-C). The minor adsorption
capacity of HY-MCHI can be explained by its positive surface charge at pH values
below its PZC (Table 3.4), which produces electrostatic repulsion toward metals in
cationic form or positively charged aqua ion species. However, as can be noted in
Figure 3.8-C, HY-MCHI has a remarkably high removal efficiency for Hg present in
the multi-element solution. Indeed, the removal percentage for this element reaches
approximately 90% at pH 5 and maintains values higher than 60% at pH 3.5 and 7.
Similar observation has also been reported by Dubey et al. (Dubey et al., 2016) and
Monier et al. (Monier & Abdel-Latif, 2013): as the solution’s pH increases, the Hg
ions adsorption also increases with an optimum at pH 5, condition close to HY -
MCHI’s PZC. Dubey et al. (Dubey et al., 2016) explained this behaviour as a
consequence of the lone pair of electrons on chitosan's nitrogen atoms, which is
available for the complex formation with the metal ions. At strong acidic pH values,
the abundant presence of H* and HsO" ions could compete with Hg adsorption
(Badsha et al., 2021; Dubey et al., 2016; Monier & Abdel-Latif, 2013). However, at
pH>5 HY-MCHI adsorbs more than other PTEs and the predominant mercury species
in solution is the hydroxide Hg(OH). (Appendix II, Fig. All-3). Hence, the Hg ions
retention decreases (Badsha et al., 2021).

Finally, in order to analyse the effectiveness of arsenic removal by HY-ACMC, HY -
MGEL and HY-MCHI, the speciation of arsenic in solution needs to be considered.
According to the equilibrium dissociation constants, the arsenate species are negative
at pH>2.2 (Alakhras et al., 2005; Noe et al., 2022). Therefore, as mentioned above,
HY-ACMC removed As with R%<10% due to its negatively charged surface, which

causes an electrostatic repulsion toward the arsenic species (Fig. 3.8-A). Although
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HY-MGEL shows a positive Z-potential at pH<4.4, the As removal is insignificant
at pH 3.5 (Fig. 3.8-B), since the HY-MGEL’s carboxylic groups can interact with
amino groups of the structure (Cassone et al., 2018; Y. Hu et al., 2002; Noe et al.,
2022). As well as HY-ACMC, also the HY-MGEL’s negative surface hindered the
As adsorption at pH higher than its PZC (Fig. 3.8-B). By contrast, HY-MCHI proved
to be the better in As removal, especially at neutral pH (Fig. 3.8-C), where H,AsOs~
is the predominant species (Alakhras et al., 2005). At this pH, HY-MCHI still shows
a partially positive surface (Table 3.4) and a balance between the surface amino
groups’ charge and the distance between the polymeric chains (Noé et al., 2022).
These factors allowed the chitosan-based hydrogel to remove arsenic with a R% at
about 15% (Fig. 3.8-C).

PTEs adsorption test in real aguaculture water

To study the behaviour of the synthesised hydrogels in real conditions, two water
samples from aquaculture farms were employed as a matrix for the preparation of a
multi-element solution for further adsorption tests.

Before usage, these water samples were characterized by analysing natural PTES
content, hardness and acidity. Table All-2 (Appendix Il) reports the results of
characterization and summarizes the Italian legal limits concentration for all the
studied elements. For Italian koi-carps’ aquaculture water the hardness, expressed in
mg/L of CaCOs, was 98.06 and it presented a pH value of 8.03. Whereas Danish
water was characterized by a hardness of 194.71 and a pH of 7.76. Both samples
displayed very low concentration of PTEs so spikes of each element were necessary
to perform adsorption experiments. These experiments have been carried out at
concentration close to the Italian legal limit (50 pg/L As; 22 or 40 pg/L Cu; 10 or 20
Mg/l Pb; 50 or 75 pg/L Ni and 200 or 300 pg/L Zn, as reported in Table All-2
(Appendix I1) as a function of water hardness (Italian Legislative Decree n°152/2006,
Annex 2, Part Ill, Section B). Instead, Cd and Hg were introduced with a
concentration of 5 pg/L which is higher than their legal limit (2.5 and 0.5 pg/L,

respectively).
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Figure 3.9 summarizes R% values obtained with HY-ACMC, HY-MGEL and HY -
MCHI after 180 min of contact with PTEs multi-element solution prepared in the two
aquaculture water samples. Complete adsorption curves are reported in Appendix II,
Figure All-4.

Regarding the koi-carps’ spiked water, HY-ACMC hydrogels ensure a sufficient R%
to bring all the pollutants concentration studied below the legal limits with the
exception of copper and arsenic.

As evidenced in Figure 3.7-A, HY-ACMC PTEs removal behaviour is not
significantly affected by the pollutant initial concentrations. This suggests that the
inhibition of Cu removal could be ascribable to its speciation. Indeed, at pH 8 the
main species in solution is Cu(OH)zs), which is neutral, while the concentration of
the aquaion form is negligible.

Italian koi-carps water Danish aquaculture water
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Figure 3.9 - Removal percentages after 180 minutes of contact with 1g/L of adsorbent in (A) Italian koi-carps spiked
water and (B) Danish aquaculture spiked water

Furthermore, Cu can be strongly complexed by dissolved organic matter, in particular
by humic acids (HA), forming soluble complexes, which reduce its availability for
adsorption. Esfandiar et al. (Esfandiar et al., 2022) studied the influence of humic
acid on different metal speciation and reported as, at high organic matter
concentration (20 mg/L), the metal-HA complexes represented the main species in
solution for Cu and Pb. On the other hand, Zn, Ni and Cd’s speciation is less affected

by the presence of HA. This is consistent for koi-carps’ water as the organic carbon

123




content was 150 mg/L, as previously evaluated by a non-purgeable organic carbon
(NPOC) analysis (Rigoletto et al., 2023).

On the other hand, since As is in an anionic form and the surface of the HY-ACMC
IS negative in aquaculture water pH (7.7-8.1), the repulsion between the charges
justifies the limited removal of this contaminant. As in ultra-pure water experiments,
the most removed PTEs are Pb and Cd with R% values of 72% and 59%, respectively.
HY-MGEL is effective in reducing concentration below the legal limits for most of
the elements studied, with removal percentages between 30 and 56%. Conversely, As
(R% <10%) and Cu (R% = 0%) are not sufficiently removed to return within legal
limits. As for HY-ACMC, also in this case the speciation of copper and arsenic, the
HA-metal complexes formation and the surface charge of the material can explain
the poor R% obtained for these two PTEs.

Finally, although in general HY-MCHI removal capacity is inversely proportional to
the contaminant initial concentration (Fig. 3.7-C), it shows a good removal capacity
for most of the PTEs investigated, except for As and Zn, leading to a sufficient
removal percentage to bring them below the concentration legal limits. Indeed, Pb
and Cu are removed more than 60%; Cd around 40% and Ni 35%. Despite the low
PTEs concentration (107 M) these R% values are probably related to the water pH,
which is around 8. At pH higher than HY-MCHI PZC the material surface is
negatively charged ensuring a better removal capacity.

As shown in Figure 3.9-B, in Danish aquaculture water HY-ACMC and HY-MGEL
show lower removal capabilities in respect to those obtained in the previous
aquaculture water sample. It is important to consider that in this case there was a
higher content of salts since the hardness is 194.71 mg/L. Cations as K*, Na*, Ca?*
and Mg?* could compete with other aquaions for material surface active sites
affecting their R%. Several studies (Esfandiar et al., 2022; W.-B. Wang et al., 2013;
G. Zhou et al., 2016) concerning the influence of environmental factors on PTEs
competitive adsorption reported that natural divalent cations show a higher inhibition
effect on metal ions removal compared to the monovalent ones according to the rank
Mg?* > Ca?* > K*. Indeed, in the treatment with HY-ACMC the higher removal
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percentages reductions are those of Cd (from 60 to 17%), Zn (from 43 to 13%) and
Ni (from 45 to 4%). All of them at a pH of 7.76 (Danish water pH value) are mainly
present in solution as bi-charged cations (Appendix Il, Fig. All-3). On the other hand,
in these conditions Pb is in the form of aquaions and of mono-charged cation
(Pb(OH)"), hence its R% undergoes a smaller reduction effect.

A similar behaviour is evidenced for HY-MGEL, which shows a lower removal
capacity for all the PTEs studied except mercury. Indeed, Cd and Pb show removal
percentage at about 35% of those in koi-carps’ water, Zn around 50% and Ni 13%.
As for the koi-carps sample, also in this case HY-MCHI shows a better efficiency in
removing contaminants compared to pure water, similar to those obtained in the

previous real sample.

Hydrogel regeneration and reuse

Preliminary regeneration tests have been done on HY-ACMC hydrogels. According
to existing literature, three different regeneration solutions have been tested: HCI 0.01
and 0.1 M (Z.-H. Hu et al., 2018; Sesia et al., 2022) and Na,;EDTA 0.01 M (Fan et
al., 2019). Figure 3.10-A displays the desorption percentages at the equilibrium state
of HY-ACMC in the three different regeneration solutions. HCI 0.01 M solution leads
to a release of less than 50% for all elements studied and is ineffective for Pb
desorption, while increasing its concentration to 0.1 M the percentage rises between
70 and 80%. The best regeneration solution is Na;EDTA 0.01 M as it ensures a
complete desorption for all the PTEs except for Ni which is however released for
65%. This effectiveness is related to the Na;EDTA high complexing capacity toward
PTEs as evidenced by the complexation constants reported in Appendix 11, Table All-
3.

Figure 3.10-B and 3.10-C summarize the desorption percentages obtained using HCI
0.1 M and Na,EDTA 0.01 M for subsequent regeneration cycles each lasting 30 min.
In the first two desorption cycles with HCI 0.1M PTEs release is between 50 and 60%
and it is not significant in the third and fourth cycles. Pb is released in all regeneration

cycles with a percentage of still 1,5% in the fourth one. Regeneration treatment with
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HCI 0.1 M ensures a total release around 70% for Cd, Cu and Pb, 65% for Zn and
55% for Ni.

Employing Na,EDTA 0.01 M as a regeneration solution, a desorption percentage
higher than 85% is achieved for all PTEs in the first cycle, between 10 and 20% in
the second one and it decreases under 10% and then near 0% in the last two cycles.
This regeneration treatment ensures a complete release for all investigated elements.
The higher percentages of PTEs desorption, the lower concentration of the solution
and the not excessive acidity led to the selection of Na;EDTA 0.01M as the most

promising regeneration treatment.
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Figure 3.10 - Percentages of PTEs desorption from HY-ACMC hydrogels (A) with different regeneration solutions;
(B) with subsequent cycles of regeneration with HCI 0.1 M; (C) with subsequent cycles of regeneration with
Na,EDTA 0.01 M

Then, HY-ACMC, HY-MGEL and HY-MCHI were reused for different subsequent

PTEs adsorption tests interspersed with 0.01M Na;EDTA regeneration treatments.
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Each regeneration treatment included only 3 desorption cycles as the releases of the
fourth one was found to be not significant.

Figure 3.11 and Table 3.5 summarize the results of PTEs adsorption-desorption
cycles obtained with the three hydrogels.

Desorption values include the total releases obtained with all three 30-minutes’ cycles
that make up each regeneration treatment. Between each adsorption and desorption
process, hydrogels have been washed with ultrapure water. PTES concentrations in
washing water were also evaluated and resulted not significant in all the regeneration
treatments except for HY-ACMC, probably due to the breakdown of its network.
Indeed, Figure 3.11-A reported the results of only two adsorption-desorption cycles
with HY-ACMC which proves to be less resistant than other materials.

Its PTEs removal efficiency is reduced more than 65% after the first regeneration
treatment. Moreover, the desorption percentages obtained in the second regeneration
treatment are very low due to the damage of the hydrogel polymeric network, making
subsequent uses very difficult.

As shown in Table 3.5, HY-MGEL shows a good PTEs removal capacity in the first
adsorption cycle which decreases in the second and in the third ones for Zn, Cd and
Ni. Pb and Cu removals are reduced in the second cycle while they increase again in
the third one. Hg adsorption efficiency remains almost constant in the first two cycles
and decreases only in the third one. Regarding the regeneration process, desorption
is not complete in all cycles for most of the studied PTEs (< 65%) and first decreases
from the first to the second cycle and then rises again in the third one. Only for Ni
and Zn in the last regeneration treatment full release is achieved.

HY-MCHI increases its adsorption capacities going from the first to the second cycle
of PTEs removal and the efficiency is maintained also in the third cycle. It is
noteworthy that the first regeneration treatment allows the adsorption of elements
firstly not removed like Cd, Cu Ni and Zn by HY-MCHI. It can be assumed that
during the desorption treatment, the excess of Na,EDTA not involved in metal ions
complexation could enter in the HY-MCHI polymeric structure and interact

electrostatically with chitosan.
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Table 3.5 - Subsequent adsorption-desorption cycles results of PTEs adsorption (mg/g, %) and desorption (mg/g

and %)
HY-ACMC
First adsorption-desorption cycle Second adsog)/::ilc;n-desorption Third adsor([:);(i:?:-desorption
g AE% g O5% | gy AEP gy P% | o A g D%
As - - - - 0.1 13.39 0.04 40 - - - -
Cd 0.8 72.83 0.81 101.25| 0.16 1411 0.03 18.75 - - - -
Cu 0.47 78.84 0.47 100 0.09 13.81 0.02 22.22 - - - -
Ni 0.33 56.02 0.3 90.9 0.116  19.03 0.01 8.62 - - - -
Hg 0.14 5.02 0.17 121.43 0.2 9.78 0.05 25 - - - -
Pb 177 90.44 1.65 93.22 041 19.88 0.04 9.76 - - - -
Zn 0.39 61 0.37 94.87 0.1 16.33 0.01 10 - - - -
HY-MGEL
First adsorption-desorption cycle Second adsog;‘::i;n-desorption Third adsorg;::?:-desorption
o9 AE% o P5% | g A5 o O5% | iy AT gy %
As - - - - - - - - - - - -
Cd 1.09 88.05 0.69 63.3 0.6 51.3 0.29 4833 0.16 15.15 0.15 93.75
Cu 0.6 77.68 0.29 48.33 0.05 0.89 0.07 140 0.14 20.51 0.09 64.29
Ni 0.54 81.04 0.34 62.96 0.18 29.35 0.1 55.56 | 0.037 6.07 0.04 108.1
Hg 1.57 54.98 0.22 1401 | 1.725 59 0.2 11.59 0.81 35.51 0.2 24.7
Pb 2 94.06 1.14 57 0.745 394 0.38 51.01 | 0.975 46.89 052  53.33
Zn 0.59 82.97 0.39 66.01 | 0.265 38.53 0.14  52.83 0.05 6.33 0.06 120
HY-MCHI
First adsorption-desorption cycle Second adsot;siil(;n—desorption Third adsoré);zztl)g—desorption
009 A5 o P | gy A5 oy O5% | gy A% gy 0%
As - - - - 0.027 38 - 0 0.01 1.44 - 0
Cd - - - - 0.26 24.39 0.21  80.77 0.24 23.45 0.21 87.5
Cu 0.001 0.16 0.02 - 0.17 27.92 0.12 7059 | 0.165 27.11 013 78.79
Ni - - - - 0.145 25.14 0.11 75.86 | 0.116 20.77 0.11 94.82
Hg 0.75 28.45 0.36 48 1.49 73.06 0.66 44.30 141 74.05 0.91 64.54
Pb 0.33 1.46 - - 0525 27.78 0.38  72.38 0.43 23.92 0.37  86.05
zn - - - - 0.165 26.57 0.1 60.60 0.14 24.06 0.12 85.71

Indeed, at the regeneration solution pH, which was 4.6, the surface amino-groups of

HY-MCHI are protonated and positively charged while Na;EDTA shows two

carboxylate groups negatively charged (pKa 2.0, 2.7, 6.2, 10.3 (H. Wang et al.,
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2020)). This electrostatic interaction remains also in the subsequent PTEs adsorption
phases since they were carried out at pH 5.

Regeneration treatments of HY-MCHI are effective for all PTEs adsorbed with
released between 60 and 85% except for Hg which interacts strongly with hydrogel’s
surface, and which is desorbed around 50%.

It is complex to make a meaningful comparison with other materials described in
recent studies due to the exploitation of different concentrations of contaminants and
adsorbent materials. Moreover, the influence of diverse environmental factors has to
be considered. However, in Table All-4 (Appendix Il) a summary of the existing
literature concerning the materials’ reusability and a comparison with our results is
reported.

The number of cycles carried out with the hydrogels developed in this work is in line
with the studies in the literature about the removal of mixtures of PTEs, although in
some cases a lower loss in efficiency was reported. It is worth emphasizing that in
most existing papers the materials’ adsorptions capabilities are evaluated in bi- or tri-
elements mixture. On the contrary, in this study we considered solutions containing
7 PTEs, which imply more competition mechanisms for the surface sites. This lead
to an increase in the complexity of the adsorption-desorption processes that can

results in a reduction of efficiency.

3.3 Soybean peroxidase immobilised on cellulose-alginate hydrogels
for removal of recalcitrant organic pollutants in water

Water contamination by organic compounds is an extremely complex problem to
address given the great variety of existing classes of pollutants, both well-known and
emerging.

As previously introduced, the use of enzymatic catalysis for water remediation has
proven to be of great scientific interest and several studies have been dedicated to this
topic. However, like many existing strategies, it presents some limitations including

that of the specificity of the enzymes for limited substrates’ categories.
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Among them (chlorinated-)phenolic compounds, aryl- amines and sulfonated azo-
dyes can be efficiently oxidised by soybean peroxidase.

For our studies we selected three target contaminants within these categories, namely
2,4,6-trichlorophenol, Triclosan and Bisphenol-A (Figure 3.12).

OH
HsC CHs Cl Cl
/©/ \©\ HOOH
Triclosan Bisphenol A 2,4,6-trichlorophenol

Figure 3.12 — structure of Triclosan, Bisphenol A and 2,4,6-trichlorophenol

The first two belong to the class of halogenated organic compounds, most of which
are considered persistent organic pollutants due to their high lipophilicity, long
lifetime in the environmnet, and high tendency to accumulate in fatty tissues. Since
they possess a strong resistance to chemical and biological degradation, these
molecules tend to be accumulated in aquatic and terrestrial organisms, leading to
adverse biological effects as a consequence of their biomagnification in the food
chain (Sharma et al., 2022).

2,4,6-Trichlorophenol (TCP) is widely used as an antiseptic, glue, leather and wood
preservative, anti-mildew, fungicides and bactericides agent, water chlorinator,
organic solvent and in the synthesis of various agricultural chemicals (Benbachir et
al., 2017; Olaniran & Igbinosa, 2011). Trichlorophenols tend to accumulate in the
lipid tissues of several organisms, they are mutagenic or co-mutagenic, and have been
linked to cancer in animals, producing lymphomas and leukemia after eating
contaminated water or food (Diaz-Béez & Valderrama-Rincon, 2017). In chronic
toxicity studies on fishes, chlorophenols have been reported to cause a wide range of
negative impacts such as oxidative stress, carcinogenesis and reproductive toxicity,

alterations in plasma steroids, liver size, sexual maturity, growth and survival and
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various condition indices (e.g. condition factor, hepatosomatic and gonadosomatic
index) (Mukherjee et al., 2022).

Triclosan (TCS, 5-chloro-2-(2,4-dichlorophenoxy) phenol) is a synthetic, multi-
purpose antimicrobial agent which could be found as an ingredient in mouthwashes,
toothpastes, soaps, disinfectants, deodorants, clothing textiles, furniture and other
materials (Dhillon et al., 2015). In contrast to many pharmaceuticals that are ingested
orally and therefore excreted mainly as metabolites, TCS, due to its exclusive external
use, is released into the environment unmetabolized. In 2015, the European
Chemicals Agency (ECHA) decided to restrict the use of TCS for biocide type 1
products (i.e. human hygienic products). However, TCS is still used in many cosmetic
products in concentrations of up to 0.3% in toothpastes, soaps, deodorants, or shower
gels and up to 0.2% in mouthwashes, as stated by the European Commission in the
Fitness check on endocrine disruptors (SWD(2020) 251 final). This leads to a
continuous release of TCS into waters bodies with possible adverse consequences on
the health of aquatic organisms and humans (Contardo-Jara et al., 2021). Indeed,
studies on fishes shows that TCS is metabolized but at the same time tends to
accumulate in muscle, liver and brain causing pathologies and constituting an hazards
when consumed as food (S. Kumar et al., 2021; Maulvault et al., 2019).
Unfortunately, to date, little is known about chronic ecosystem level effects of TCS.
However, toxicology data suggest its acute toxicity to aquatic organisms and potential
human carcinogenicity, mild genotoxicity, endocrine disruption and induction of
antimicrobial resistance (C.-L. Huang et al., 2014; L. Li, 2021).

Bisphenol A (BPA) is a suspected endocrine disrupting chemical widely used in the
production of polycarbonate plastics, epoxy resins and thermal papers (Cerkvenik-
Flajs et al., 2018; Tarafdar et al., 2022). The toxicological effects of BPA are still
controversial, despite the wealth of studies conducted to date. Among the adverse
effects on human health, it seems that BPA can disrupt the production, function and
activity of endogenous hormones, can has an immune-suppression activity and cause
metabolic disorders (Tarafdar et al., 2022).
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Studies on fishes suggested that BPA can act as an androgen receptor antagonist,
impacting the proper functioning of the hypothalamus-pituitary-gonadal altering the
sex hormones balance and inducing transgenerational effects on brain probably
affecting sexual behaviour. BPA can also alter the development of gonads and
gamete, negatively impacting the development of the fish embryo and growth both at
the larval and juvenile stage, and can interfere with thyroid hormone signaling
pathways, thereby disrupting energy metabolism and muscle function (Faheem &
Bhandari, 2021; Wu & Seebacher, 2020). On this basis, BPA is currently classified
as reproductive toxicant category 1B under the EU CLP Regulation (Regulation
2016/1179) and is restricted in numerous consumer products for babies and children
(Bousoumah et al., 2021).

In 2015 EFSA re-examined BPA exposure and toxicity issues, reducing the BPA
Total Daily Intake, previously set at 50 pug kg™* body weight (bw) day* to 4 ugkg™
bw day* (EFSA Scientific Opinion, 2015) (Russo et al., 2019).

Given their phenolic structure, all these contaminants easily enter as substrates in the
catalytic cycle of peroxidases. For this reason, they were selected as target molecules
for evaluating the efficiency of the peroxidases containing hydrogels not only in

ultrapure spiked water but also using a real pond water to evaluate the matrix effect.

3.3.1 Materials and methods
Materials

All chemical reagents are in analytical grade and used without purification.
Triclosan (TCS, >99%) was purchased from Alfa-Aesar, while 2,4,6-trichlorophenol
(TCP, >99%), bisphenol A (BPA, >99%), glutaraldehyde (25% in H,0), sodium
alginate (99%), calcium chloride (CaCl,, >93%), 3-(dimethylamino)benzoic acid
(DMAB, 99%), 3-methyl2-benzothiazolinonehydrazone (MBTH, 97%), H.O, 30%
(w/w) and sodium dihydrogen phosphate (NaH.PO., > 99%) were purchased by
Merck.
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The pond water was taken from goldfish and carp aquaculture basins in the Tetto
Frati Agrozootechnology Centre, Department of Agricultural and Forestry Sciences,
University of Torino (Carmagnola, Northern Italy).

SBP extracted from soybean hulls and soy-derived cellulose functionalized with
primary amino groups (Cell-NH.) were obtained as described in Chapter 2.

Immobilization of SBP on cellulose

For the SBP immobilization on Cell-NH,, a further functionalization with
glutaraldehyde was necessary in order to introduce functional groups suitable for the
enzyme grafting through a Schiff base formation.

0.5 g of Cell-NH; were suspended in 0.05 L of glutaraldehyde 2.5% (v/v) in 0.1 M
phosphate buffer solution at pH 7.0 and left under stirring in the dark for 1 h at room
temperature. The resulting suspension was then filtered, and the solid powder was
washed and added to 0.015 L of SBP 0.13 mg/mL solution in 0.1 M phosphate buffer
at pH 7.5 and left to react at 4 °C overnight under gentle stirring. The amount of the
immobilised enzyme was evaluated through UV-visible analysis carried out in a
Thermospectronic UNICAM UV-300 dual-beam spectrophotometer. The enzyme
concentrations before and after immobilisation were calculated following an
established method on the basis of the absorbance at 403 nm, typical of SBP Fe(lll)-
heme group, by using 94 600 M~ cm™ as molar extinction coefficient (Kamal &
Behere, 2002).

Hydrogels preparation

Three different kinds of hydrogels containing alginate were prepared, namely HY-A
(alginate hydrogels), HY-AC (alginate hydrogels with dispersed cellulose), HY-AC-
SBP (alginate hydrogels with dispersed cellulose functionalised with SBP). To
synthesise HY-A, 75 mg of alginate were dissolved in 3 ml of distilled water under
stirring and then dripped in a CaCl, solution (0.2 M) (Alemzadeh & Nejati, 2009;
Farias et al., 2017; Fei et al., 2016). The obtained spherical hydrogels were left in the

gelling solution for around 30 min and then filtered and washed.
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To synthesise the other types of hydrogels, 75 mg of alginate were dissolved into 3
ml of distilled water, and then 200 mg of cellulose (with or without loaded enzyme)
were dispersed in the viscous solution by sonication. These viscous suspensions were
dripped in a CaCl; solution (0.2 M). The obtained hydrogels were left in the gelling
solution for around 30 min and then filtered and washed. All the hydrogels were then
stored at 4 °C until use.

The morphology of hydrogels was examined using an EVO10 Scanning Electron
Microscope (SEM, Carl Zeiss Microscopy GmbH) with an acceleration voltage of 20
kV. The samples were sputter-coated with a 20 nm-thick gold layer in rarefied argon,
using a Quorum SC7620 Sputter Coater.

The swelling behaviour of the hydrogels, due to water uptake, was investigated using
a gravimetric method. Oven-dried hydrogels were placed in deionised water at room
temperature and the weight increase was monitored by removing gels from the water
and weighing them after a quick removal of water from the surface with filter paper.
The swelling ratio percentage (Sw%) was calculated with the equation 3.7 (paragraph
3.2).

Enzyme activity test

The activity of both free and immobilised SBP was evaluated by the H,O,/DMAB-
MBTH system: in a solution containing 5x10*M of DMAB, 2x10° M of MBTH,
and 1x10*M of H.O; in acetate buffer (0.1 M pH 5.5), one hydrogel, or 5 mg of
functionalised cellulose or 5 pulL of SBP solution were added in order to introduce
similar amount of SBP (0.018 £ 0.002 mg) (Tolardo et al., 2019). The enzyme activity
was calculated with the initial rate method following the increase in absorbance at
590 nm of the reaction product (Ngo & Lenhoff, 1980).

Real water sampling and pre-treatment

A real pond water sample was collected in March 2022. Sampled water was collected
in amber glass bottles, filtered with 70 mm glass microfibers filters (VWR) and stored

at 4 °C. Hardness, pH and non-purgeable organic carbon (NPOC) of real aqueous
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samples were measured. The water had a pH of 8 and a hardness of 100, expressed
in mg/L of CaCOas. The organic matter content, assessed by a NPOC analysis with a
TOC-VCSH analyser, was 150 mg/L. Before spiking with the three organic
contaminants, the water was analysed by HPLC-UV under the same chromatographic
conditions described in the further paragraph and no signal were detected at the
retention time of the pollutants.

Test on pollutant removal

Hydrogels efficiency in the removal of organic pollutants in water was evaluated by
using 2,4,6-trichlorophenol (TCP), bisphenol-A (BPA) and triclosan (TCS) in single
solutions at a concentration of 5 mg/L and in mixture at a concentration of 1.67 mg/L
(total concentration 5 mg/L) as substrates. All the tests were performed both in
ultrapure and real pond water. The removal of contaminants was evaluated by HPLC-
UV analysi susing a Merck-Hitachi HPLC equipped with a LiChrospher RP-C18
reverse phase column (5um, 4mm i.d.x125 mm long, Merck) and a Hitachi L-4200
UV-visible detector. Elution was carried out with acetonitrile and phosphate buffer
(1x1072M) at pH 2.8 (70%:30% v/v) at a flow rate of 1 mL/min. The analytical
detector wavelength was set at 275 nm for BPA and 242 nm for TCP, and TCS. In
the case of the analysis of the pollutants’ mixture, a two-step gradient starting from
45% viv to 70% v/v of acetonitrile in 3 min followed by 5 min of isocratic elution
was carried out. In each experiment, 4 HY-AC-SBP hydrogels were added to a 5 mL
of solution containing a single contaminant or the whole mixture. The removal of
each pollutant was followed for 5 hours in the presence of an initial H.O-
concentration of 1x107*M. For comparison, similar measurements were carried out
with SBP in solution at almost the same concentration introduced into the hydrogels.
In addition, to evaluate the extent of compounds' adsorption, other experiments were
performed only in the presence of hydrogels. Moreover, to determine the possible
non-enzymatic oxidation of the substrates, preliminary tests were performed in the
presence of H,O, but without hydrogels. The possible reuse of hydrogels was also

investigated: after the first contaminants removal experiment, hydrogels were washed
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with distilled water, the excess surface water was removed with filter paper, and they
were used again for another reaction cycle. A total of 8 subsequent cycles of treatment
were performed. Finally, the toxicity of the reaction products was evaluated
following the evolution of bioluminescence of Vibrio fischeri bacteria in a Microtox
Model 500 Toxicity Analyzer (SDI Europa) and analysed with the APAT-IRSA 8030
method.23

3.3.2 Results and discussion

Alginate-based hydrogels containing dispersed cellulose functionalised with SBP
(HY-AC-SBP) were prepared, characterised, and tested in the abatement of the
selected organic pollutants. As reference materials, simple alginate hydrogels (HY -

A) and alginate hydrogels with dispersed cellulose (HY-AC) were also synthesised.

Hydrogel preparation and characterization

The whole HY-AC-SBP preparation procedure is reported in Figure 3.13.
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Figure 3.13 — HY-AC-SBP hydrogel preparation scheme
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The total amount of soybean peroxidase loaded on cellulose was 3.3 mg/g. HY-AC-
SBP hydrogels were formed by dripping a suspension containing alginate and
functionalised cellulose in a calcium chloride solution. The so obtained beads are
characterised by a diameter of 4-5 mm and an average weight of 35-45 mg. Each
bead contains 6.5 = 0.5 mg of functionalised cellulose (corresponding to 0.023 +
0.002 mg of SBP).

The morphology of the bead bulk of HY-AC and HY-AC-SBP hydrogels was
investigated by SEM analysis. In Figure 3.14, both hydrogel morphologies evidence
the prevalence of cellulose fibres, which are well dispersed in the whole gel matrix
and whose shape is in good agreement with the literature (Alemdar & Sain, 2008;
Merci et al., 2015). No significant differences were detected due to the chemical
modification related to SBP loading on the biopolymer. From the detail in Fig. 3.14-
B, it is also possible to note bundles of fibres that are not completely separated,
probably due to the residual lignin and hemicellulose not totally removed during the

extraction process.

——1 40um —— Sum

—— 10pm

Figure 3.14 - SEM images of hydrogels. (A) HY-AC (hydrogel containing cellulose fibres); (B) HY-AC detail of
fibres not completely separated; (C) HY-AC-SBP (hydrogel containing cellulose fibres with enzymes); (D) detail of
HY-AC-SBP.
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The hydrogel swelling behaviour was investigated as well and results are reported in
Figure 3.15. Experimental data evidence that all the hydrogels reach an equilibrium
condition after 4 hours, with swelling ratio values higher than 100%. The presence of
cellulose appears to increase the swelling capacity of the material; as already
observed in other studies. This behaviour could be ascribed to the hydrophilic
characteristics of cellulose (R. Cai et al., 2022; Y. Li etal., 2022). On the other hand,
soybean peroxidase is a water-soluble globular protein able to form electrostatic
interactions with the surrounding environment (Henriksen et al., 2001). Indeed, the
highest swelling percentage occurs with the introduction of chemically modified
cellulose and SBP in HY-AC-SBP (about 178%). Moreover, electrostatic interactions
between cellulose and other molecules modify the gelly structure increasing the mesh
size of the network (Fernandez et al., 2005; Horn et al., 2021). Therefore, a high
swelling ratio can also promote better contact between aqueous contaminants and

hydrogel active phase.
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Figure 3.15 — Swelling behaviour of different hydrogels
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In order to evaluate the residual activity of SBP immobilised in HY-AC-SBP, a
comparison between the activity of SBP in solution, loaded on cellulose and
incorporated in one hydrogel was made by using the DMAB/MBTH method.

Results confirm that the SBP grafting on Cell-NH-glutharaldeyde leads to a
significant reduction of enzymatic activity. Indeed, it shows a DMAB/MBTH
reaction kinetic an order of magnitude lower than the free protein (Table 3.6).
Furthermore, the encapsulation in alginate beads further reduces activity by halving
it. However, as reported in Figure 3.16, this system is stable and maintains its activity

for almost 10 cycles.

Table 3.6 — results of enzymatic activity test (DMAB/MBTH/H,0,) expressed in variation of absorbance at 590
nm per second (AA590/s) and in micromoles of purple product formed per minutes (umol/min)

AAsgols pmol/min
Free SBP 1.8x10? 227
SBP on cellulose 4x10* 0.504
HY-AC-SBP 2,07x10* 0.261

0,35

wmol/min

n° activity test

Figure 3.16 - Results of 10 consecutives activity tests of one HY-AC-SBP with DMAB/MBTH/H,0, colorimetric
method expressed in umol/min of formed purple product
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Pollutants removal

As introduced above, HY-AC-SBP hydrogels were used to remove three organic
pollutants, 2,4,6-trichlorophenol (TCP), bisphenol-A (BPA) and triclosan (TCS),
both in ultra-pure and pond water (Figure 3.17). The experiments were carried out
both in a single contaminant solution and in a mixture of the three compounds in
order to mimic possible interactions between them in a more complex system.
Preliminary tests were carried out to evaluate the contribution of the adsorption of
pollutants on HY-AC-SBP hydrogels. Moreover, their possible oxidation by H.0-
only was also tested before studying the removal by the final HY-AC-SBP/H,0,
system. The results obtained after 5 hours of treatment in ultra-pure water are
summarised in Table 3.7.

Experimental data show as the oxidation by hydrogen peroxide in the absence of SBP
is negligible for BPA and limited for TCS and TCP when they are alone. Still, a
slightly higher effect is observed when they are in the mixture, with a removal of 10—
16% after 5 hours of reaction (Appendix Ill, Figure Alll-1). The contribution of
adsorption to pollutants removal by HY-AC-SBP is more consistent and shows a
similar trend (BPA < TCP < TCS) both in single solutions and in the mixture
(Appendix I1, Figure Alll-2). This behaviour agrees with the increasing lipophilicity
of the three compounds, in terms of their logP values (3.32, 3.69, 4.76 respectively
(Hazardous Substances Data Bank).

More interesting results were obtained with HY-AC-SBP hydrogels in the presence
of H,O,, when SBP catalytic cycle occurs, since the experimental data show the
complete removal of all the contaminants in 5 hours, both in a single-component
solution and in the mixture (Fig. 3.17-A and B).

Pollutants abatement can be assimilable to a pseudo-first-order decay and the
different reaction rates can be due to distinct affinities of substrates for the enzyme.
The corresponding kinetic constants (Kobs), together with the calculated half-life times

(tw), are reported in Table 3.7.
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Figure 3.17 - Removal of BPA, TCP and TCS with HY-AC-SBP. (A) Enzymatic removal of single contaminant
solutions in ultrapure water; (B) enzymatic removal of contaminants mixture in ultrapure water; (C) enzymatic
removal of contaminants mixture in real water (pond water).

TCP shows the shortest half-life time, with similar values both in single and in the
mixture (15 and 19 min, respectively), while BPA and TCS reaction rates are
significantly influenced by the presence of the other contaminants.
Indeed, BPA half-time life increases from 18 to 46 min, whereas that of TCS
decreases from 50 to 26 min (results for single solution and mixture, respectively).
These effects can be related to differences in the reaction mechanism. Indeed,

according to the literature, peroxidases induce the formation of phenoxy radicals
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which subsequently leave the active site of the enzyme and undergo different fates
depending on their structure (Appendix Il1, Figure Alll-3). In the case of TCP, the
intermediate is stabilised by the substitution of one chlorine atom with an oxygen and
the formation of the stable product 2,6-dichloro-1,4-benzoquinone (Ferrari et al.,
1999; Hammel & Tardone, 1988).

On the contrary, in the case of BPA and TCS, the first radical intermediate generates
a mixture of substances at higher molecular weight deriving from the coupling with
parent molecules or secondary radicals (Q. Huang & Weber, 2005; J. Li et al., 2016).
In the latter case, interferences due to the contemporary presence of these species
generated by TCS and BPA could explain the differences in reaction rates observed

in the experiments with the mixture of pollutants.

Table 3.7 - Removal percentage due to different processes after 5 hours of treatment in ultra-pure and pond water

Abatement %  Adsorption% Removal % Time of Observed Half-life

(H20: only) (HY-AC-SBP) (HY-AC- complete kinetic time

SBP removal constant (min)

+ H202) (min) Kobs (Min')
. BPA 0.7 20 100 200 0.037+0.003 18.0+1.6
Conf‘;rr;ﬁ:;nts TCP 2.4 42 100 120 0.049£0.010 14.042.8
TCS 10 62 100 300 0.014+0.001 50.0+5.0
Mix in BPA 10 28 100 300 0.015+0.001 46.0+4.0
ultrapure TCP 13 38 100 120 0.037+0.001 19.0+0.3
water TCS 16 43 100 180 0.027+0.001 26.0£1.2
Mix in BPA - 36 100 240 0.0230+0.002 30.0+2.3
real pond TCP - 35 55 - 0.0026+0.0002 -

water TCS - 64 96 ~300 0.018+0.002 39.0+5.0

The removal rate trend (TCP > BPA > TCS) in the single solution is also in
agreement with analogous test carried out with free SBP, in which calculated half-
life times are 5.7, 6.4 and 79 min, respectively (Appendix IlI, Figure Alll-4).

In order to investigate the possibility of using HY-AC-SBP hydrogels to treat actual
water, spiked pond water from aquaculture was also used. The complexity of the real
matrix does not influence the physical removal of contaminants. Indeed, adsorption
values follow a similar trend to those measured in ultrapure water (Table 3.7):
physical removal is higher for TCS, while for TCP and BPA, it is similar.

In contrast, removal due to enzymatic catalysis in the real matrix is slower and

undergoes significant changes, as shown in Fig. 3.17-C and Table 3.7. Nevertheless,
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BPA and TCS are completely removed after 5 hours with similar trends (half-life
times are 30 and 40 minutes, respectively), whereas TCP is only reduced to 55%. To
better understand the reason for the uncompleted TCP removal, we carried out
additional measurements with different concentrations of H,O, and at different pH
values in ultra-pure water (Appendix Ill, Figure Alll-5). Both factors appear not to
significantly affect the removal of TCP, so implying that the reduced abatement could
be attributable to the inorganic and organic matter present in pond water (J. Li et al.,
2017; Yang et al., 2018) and the possible inhibition of SBP, as already observed in
previous studies concerning the degradation of pentachlorophenol in tap water
(Tolardo et al., 2019).

Hydrogel reuse

The possible reuse of HY-AC-SBP for further contaminants removal experiments
was tested by undergoing hydrogels to 8 reaction cycles in ultrapure water. Although
a slight decrease in the removal rate of contaminants can be observed after 120 min
of treatment, the compounds are completely abated after 300 min of treatment also in
the eighth reaction cycle, indicating that the system maintains a high efficiency and

stability even after repeated use (Figure 3.18).
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Figure 3.18 - Different results in BPA, TCP and TCS removal at 120 and 300 min. Comparison between the first
and eighth cycle of HY-AC-SBP treatment
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This fact also emerges when comparing the kinetic parameters calculated for the first
and eighth cycles (Table 3.8). The kons values decrease whereas half-life times
increase, but this effect does not significantly influence the possibility to obtain the
complete removal of the pollutants at the end of the treatments.

Table 3.8 - kops and half-time life values for the first and eighth reaction cycles with HY-AC-SBP

. First cycle Eighth cycle
Contaminant Ko (N T (Min) Kaoe (min) T (MiN)
BPA 0.015+0.001 46+4.0 0.009+4.15x10* 76+3.5
TCP 0.037+0.001 19+0.3 0.0082+8x10* 84.4+8.00
TCS 0.027+0.001 26+1.2 0.0138+9.2x10* 50.2+3.35

Toxicity test

Acute toxicity of contaminants mixture as a function of reaction time, was evaluated
in ultrapure water by following the bioluminescence produced by Vibrio fischeri
bacteria (Figure 3.19). The parent compounds exhibit a high toxicity, as assessed by
the very high percentage of inhibition effect (close to 100%) detectable in the initial

conditions at 0 min.
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Figure 3.19 - Comparison between the residual total concentration of BPA, TCP and TCS and bioluminescence
inhibition percentage as function of reaction time with the HY-AC-SBP/H,0, system.
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The progressive decrease in the pollutants concentration during the reaction with HY -
AC-SBP is associated with a consistent decrease in toxicity, as the luminescence
inhibition percentage is reduced to about 21% after 300 min. These results suggest
that the removal of the initial pollutants proceeded through the formation of less
hazardous compounds, in agreement with literature data showing the lower toxicity
of the reaction products with respect to the parent molecules (Hautphenne et al., 2016;
Karci, 2014; J. Li et al., 2016; Melo & Dezotti, 2013).

3.4 Biodegradation of bio-based hydrogels

The end of life of developed materials is an aspect that must be considered from the
perspective of a process that is as circular and sustainable as possible. The choice of
biopolymers as raw materials is functional for this purpose since many of them are
biodegradable.

According to [UPAC definition, biodegradation is “the breakdown of a substance
catalysed by enzymes in vitro or in vivo” (McNaught & Wilkinson, 1997). It is a
natural process by which organic chemicals in the environment are converted to
simpler compounds, mineralized and redistributed through elemental cycles such as
the carbon, nitrogen and sulphur cycles. Biodegradation can only occur within the
biosphere as microorganisms play a central role in the biodegradation process
(Chandra & Rustgi, 1998).

According to several authors (Awasthi et al., 2022; Harrison et al., 2018; Lucas et al.,
2008; Silva et al., 2023), biodegradation could be divided in four stages:
(bio)deterioration, (bio)fragmentation, assimilation, and mineralization. The first
occurs after the adherence of microorganisms on the polymer surface and its
colonization and leads to a superficial degradation in which macro-materials are
reduced in smaller fractions. In the second stage a reduction of the polymer molecular
weight occurs as a consequence of secretion of extracellular enzymes. Oligomers,
dimers or monomers formed in this phase are used in the third stage in the microbial

metabolism for energy, biomass and metabolites production. Finally, the
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mineralization stage occurs concurrently with assimilation, during which organic
material is converted into H.O, CO2, N. or CHs which are released into the
environment (Adjuik et al., 2023; Oliveira et al., 2020; Tokiwa et al., 2009).
Biodegradation is governed by several factors as physicochemical characteristics of
the polymers and biotic and abiotic environmental factors (humidity, O, temperature,
sunlight, weathering, and pH) (Nikolaivits et al., 2021). Temperature and humidity
facilitate the abiotic hydrolysis of the polymer while oxygen availability regulates the
biological reactions (Awasthi et al., 2022). The process could stop at any of the
described stages and involves several kinds of microorganisms.

A widely employed biodegradation experiment is the polymer’s soil burial.
Obviously, given the high number of existing soil types, biodegradation will depend
on the internal characteristics of the soil, first of all the microbial community,
together with soil composition (N/C ratio), pH and humidity (Awasthi et al., 2022).
This methodology allows to obtain both qualitative (macro- and microscopic change
in morphology, colour or shape changes, chemical structure modification) and
quantitative (weight loss or produced CO;) information on sample biodegradability.
In the next section, the results obtained from the biodegradation tests by burial in
compost of the hydrogels previously tested for the enzymatic removal of organic
contaminants and the adsorption of PTEs from aqueous matrices will be discussed.
In this second case, particular attention has been paid not only to the biodegradation
of the material but also to the evaluation of the possible environmental impact that

this type of end of life could have on the used compost.
3.4.1 Materials and methods
Materials

Compost Florawiva® was provided by ACEA Pinerolese (Pinerolo, TO, Italy)
(composition reported in Appendix IV, Table AIV-1 and AIV-2). All the tested
materials (HY-AC-SBP, HY-ACMC, HY-MGEL and HY-MCHI) were prepared and

employed for water remediation as described in previous sections.

147



Burial test of HY-AC-SBP

A plastic box (15 x 20 x 10 cm) was filled with Florawiva® compost and hydrogels
were buried at a depth of 4 cm from the soil surface to ensure aerobic degradation
conditions. The box was stored at room temperature (23 + 2 °C) and the soil humidity
was maintained at 30% by spraying water regularly on the surface. Fluctuations in
soil moisture were followed gravimetrically using the standard method of oven
drying (ASTM D2216). Comparative tests were also carried out in sterilised soil by
burying the hydrogels in compost previously heat-treated at 105 °C for almost 24
hours (Dalev etal., 2014; Deepa et al., 2016; Doh et al., 2020; Martucci & Ruseckaite,
2009). The morphology of hydrogels was examined before and after biodegradation
tests using an EVO10 Scanning Electron Microscope (SEM, Carl Zeiss Microscopy
GmbH) with an acceleration voltage of 20 kV. The samples were sputter-coated with
a 20 nm-thick gold layer in rarefied argon, using a Quorum SC7620 Sputter Coater.

The biodegradation experiments have been followed for 20 days.

Burial test of HY-ACMC, HY-MGEL and HY-MCHlI

The hydrogels were subjected to compost burial tests after being used for the removal
of the seven PTEs (Pb, Cd, Cu, Ni, Zn, Hg and As) and regenerated with a 0.01M
Na-EDTA solution as described in section 3.2.

Cylindrical plastic containers (5.5 cm diameter and 3 cm height) were filled with 10
g of humidified compost and a perforated plastic support, covered with a nylon mesh
previously conditioned in nitric acid, was inserted on the top. The swelled hydrogels
(0.5 g HY-MCHI, 0.7 g HY-MGEL and 3.6 g HY-ACMC) were deposited on this
support and subsequently covered with a layer of compost of 2 cm (8 g). A perforated
plastic lid has been added to each container to maintain humidity but at the same time
allow air to enter to maintain aerobic conditions.

As for HY-AC-SBP, the plastic containers were stored at room temperature (23 + 2
°C) and the soil humidity was maintained at 40% by spraying water regularly on the
surface. Fluctuations in soil moisture were followed gravimetrically using the

standard method of oven drying (ASTM D2216). Comparative tests were also carried
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out in sterilised soil by burying the hydrogels in compost previously heat-treated at
105 °C for almost 24 hours.

The compost was analysed before and after the biodegradation experiments to
evaluate the possible increase in the background values of the main PTEs studied.
The compost was previously air dried, pounded in a mortar and sieved through 2 mm
mesh and finally subjected to a microwave assisted acid digestion. In a Teflon vessel
0.1 g of compost were mixed with 5 mL of aqua regia and then digested in a
Milestone MLS-1200 Mega (Milestone, Sorisole, Italy) digester following the
heating program: i) 5 min at 250 W, ii) 5 min at 400 W, iv) 5 min at 600 W, v) 5 min
at 250 W.

After cooling, the samples were filtered through Whatman n°5 filters previously
washed with ultrapure water and then diluted up to 50 mL with ultra-pure water. The
elements’ content has been analysed with ICP-OES. For each compost sample the

entire procedure has been done in triplicate.

3.4.2 Results and discussion

Burial test of HY-AC-SBP

Biodegradation of HY-AC-SBP was followed for 20 days (until the spheres were
recognizable within the compost). Figure 3.20 shows the main qualitative outcome
of the experiment.

Fig. 3.20 (A—C) show the macroscopic changes that occurred to hydrogels during 20
days of burial. It is noteworthy that the action of soil microorganisms and the
formation of mould on the surface of the beads is clearly visible after only 4 days
(Fig. 3.20-A). Other modifications can also be observed by handling the materials,
which became less compact and broke easily when taken with tweezers. On the other
hand, in sterilised soil, mould formation did not occur, and the hydrogels seem to
keep their structure unchanged (Fig. 3.20-D). Fig. 3.20-E shows the surface
morphology of HY-AC-SBP after 20 days of burial in compost, confirming the strong

adhesion of the compost matter on the beads.
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Figure 3.20 - (A) HY-AC-SBP after 4 days of burial; (B) HY-AC-SBP after 7 days of burial; (C) HY-AC-SBP after
20 days of burial; (D) HY-AC-SBP in sterilised soil after 20 days of burial; (E) SEM image of HY-AC-SBP surface
after 20 days of burial in compost; (F) SEM image of HY-AC-SBP surface after 20 days of burial in sterilised soil;
(G) SEM image of HY-AC-SBP bulk after 20 days of burial in compost; (H) SEM image of HY-AC-SBP bulk after
20 days of burial in sterilised soil.

On the contrary, in the case of the sterilised soil, the surface of the beads appears free
of extraneous particles (Fig. 3.20-F).

Analysing the bead bulk, the cellulose fibres within the gel matrix, both in contact
with compost (Fig. 3.20-G) and with sterilised soil (Fig. 3.20-H), maintain a pretty
unvaried morphology after 20 days of burial. The foreign particles present in Fig.
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3.20-G are probably due to residual compost transferred during the sample pre-
processing for SEM analysis.

From these preliminary results, we can infer that these bio-based materials are clearly
subjected to the action of soil microorganisms, but in this case the common visible
effects of surface erosion and formation of holes and cracks in the internal structure
reported in the literature (Durpekova et al., 2021; Mate et al., 2021) seem not to be
applicable. Although the presence of a massive amount of cellulose fibres and stuck
compost particles hinders the possibility of detecting those damages in the hydrogel
matrix, SEM images show as the microorganism action initially affects the most
superficial part of the hydrogels and only later their internal structure. However,
further studies at longer burial times are needed to verify the mechanism of complete

biodegradation of the hydrogels.

Burial test of HY-ACMC, HY-MGEL and HY-MCHlI

The appearance of HY-ACMC, HY-MGEL and HY-MCHI was checked during the
58 days of burial in compost (Figure 3.21). As evidenced in the images related to the
starting day of the biodegradation experiments (Fig. 3.21-Al, B1 and C1), the
hydrogels were buried still wet after regeneration in Na;EDTA and subsequent
washing in ultrapure water.

The different behaviour during the burial period is clearly evidenced comparing the
hydrogels’ picture on the same day. Indeed, HY-MGEL is no longer distinguishable
from the surrounding compost on day 34 (Fig. 3.21-B3), while for HY-ACMC it is
necessary to wait until day 47 (figure not shown). In contrast, HY-MCHI is still
visible at day 58 (Fig. 3.21-C4) even though signs of microbial activity are
recognisable.

All compost samples have been digested and analysed to investigate the PTEs
concentrations before and after biodegradation experiments. Four kind of samples
have been considered: pristine compost (Compost to), blanks (compost after burial of

hydrogels never put in contact with PTEs solution but regenerated), compost after
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burial of regenerated hydrogels (identified by the name of the type of buried
hydrogel) and sterilized compost.

Figure 3.21 — Macroscopic changes of hydrogels during biodegradation experiments: A) HY-ACMC; B) HY-
MGEL; C) HY-MCHI. The selected days are: 1) 0 days; 2) 6 days; 3) 34 days; 4) 58 days.

PTEs concentrations in each sample are summarized in Figure 3.22.

What clearly emerges is that the background concentrations are not significantly
changed for all PTEs except for mercury in the compost samples after burial of the
chitosan-based hydrogels. These results have been confirmed with the analysis of
variance (ANOVA) performed with the statistical software XLSTAT and considering
Dunnett’s test results (Appendix 1V, Tables AlV-4).

Indeed, the ANOVA did not highlight statistically significant differences between the
average concentrations of PTEs present in the pre-biodegradation compost and those
found in the samples containing HY-ACMC and HY-MGEL.
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This concentration increase may be related to the lower effectiveness of the
regeneration treatment for HY-MCHI leading to a limited Hg desorption (Figure
3.11-C) and a consequent higher release during the biodegradation phase.

3.5 Final remarks

Biopolymers functionalized and characterized in Chapter 2 were used to prepare
different types of hydrogels which were in turn characterized and tested for the
remediation of aqueous matrices.

These studies were designed to investigate all factors that could influence the real
applicability of the developed materials. Aspects such as the influence of the
contaminants’ concentration, the solutions pH value, the presence of organic matter
and competitive inorganic species cannot be overlooked together with the efficiency
of the tested hydrogels, the possibility of regenerating, reusing and disposing them in
a safe and sustainable way.

Cellulose-based materials have been prepared employing water as a solvent and
working at room temperature. The ease of preparation together with the absence of
hazardous solvents constitute a strength for these materials which have proven to be
effective for the removal of organic contaminants and in the adsorption of inorganic
species not only from spiked ultra-pure water but also from aquaculture water
samples.

The investigations about the pH-dependent PTES removal have demonstrated that the
adsorption phenomenon is generally influenced by the acidity of the systems due to
the pH effect on the adsorbents’ surface ionic state and on contaminants’ speciation.
However, HY-ACMC has been shown to maintain good adsorption capabilities at
different pH conditions, initial PTEs concentrations and in real water samples, which
makes it attractive for applications in a wide range of real-world conditions.

The coupling of cellulose with soybean peroxidase in HY-AC-SBP made it possible
to treat aqueous solutions containing TCP, TCS and BPA, significantly reducing their
toxicity in just 5 hours of reaction. The efficiency of the enzymatic catalysis was

maintained for 8 treatment cycles, with a slowdown in the reaction kinetics but not
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such as to affect the outcome at the end of the treatment. The possibility of reusing
materials for multiple reaction cycles constitutes an important result because it makes
the water treatment process less impactful by reducing the use of raw materials and
solvents.

Unfortunately, regeneration is not always a viable option. HY-ACMC, as physically
cross-linked hydrogels, are structurally unstable when treated with Na;EDTA, an
essential step to desorb the PTEs removed from the water and to be reused. On the
contrary, permanent hydrogels containing covalent bonds and therefore characterized
by a more stable network, can overcome this drawback. Indeed, HY-MCHI and HY -
MGEL were effectively regenerated and used for three successive PTES
contaminated water treatment cycles.

End-of-life can also be a critical point in the materials’ development process. The
choice of biopolymers as raw materials is already aimed at trying to follow the path
of biodegradation, however the different functionalisations that often have to be
carried out can alter materials biodegradability. In this work qualitative evidence of
microbial activity on hydrogels during experiments of burial in compost have been
obtained as the formation of mold (for HY-AC-SBP and HY-MCHI) or even the
disappearance of materials (for HY-MGEL and HY-ACMC). The analysis of
contaminant concentrations in the compost following biodegradation tests confirmed
that, except for chitosan-based hydrogels, regeneration is sufficient to guarantee an

end-of-life through burial in soil safe and eco-sustainable.
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4 Photocatalysts for self-sustaining systems and
contaminant degradation

4.1 Synthesis and characterization of C3N4 —based materials for H20-
production exploiting visible light

All the systems that use enzymes belonging to the peroxidase class must include a
source of hydrogen peroxide to activate the catalytic cycle (Figure 1.6, Chapter 1).
Usually H20- is obtained through the reaction between anthraquinone and oxygen
but more safe and environmentally friendly production method have been also
developed (Moon et al., 2017). Heterogeneous catalyst-based methods are considered
greener to permit both easier recycling of active materials and a decrease in costs and
pollution (Testa & Tummino, 2021). According to the literature (Rigoletto et al.,
2024), the two most common methods to produce hydrogen peroxide in
heterogeneous systems are electrocatalysis and photocatalysis.

Among the catalysts developed to this purpose, polymeric carbon nitrides are widely
studied. They are semiconductor compounds that contain nitrogen and carbon atoms
organized in triazine or tri-s-triazine (also known as heptazine) units cross-linked by
N-bridges forming an extended layered network (Figure 4.1).

These materials show different advantages such as moderate bang gap, facile
synthesis, thermal and physical-chemical stability, and visible light response
(bandgap around 2.7 eV corresponding to and optical wavelength of ~ 460 nm)
(Gomez-Velazquez et al., 2023; Lin et al., 2023).

The possibility to employ carbon nitrides for hydrogen peroxide photogeneration is
attributable to their conjugated structure that can provide sites for 2e~ oxygen
reduction reaction (ORR, equation 4.1) (Shiraishi et al., 2014).
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Figure 4.1 — Carbon nitrides structure based on (a) s-triazine and (b) tri-s-triazine (Ma et al., 2021)

Oz + 2H" + 26~ — H,0, (0.695 V versus NHE) (4.1)
2H,0+4h*—0,+4H* (1.23 V vs. NHE) (4.2)

In addition, the water oxidation reaction (WOR, equation 4.2) is also required to
achieve H,O, photogeneration.

However, the efficiency of carbon nitrides is limited because of: (i) high charge
recombination, partially attributable to the presence of defects introduced during the
thermal synthesis that led to the formation of hydrogen bonds in the layer structure
in addition to the covalent ones between melons precursor; (ii) the small visible light
absorption, and (iii) the difficult prevention of the 1le~ oxygen reduction reaction
(reaction (4.3) and (4.4)):

H*+ O2+e — *OOH (-0.046 V vs. NHE) (4.3)
Ot e — +O2 (-0.284 V vs. NHE) (4.4)

0, + 4H* + 4¢~ — 2H,0 (1.23V vs. NHE) (4.5)

To overcome these drawbacks, different strategies have been developed, such as

suppressing charge recombination, narrowing the bandgap to promote light
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absorption in visible wavelength region and introducing active site for selective 2e”
ORR reaction (Teng et al., 2023).

A possible strategy to narrowing the bandgap and to shift the light absorption toward
higher wavelengths is the copolymerization of nitrogen-rich carbon nitrides
precursors, with light absorption unit containing C=0 groups, such as barbituric acid
(Figure 4.2).

NH, NH,
NH. !
| 4 N N N N
N" SN J
| O N N N O N NN
N N N )
I NH, N~ N7 N UNH, - NH, N7 ONT N NH,
O /NH; "N~ "N~ "NH, =
fo) N fo) NH, o N o
NH melem H o W NTSN
N )\ |
N ° N~ NTON N™ "N N
Barbituric acid NH;~ N7 N7 NH, NHz© N7 N7 NH,

Figure 4.2 - Process for polymerization of PCNBA with barbituric acid and melem as precursors (Teng et al.,
2023)

The CsN4 precursor plays a crucial role. Indeed, with low steric hindrance precursors
a Sn2 nucleophilic substitution can occur leading to the removal of oxygen groups
(Teng et al., 2020; Zhang et al., 2010). This nucleophilic reaction would be
suppressed if the molecular weights of nucleophilic regents are increased. Hence,
precursor like melem are preferable rather than cyanamide, dicyandiamide or
melamine (Teng et al., 2020).

The introduction of C=0 groups into the carbon nitrides matrix leads to an improved
photocatalytic water oxidation activity and an enhanced light usage of the CsN4-based
photocatalyst.

On the other hand, to promote the 2e- ORR reaction, it is possible to introduce
specific atomically isolated metallic site in the carbon nitrides network for the end-
on O, adsorption (also known as Pauling-type) (Figure 4.3). This configuration can
minimize O-O bond breaking suppressing the 4e- ORR (reaction (4.5)) and enhancing

the 2e~ one.
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It is important to note that on metal particles surface both end-on and side-on O,
adsorption can occur, while on single atom catalysts (SAC) the oxygen adsorption is
usually end-on (Montemore et al., 2018; Teng et al., 2023; Wang et al., 2018).
Furthermore, the introduction of atomically dispersed elements with d'° electronic
configuration in the materials network avoid the formation of intermediate band in
the band structure, leading to an efficient charge separation and a consequent
formation of sites with high density of electrons/holes. Teng et al. (Teng et al., 2021)
successfully introduced atomically dispersed Sb*3, with a 4d°5s? electronic
configuration, in carbon nitride network obtaining a very good non sacrificial
photocatalytic H.O- generator.

In this research work we decide to synthesize polymeric carbon nitrides through the
copolymerization of melem and barbituric acid and adding different amount of
antimony to enhance H,O. photogeneration under visible light and LED irradiation.
Four different photocatalytic materials have been prepared, characterised and tested

for hydrogen peroxide production under different conditions.

4.1.1 Materials and methods

Materials

All chemical reagents are in analytical grade and used without purification.
Melamine was purchased by Wako Pure Chemical Industries, Ltd.); barbituric acid,

5,5-dimethyl-1-pyrroline-N-oxide = DMPO; Phenol; 4-aminoantipyrine and
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Horseradish peroxidase HRP were purchased by Sigma Aldrich. NaSbF6 was
purchased by HuNan Hualing Powdery Material.

Photocatalysts preparation

All the photocatalysts were prepared starting from Melem. Melem was obtained by
calcination of Melamine at 420°C in N for 4h with an increasing temperature rate of
2.2°C/min. A tubular furnace AS ONE was used.

Five kind of materials have been synthesised: polymeric carbon nitride co-
polymerized with barbituric acid (PCNBAO.2) and four variants of this one obtained
by introducing different amount of antimony namely Sb0.5-PCNBAO0.2, Sh3-
PCNBAO.2, Sb5-PCNBAO0.2 and Sh15-PCNBAO.2.

PCNBAO.2 was prepared following the method proposed by Teng et al. (Teng et. al
2020). In brief, 3g of melem and 0.2 g of barbituric acid were ball-milled in presence
of 30 ml of ethanol for 2 hours at 400 rpm using a Fritsch polverisette 7. The so
obtained mixture was dried using a rotary evaporator. The resulting white powder
was left for 4h in a vacuum oven at 60°C and then calcinated at 560°C in N> for 8h
with an increasing temperature rate of 2.2°C/min.

For the preparation of Sb0.5-PCNBAO0.2, Sb3-PCNBAO.2, Sb5-PCNBA0.2 and
Sb15-PCNBAO0.2, 0.2g of barbituric acid were dissolved in 120 ml of ethanol under
sonication for 60 min at 60°C in the presence of 0.5, 3, 5, and 15 mmol of NaSbFs
respectively; then 3g of melem were added and suspended under sonication for 60
min at 60°C. Ethanol was removed by combination of rotatory evaporator and
vacuum oven. The obtained white powder was transferred into a tube furnace and
calcinated at 560°C in N for 4h with an increasing temperature rate of 2.2°C/min.

Gas flow was maintained for 30 min before heat treatment (Teng et al., 2021).

Photocatalyst physicochemical characterization

Physicochemical properties of the prepared photocatalysts have been studied with

different techniques.
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The crystallinity of the samples was evaluated by a powder X-ray diffraction (XRD)
instrument (MiniFlex II, Rigaku Co.) with CuKo (A=1.5418 A) radiation (cathode
voltage: 30 kV, current: 15 mA) with the 2e scan ranged from 5° to 60°.

Point microanalysis and element distribution maps were obtained with FESEM
Tescan S9000G instrument with a Schottky emission source equipped with the Ultim
Max detector (Oxford, UK).

Fourier transform infrared spectra were recorded with an FT-IR spectrometer (IR
Shimadzu Prestige-21).

X-ray photoelectron spectroscopy (XPS) measurements were performed using a
Kratos AXIS Supra spectrometer (Shimadzu Co.) with a monochromatic Al Ka X-
ray source.

Brunauer-Emmett-Teller (BET) surface area measurements were performed by a full
analysis of nitrogen adsorption-desorption tests at liquid nitrogen temperature of 77
K after a degasification step of 8 h at 100 C using an ASAP2020 (Micromeritics,
Norcross, GA, USA). The pore size and volume were evaluated with BJH Adsorption
Cumulative Pore VVolume analysis.

UV-vis diffuse reflectance spectroscopy (UV-DRS) was executed using a
UV/VIS/NIR spectrometer UV-2600 (Shimadzu Co.). Photoluminescence (PL)
spectroscopy was acquired using a FP-8500 spectrofluorometer (JASCO
Corporation, Japan) with an excitation wavelength of 320 nm. An electrochemical
workstation CHI760E (Chenhua corporation) was used to test the Mott-Schottky
plots.

Photocatalytic activities for H.O, production

All the synthetized photocatalysts were tested for the hydrogen peroxide production
under four different conditions, using a concentration equal to 2 g/L.

Firstly, ideal conditions with sacrificial reagent have been employed. Each
photocatalyst was suspended into a 10% solution of ethanol by 15 minutes of

sonication, followed 15 min of oxygen bubbling. The samples suspensions were
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irradiated at 420 < A < 800 nm using a Xe lamp (60 mW/cm?) under continuous
magnetic stirring for different time (60, 90, 120 min).

Secondly, no sacrificial reagent was used, so Milli-Q water was used as reaction
medium.

To reach more realistic H,O, production condition, the third set of measurement was
performed without oxygen bubbling in a Solarbox (CO.FO.MEGRA Milan, Italy)
equipped with a 420 nm cut-off filter.

Finally, the photocatalysts performances have been testes under different LED
irradiation. Each suspension has been irradiated in a cylindrical setup containing an
RGB LED strip and equipped with mechanical stirring (LED emission graph are
reported in Appendix V, Figure AV-1). A natural exchange of oxygen with the
atmosphere has been ensure removing the caps.

At the end of all the experiments, the production of H,O, have been evaluated both
with the PACKTEST kit (WAK- H,0,, KYORITSU CHEMI-CAL-CHECK Lab.,
Corp.) equipped with a digital PACKTEST spectrometer (ED723, GL Sciences Inc.)
and with the colorimetric method proposed by Frew et al. (Frew et al., 1983) based
on the reaction between phenol and 4-aminoantipyrine catalysed by the HRP in

presence of hydrogen peroxide.

Radical species evaluation

Electron paramagnetic resonance (EPR) analysis was performed with a X-band
Bruker EMX spectrometer equipped with a cylindrical cavity operating at 100 kHz
field modulation. Measurements were carried out in quartz capillary tubes under the
following conditions: 9.42 GHz (77 K) or 9.86 GHz (room temperature) microwave
frequency, 5 mW microwave power, 2 Gauss modulation amplitude and 40 msec time
constant.

Paramagnetic defects present in the solid material were investigated in the dark and
after different irradiation time. To determine the radical species formed in aqueous
suspensions after irradiation, 2 g/L samples suspensions were irradiated for 30 min,

and then 0.017 M of HOe- radicals’ scavenger, 5,5-dimethyl-1-pirroline-N-oxide
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(DMPOQ) was added. To observe the DMPO-O," adduct, the same experiments were
also performed in methanol to avoid the rapid interconversion of this species in
DMPO-OH.

4.1.2 Results and discussion

Morphology and structural information

XRD measurements were used to initially explore the crystalline structures of
synthetized materials (Figure 4.4-A)

—— PCNBAO.2
—— Sb0.5-PCNBA0.2
A —— Sb3-PCNBAO0.2
; Sb5-PCNBA0.2

Sb15-PCNBA0.2

T T T T T T T T
10 20 30 40 50 3500 3000 2500 2000 1500 1000

26 (Degrees) Wavenumber (cm’")

Figure 4.4 — A) XRD diffraction pattern and B) FTIR spectra of the synthesized materials

XRD diffraction patterns show the characteristic peaks associated with graphitic
carbon nitrides, 27.4° and 13°, related to the interlayer stacking (002) and the inner
planar structure packing (100) of tri-s-triazine units (Dong et al., 2011; Gaggero et
al., 2024). The intensity of the diffraction maxima decrease as the antimony amount
increases. The lowering of the 13° peak indicates a lower crystallinity degree, while
the little shift of the position of 27.4° can be attributable to the electrostatic repulsion
between interlayer matrix caused by the positive ions incorporated (Gaggero et al.,
2024).
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PCNBAO.2 and Sb0.5-PCNBAO.2 present also two less intense peaks around 2e
values of 22°, ascribable to the (100) plane and that seems to be observable only in
high crystallinity samples (Inagaki et al., 2019), and 17° that could be assigned to the
in-plane diffraction from the (310) plane in melon-type structure (Gémez-Velazquez
etal., 2023).

The disappearance of 17° and 22° peaks with the increasing amount of Sh, together
with the less intensity and the broadening of peaks at 27.4° and 13°, suggest a
progressive transition toward amorphous samples.

The FTIR spectra of prepared photocatalysts are displayed in Figure 4.4-B. All
samples show the carbon nitride characteristic pattern suggesting that the introduction
of the antimony does not change PCNBAO.2 skeleton (Gomez-Velazquez et al., 2023;
Teng et al., 2020).

The broad groups of peaks extending from 3500 to 2700 cm™ are attributed to O-H
and N-H stretching bands because of the presence of adsorbed water and
uncondensed amino groups on the surface. The signals in the 1700-1200 cm™
correspond to C—N stretching modes of aromatic heterocycles (Gomez-Velazquez et
al., 2023) and overlap the signal related to the presence of C=0 introduced in the
structure with the copolymerization with barbituric acid (Teng et al., 2020). The sharp
peak at 810 cm™* could be assigned to the out-of-plane bending of the 1,3,5-s-triazine
ring, while those at 1530 and 1450 cm™ are assigned to 1,3,5-s-triazine stretching
mode. The 1630 cm™ peak, according to cited literature, is attributable to in-plane
shear vibration of N—H bonds, while the small peak at 704 cm™ is due to the out-of-
plane N—H bend (Gémez-Velazquez et al., 2023). The 2160 cm™ peak, which is not
present in PCNBAO.2 sample and that increase with the increasing amount of
antimony, is connected to the presence of -C=N groups. The formation of these
groups is in accordance with the results obtained by Teng et al. (Teng et al., 2021)
and Gaggero et al. (Gaggero et al., 2024). They attributed this phenomenon to the
incorporation of metal ions, as already observed for the incorporation of alkaline
metal cation (Qiu et al., 2019), and to the synthesis method. Indeed, in literature is

reported that this kind of defects are common in polymerisation of nitrogen-rich
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precursors in furnace under N, atmosphere (Chang et al., 2023). These groups are
recognised as electron-withdrawing groups that may significantly enhance the charge
separation and promote a better visible light absorption.

From a morphological point of view, as evidenced in Figure 4.5, all samples present
a granular structure. Low amount of incorporated antimony does not seem to
influence the morphology as demonstrated by the images relating to SbO0.5-
PCNBAO.2 (Fig. 4.5-B1, B2 and B3) and Sh3-PCNBAO0.2 (Fig. 4.5-C1 and C2).

On the contrary, Sb5-PCNBAO.2 presents a different particles aggregate shape (Fig.
4.5-D3) which could be ascribable to Sb-induced modification occurred during the
synthesis. These modifications are more evident in Sb15-PCNBAO0.2 (Fig. 4.5-E3)
for which, at high magnifications, it is possible to see a compact structure containing
some porosity.

As evidenced by nitrogen adsorption isotherms (Appendix V, Figure AV-2) and by
BET results (Table 4.1), the addition of antimony leads to an alteration in the samples
structure reducing their surface area and the porosity (Table 4.1).

The total pore volume values (Table 4.1), are also in agreement with those reported
in the literature for similar samples (Teng et al., 2021).

Energy Dispersive Spectroscopy (EDS) and Element Mapping Analyses were
utilized to provide additional confirmation of the compositions and the spatial
distribution of elements in the materials.

As shown in Figure 4.6 and Figure AV-3 (Appendix V), the EDS results indicate that
the main components of the sample are C, N, O, Sb and Na, the latter deriving from
the precursor used for the synthesis of antimony-containing materials, namely
NaSbFs. Elemental mapping reveal that N and C elements are the most contained
elements and evidence a homogeneous distribution of Sb throughout the sample,

indicating its successful incorporation in the PCNBAO.2 structure.
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Figure 4.5 — SEM images of A) PCNBAO.2; B) Sb0.5-PCNBAO.2; C) Sh3-PCNBAO0.2; D) Sb5-PCNBAO0.2 and E)
Sh15-PCNBAO0.2
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Table 4.1- Specific surface area obtained from N, adsorption/desorption isotherms and total pore volume

Sample name SSA (m%g) Vot (cm/g)
PCNBAO.2 29 0.04
Sb0.5-PCNBAO0.2 3 0.003
Sh3-PCNBAO.2 4 0.004
Sb5-PCNBAO.2 4 0.004
Sh15-PCNBAO0.2 4 0.004
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Figure 4.6 - Example of FESEM-images (secondary electrons); map of the antimony dispersion and FESEM-EDS
results for the sample Sb0.5-PCNBAO.2
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To further reveal the surface chemical compositions of the obtained materials, X-ray
photoelectron spectra (XPS) were recorded (Figure 4.7 and Figure AV-4, Appendix

V).

The incorporation of C=0 functionalities in carbon nitrides structure is confirmed by
the peak centred at 532 eV of high resolution O 1s XPS spectra of PCNBAO.2 (Fig.
4.7-A) (Teng et al., 2017). This peak is present also after antimony addition in Sh0.5-
PCNBA 0.2 (Fig. AV-4b), Sh3-PCNBAO.2 (Fig. 4.7-B) and Sb5-PCNBAO0.2 (Fig.

AV-4c).
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Figure 4.7 — A) High resolution O 1s XPS spectra of PCNBAO.2. High resolution O 1s-Sh 3d (B); C 1s (C) and N1s

XPS spectra of Sb3-PCNBAO.2.
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On the contrary, in O 1s-Sh 3d XPS spectra of Sbh15-PCNBAO.2 this peak shifts at
lower values of binding energy reaching 530.6 eV which is usually ascribable to
metal oxides. This evidence suggests that at higher Sb concentration the CsNa-like
structure change and the incorporation of the metal can be mainly in the form of
Sh,03 (He et al., 2022). This is also in accordance with the Sb 3ds, and Sb 3ds,
values, 539.68 eV and 530.32 eV respectively (Fig. 4.7-B), which are those observed
for antimony oxide (He et al., 2022). However, in the other Sh-containing samples
(Fig. AV-4) the Sb 3d peaks, together with the O1s peak of C=0 functional groups,
suggest that the antimony has been incorporated with an oxidation state of +3 in form
of cation (Gaggero et al., 2024; Teng et al., 2021).

In the C 1s XPS spectra of all Sb-containing samples there are 3 peaks at around
288.2 eV, 286.5 eV and 284.8 eV. The latter can be attributed to carbon impurity
signals (Gaggero et al., 2024), while the more intense peak with a binding energy of
288.2 eV can be identified as sp? hybridized carbon in an aromatic ring containing
nitrogen (N-C=N). The less intense 286.6 eV peak can be related to the presence of
C=N groups (Teng et al., 2021) which had already been identified in the FTIR spectra.
As already highlighted in the latter (Fig. 4.7-B), these XPS signals increase in
intensity as the amount of antimony incorporated increases (2.03% in Sh0.5; 3.09%
in Sh3; 5.40% in Sb5 and 18.5% in Sb15 — Fig. AV- 4 Appendix V).

All the N 1s spectra can be deconvoluted into three peaks with binding energies
around 398.6 eV, 400.1 eV, and 401.1 eV, respectively. The main peak at 398.6 eV
is assigned to sp? hybridized nitrogen in triazine rings containing C triazine (C-N=C),
while the peak at 400.1 eV is typically attributed to tertiary nitrogen groups N-(C)s.
The peak at 401.1 eV indicates the presence of amino groups (N-H) (Gaggero et al.,
2024; Teng et al., 2019; Zhou et al., 2015).

Charge transfer properties

Photoluminescence analyses were employed to investigate charge recombination in

synthesized photocatalysts.
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As shown in Figure 4.8, the influence of the amount of antimony on charge
recombination is marked. Indeed, the intensity of photo luminescence significantly
decreases when increasing the Sb millimoles, so indicating that electron-hole
recombination is suppressed. This was already reported in literature for similar
studies (Gaggero et al., 2024; Teng et al., 2021) and seems to be related to the
elimination of the intermediate band in the band structure by incorporation of
atomically dispersed antimony with the d° electronic configuration. Additionally, a
slight bathochromic effect is observed with a shift of the maximum of the emission
wavelength from 462 nm to 466 nm. This behaviour could be also ascribable to the
band gap narrowing or to a presence of defects, as -C=N groups, that could capture

electrons or holes resulting in a decrease of PL intensity (Dong et al., 2015).
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Figure 4.8 - Photoluminescence spectra of prepared materials

Furthermore, the appearance of a less intense additional emission peak at 430 nm,
which increases with the amount of antimony contained into the materials, could be
related to the n—x* transition of the defects (Y. Chen et al., 2014).
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Optical properties

The absorption spectra of the synthesized materials are shown in Figure 4.9-A.
PCNBAO.2 shows an absorption of visible radiation at wavelengths between 400 and
500 nm as a consequence of the introduction of C=0 into the C3N4 structure. The Sb
incorporation leads to a red shift of the ~450 nm absorption edge, which is related to
the m—m* transition, with the following trend PCNBAO.2 < Sb3-PCNBAO0.2 < Sb15-
PCNBAO.2 ~ Sb0.5-PCNBA0.2 < Sh5-PCNBAO0.2. This can be ascribe to an
extension of the electron delocalisation (Chang et al., 2023; Y. Chen et al., 2014). An
additional absorption band appears around 500 nm for Sbh-containing materials and it
could be attributable to n—7* transition related to lone-pair electrons on defect sites
as -C=N groups (Chang et al., 2023; Y. Chen et al., 2014).

——PCNBAO.2

— Sb0.5-PCNBA0.2
15 —— Sb3-PCNBA0.2
Sb5-PCNBAQ.2

1 Sb15-PCNBAD.2

Absorbance (a.u.)

T T T T T
200 300 400 500 600 700 800

Wavelength (nm)

Figure 4.9 - (A) DR-UV-Vis absorption spectra and (B) related Tauc-plot of the synthesized materials

The absorbances seem not proportional to the amount of antimony introduced and the
Sb5-PCNBAO.2 sample is the one that shows the highest absorption values. However,
the optical properties reflect the materials colours (Appendix V, Figure AV-5).
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Indeed, Sh5-PCNBAO0.2, which shows the higher absorbance values, is also the
darker sample.

From the study in diffuse reflectance, processing the Kubelka-Munk function of the
spectra, through the Tauc plot method (Makuta et al., 2018) it is possible to determine
the optical band gaps of the materials (Figure 4.9-B, Table 4.2). The obtained values
confirm a band gap narrowing as function of Sb amount from 2.4 eV to 2.16 eV.
The Mott-Schottky plots (Figure AV-6, Table 4.2) indicate a progressive slight
increase in the conduction band minimum of the prepared samples, transitioning from
-1eVt0-0.94eV.

Using this information, together with the energy band gaps obtained by Tauc plots,

the band position diagram was assessed for all samples, as depicted in Figure 4.10.

Table 4.2 - Bandgap, conductive and valence band values

Sample Eg* Ecb(Ag/AgCI)* Ecb (NHE)Y Evb calc Evb (XPS)
PCNBAO.2 24 -1 -0.343 2.06 2.1
Sb0.5-PCNBA0.2  2.23 -1.04 -0.383 1.847 2.04
Sb3-PCNBAQ.2 2.2 -1.03 -0.373 1.827 1.96
Sh5-PCNBAOQ.2 2.18 -1.06 -0.403 1.777 1.96
Sb15-PCNBA0.2  2.16 -0.94 -0.283 1.877 1.97

* obtained with Tauc-Plot measurements; ¥ obtained from elaboration of Mott-Schottky values; ¥ obtained from Ecb(Ag/AgCl)
through the relation Enxe = Eagagel + 0.059 pH + 0.197 (pH=7.8)

Hydrogen peroxide production

Figure 4.11 summarise the amount of photogenerated H,O; as function of irradiation
time under different experimental conditions.

In presence of the sacrificial reagent for holes’ suppression, oxygen blowing and
under Xenon lamp visible light irradiation, all materials show a H>O, production
linearly increasing over time. The higher amount was observed after 120 minutes for
Sb5-PCNBAO0.2 (3.4 mg/L) followed by Sb0.5-PCNBAO0.2, Sb3-PCNBAO0.2 and
Sb15-PCNBAO0.2 (3, 2.6 and 1.11 mg/L respectively) (Figure 4.11-A).
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Figure 4.10 — Band position diagram obtained from experimental measurements

Removing the contribution of the sacrificial reagent (Figure 4.11-B), Sb5-PCNBAO.2
is confirmed as the most promising material with a H.O> photoproduction of 2.5 mg/L
after 120 minutes of irradiation while Sh0.5-PCNBAO.2 appears to be the most
sensitive to ethanol removal with a production of only 0.5 mg/L (less than 17% of the
value obtained in the presence of the sacrificial reagent). Sb3-PCNBAO0.2 and Sb15-
PCNBAO.2 seems to be less affected maintaining a quite similar production (1.5 and
0.92 mg/L respectively) after 120 minutes of irradiation.

On the contrary, Figure 4.11-C evidence that in a close system, without oxygen
saturation of the solutions, the production of H,O, does not follow a linear increasing
over time but after reaching a maximum it decreases.

According to the literature (Gaggero et al., 2024), this phenomenon could be
explained considering the recombination with the holes resulting in the
decomposition to water or it can be due to the release of Na* ions in solution. Indeed,
EDS analyses evidenced the presence of sodium in the prepared materials containing
antimony (Figure AV-3, Appendix V), which is introduced during the synthesis using
NaSbFs as reagent. Furthermore, not having blown in oxygen before irradiation and
being in a closed system which does not allow its exchange with the atmosphere, the

O, concentration decreases over time and this could limit the production of H,O,
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In an open system and under white LED irradiation the materials produce less amount
of hydrogen peroxide but following an approximately linear trend over time, probably
due to the oxygen equilibrium reached between the solution and the environment.
The best material is confirmed to be Sb5-PCNBAO.2 with a H,0, production of 0.82
mg/L after 120 minutes of irradiation, followed by Sb15-PCNBAO0.2, Sh3-
PCNBAO.2 and Sb0.5-PCNBA0.2 with a production of 0.58, 0.52 and 0.5 mg/L

respectively.

35- = Sb0.5-PCNBAO.2+ EtOH + O, A 55| = SbOSPCNBAO2+O, B
©— Sb3-PCNBAO.2 + EtOH +0, ' o Sb3-PCNBA0.2 + O,
304 4 Sb5-PCNBAO.2 + EtOH + O, . 4 Sb5-PCNBA0.2 + 0,
v Sb15-PCNBAO.2 + EtOH + O, 20] v Sbi5-PCNBA02+0,
5 g B
25 -
%, 204 - - 35 154 .
E £
o~ o >
O 154 e o
. I 104
v ]
10
05 .
05 - Y .
00 T T T T T T 0,0 T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Irradiation time with Xe lamp (min) Irradiation time with Xe lamp (min)
= Sb0.5-PCNBAO 2 c i
- : .
& ks FONEAGS R = Sb0.5-PCNBA0.2 D
1,04 4 Sb5-PCNBA02 $=Sh3 FONEA0:2
v Sb15-PCNBAC.2 gg Th SherchR2
: . pd N v Sb15-PCNBA0.2
0.8
- . 0,6
3 :
2 06 o > 8
o o .
O, O 04+
T 04+ s = -
- u ' ]
v 02 e
02 -
0.0 T T T T T T 0.0 T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120

Irradiation time in solarbox (min) Iradiation time with white LED (min)

Figure 4.11 - hydrogen peroxide production photogenerated under different condition: (A) Xe lamp visible light
irradiation of suspended samples in EtOH 10% solution and after oxygen bubbling; (B) Xe lamp visible light
irradiation of suspended samples in ultra-pure water and after oxygen bubbling; (C) irradiation in solarbox of
suspended sample in ultra-pure water; (D) white LED irradiation of samples suspended in ultra-pure water

Radical species

The materials’ structure, composition and the presence of defects or distortions could

affect their response under light irradiation (Actis et al., 2022; Gomez-Velazquez et
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al., 2023). EPR spectra obtained on solid materials in the dark at room temperature
evidence the presence of a C-centred persistent radical (example for Sb5-PCNBAO0.2
shown in Figure 4.12-A inset) whose area, normalized for 1 mg of material, changes
as the antimony content increases with a bell-shaped trend (Figure 4.12-A).
According to the literature, this radical is due to the presence of unpaired electrons
on the carbon atoms of the heptazine rings (Dvoranové et al., 2018; Liu et al., 2018)
and could be enhanced from the presence of defects, like nitrogen vacancies (Lu et
al., 2024).

Since all the samples are similar in the percentage composition of C, N and O (Fig.
AV-8 and Table AV-1, Appendix V), with the exception of Sh15-PCNBAO0.2,
differences in radical intensities could be influenced by Sb amount. Figure 4.12-A
highlights that, for low quantities of incorporated antimony, the intensity of the
radical increases (Sb3-PCNBAOQ.2 > Sb0.5-PCNBA0.2 > PCNBAO0.2) and then
decreases for higher Sb concentrations (Sb5-PCNBAO0.2 > Sh15-PCNBAO0.2). This
suggests good electron delocalization properties, which are reduced when a high
amount of Sb is introduced in the system, possibly due to an excessive distortion of
the CsNq structure. Figure 4.12-B shows the variation of the radical area as function
of irradiation time with white LED.
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Figure 4.12 - A) normalized area of C-centered radicals of prepared samples obtained in the dark at room temperature
(inset: example of Sb5-PCNBAO.2 EPR-spectrum); B) C-centered radicals areas increments over time of irradiation
with white LED
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All samples increase the radical intensity, highlighting the photoinduced electron
trapping by empty and single occupied defective sites (Actis et al., 2022; Gémez-
Veldzquez et al., 2023). Indeed, C defects may act both as acceptors of
photogenerated electrons, thus inhibiting charge carrier recombination, and as
providers of preferential adsorption sites of activatable O, molecules (Tan et al.,
2021; Zhang et al., 2020).

The sample showing the greatest percentage increase in the area of radical signal is
Sb15-PCNBAO0.2 (about 23% after 90 minutes of irradiation), followed by Sb5-
PCNBAO.2 (showing an increase of 8% after 90 minutes), while for Sb3-PCNBAO.2
and Sb0.5-PCNBAO.2 the growth of the area is not significant. PCNBAO0.2 shows an
intermediate behaviour between Sb15-PCNBA0.2 and Sb5-PCNBAO0.2. The
different response to light excitation supports a different redistribution of
photoinduced charge carriers between the conduction band and empty and/or doubly
occupied intragap states (Gomez-Velazquez, 2023).

EPR experiments in suspension were successively carried out to evaluate the reactive

species generated under LED irradiation (Figure 4.13).
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Figure 4.13 - EPR spectra of (A) DMPO-OH radical in water and (B) DMPO-O; anion radical in methanol of
different samples

All samples are able to generate both hydroxyl (Fig. 4.13-A) and superoxide radicals
(Fig. 4.13-B) and Sb15-PCNBAO.2 shows the higher production of both species.
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Analysing EPR spectra of DMPO-"0O, some changes in spectral shape have been
evidenced as the amount of incorporated Sb increases. Simulating the spectrum by
the software Spinfit (Bruker) a change in the hyperfine separation constants au is
observed (Table 4.3).

Table 4.3 - Hyperfine constants calculated with simulated spectra of DMPO-O, radicals (expressed in Gauss)

Sample name an au
Sb0.5-PCNBAO0.2 13.58 7.36
Sh3-PCNBAO.2 13.64 8.29
Sh5-PCNBAO.2 13.31 10.34
Sh15-PCNBA0.2 13.38 10.24

Parameters obtained for Sbh15-PCNBAO0.2 and Sb5-PCNBAO.2 are consistent with
those reported in the literature for the DMPO-"0 adduct (Harbour & Hair, 1978).
Whereas, for Sb0.5-PCNBAO0.2 and Sb3-PCNBAO.2 an value is smaller. This could
suggest the presence of a second radical species formed during the irradiation and
competing with superoxide radical for DMPO-adduct formation. These hypotheses
will have to be confirmed with ad hoc experiments in the presence of selective

quenchers for the different radical species.

4.2 Structural and Physicochemical Properties of Carbon Nitride
Nanoparticles via Precursor Thermal Treatment: Effect on
Methyl Orange Photocatalytic Discoloration

Since C3N4-based materials under irradiation generates reactive species as hydroxyl
or superoxide radicals, they cannot be only used in the production of hydrogen
peroxide but also be employed as photocatalyst for the degradation of organic
contaminants and dyes.

Through a collaboration with an Argentine research group from the University of La
Plata, the correlation between the structure and degradation of methyl orange of

carbon nitrides obtained from different precursors was studied.
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Melamine, urea, cyanamide, dicyandiamide, and cyanuric chloride are among the
most frequently used precursors used for CsNs synthesis, whereas the
polycondensation of these precursors can be done either via annealing in a typical
laboratory furnace, solvothermal treatment, or combustion synthesis (Bojdys et al.,
2008).

Different synthesis methods using different precursors lead to C3sNs powders with
different degrees of condensation, physical-chemical properties, and photocatalytic
efficiencies. C3N4 synthesis by thermal polymerization of either melamine, guanidine
carbonate, or dicyandiamide showed different band gap energies and photocatalytic
performance toward methyl orange (MO) degradation under visible light (>400 nm)
(Zhao et al., 2018).

Crystallinity and disorder have also been proven to significantly influence the activity
of C3sN4 photocatalysts and crystalline CsN4 powders show the best performance in
the photocatalytic tests (Zheng et al., 2021). According to many authors, disordered
C3N4 structures showed an increased specific surface area but a decline in the
photocatalytic activity compared to crystalline samples.

In this study, various CN photocatalysts obtained by the condensation pyrolysis of
different nitrogen rich molecules such as urea (CNu), melamine (CNm),
dicyandiamide (CNd), and dicyandiamide/barbituric acid (CNdac) were synthetized
and thoroughly characterized. Moreover, their photocatalytic efficiency toward MO
degradation was investigated under A=350 nm and simulated solar light (SSL). Also,
CNm samples were exfoliated (¢CNm) to evaluate the effect of tuning a given 3D
structure into a 2D structure, and CNd samples were subjected to amorphization
(aCNd) to evaluate the effect of the loss of crystallinity.

MO was selected as a model compound due to its extensive use in the textile and
paper industry, its potential in causing serious effects in the environment and living
beings, and because MO degradation mechanisms are well reported in the literature,
as will be discussed further in the text. Therefore, the design of efficient and
sustainable MO degradation photocatalysts is of actual importance. From an analysis

of the obtained results, a correlation between characteristic structure parameters (%
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crystallinity, area, band gap, visible absorption capacity, and C defects) and the
photocatalytic efficiency was analysed for the CsN4 nanoparticles synthesized from
the different precursors.

4.2.1 Material and methods

The aspects relating to the synthesis (summarized in Figure 4.14) and the
characterization of the materials are not reported here but can be consulted in the
research article of Gomez-Velazquez and co-workers (Goémez-Velazquez et al.,
2023). In this thesis a focus is made on the study of the relationship between
precursor- methyl orange degradation.

EPR measurements

Electron paramagnetic resonance (EPR) analysis was performed with a X-band
Bruker EMX spectrometer equipped with a cylindrical cavity operating at 100 kHz
field modulation. Measurements were carried out in quartz capillary tubes under the
following conditions: 9.42 GHz (77 K) or 9.86 GHz (room temperature) microwave
frequency, 5 mW microwave power, 2 Gauss modulation amplitude, and 40 msec

time constant.
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Figure 4.14 - Illustration of the Synthesis Procedure and Particular Structural Characteristics of the Obtained CN
Nanoparticles Depending on the Precursors
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Paramagnetic defects present in the solid material were investigated at low
temperature in the dark and after 30 min irradiation with a SSL lamp. To determine
the radical species formed in aqueous suspensions after SSL irradiation, 1 g L™* C3N4
suspensions were irradiated for 30 min, and then either 0.017 M HOe< and Oze—
radicals’ scavenger, 5,5-dimethyl-1-pirroline-N-oxide (DMPO), or 0.017 M singlet
oxygen (*O.) spin-trap, 2,2,6,6-tetramethyl-4-piperidone hydrochloride (TMP), was
added. The reaction mixture was irradiated for 10 min, and the EPR spectrum was
immediately acquired. Experiments to reveal the formation of the DMPO-O;" radical
adduct were also performed in methanol (to avoid the rapid interconversion of this
species in DMPO-OH). Experimental parameters were the same as reported above

but with 1 Gauss of modulation amplitude.

Photocatalytic measurements

Visible irradiation experiments were achieved in an Oriel 96,000 solar simulator; the
irradiance was 360 W/m? and the lamp power was 150 W. In both cases, 100 mL of
20 mg/L aqueous suspensions of the photocatalyst samples and 1x10~°> M MO were
placed in a quartz cylindrical tube and submitted to continuous magnetic stirring.
Before illumination, the samples were kept in the dark for 30 min. At different time
intervals, 2 mL of the samples were taken and filtered with 0.22 pm pore size acetate
membranes. The UV—vis absorption spectra of the filtrates were obtained, and the
absorption at 465 nm was compared with the initial values to calculate the

discoloration as
discoloration % = (1 — %) x 100 (eq. 4.6)
0

where A is the 465 nm absorbance at time t and Ay is the initial absorbance at 465
nm. The original pH of the samples was around 6.5. Considering that the pH criteria

for water to be considered a “fresh water” is in the range from 6.5 to 9,16 further
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investigation of CN photocatalytic efficiency was performed at the samples’ original
pH. Thus, extra addition of pH buffers to the reaction mixture was avoided.

4.2.2 Results and discussion

Formation of HO+ and O," radicals is observed for all of the obtained C3N4 powders,
as expected from the reactions of photogenerated holes with water and
photogenerated electrons with adsorbed molecular oxygen, respectively (Figure 4.15-
A). On the other hand, formation of 'O, could not be observed under these
experimental conditions for any of the C3Ns samples. Figure 4.15-B shows the
characteristic signals of DMPO-OH and DMPO-O; radical species for CNu
photocatalyst, while Figure AV-10 (Appendix V) shows those obtained for the other
CsN4 nanoparticles.

It is well reported in the literature that the concentration and nature of the defective
states present in the photocatalyst may strongly affect its response under light
excitation (Actis et al., 2022). To observe possible defective states in C3Na
nanoparticles, EPR spectroscopic studies were performed on solid samples at 77 K,
both in the dark and under illumination, to correlate the amount and nature of defects
with the synthesis precursors. The EPR signals of the different CsNs powders
(normalized to 1 mg of sample) in the dark (Figure 4.15-C and Figure AV-11 in
Appendix V) reveal the presence of C-centred radical defects (g = 2.0034) which are
probably adjacent to oxygen atoms (Dellinger et al., 2007). The relative area of dark
C radical signals (Sqark) is similar for most C3N4 nanoparticles, except for CNu and
aCNd (Figure 4.15-B).

Upon 30 min irradiation of the solid samples with SSL, a strong increase in the signal
intensity was observed for all samples (Figure 4.15-C + inset and Figure AV-11 in
Appendix V).

Such an increase in the signals upon irradiation is suggested in the literature to be due
to the trapping of the photoinduced electron by empty and single occupied defective
sites (Actis et al., 2022).
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Reactive Species Formed after Light Absorption (Those highlighted in red were detected in EPR experiments).

The different response to SSL excitation observed for each material supports a
different redistribution of photoinduced charge carriers between the conduction band
and empty and/or doubly occupied intragap states.

The increase in intensity of the C-centred radical shows a linear correlation with the
surface area of the samples that strongly suggest that the number of defects produced
upon irradiation principally originated on the particle surface (Figure AV-12,
Appendix V).

It is suggested in the literature (Tan et al., 2021; Zhang et al., 2020) that C defects
may act as acceptors of photogenerated electrons, thus inhibiting charge carrier
recombination, and as providers of preferential adsorption sites of activatable O»

molecules.
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On the basis of these results, a series of equation related to the reactive species
formation have been proposed (Figure 4.15-D). Reaction (R1) depicts the formation
of photoinduced charge carriers CsN4 (e—, h*) upon light absorption. Further reactions
(R2) and (R3) between photogenerated electron—holes with water (or HO") and O>
inhibit charge carrier recombination and lead to the formation of hydroxyl radicals,
HO", and superoxide radical anions, Oe—, respectively. It should be recalled that
these radicals were observed here in EPR experiments. Reaction (R4) shows the
trapping of photogenerated electrons by C-defects, leading to the formation of surface
carbon radicals, that are CN(C+—)/CN(C+H). The latter radicals are prone to readily
react with O, to generate Oz+— (reaction (R5)).

Methyl orange (MO) was used as a model contaminant to probe the photocatalytic
performance of the different materials. As shown in Figure 4.16-A, it is observed that
though with quite different efficiencies, all CsN4 samples were able to remove MO.
Less than 7% discoloration was observed after 210 min irradiation in the absence of
catalyst. CNdac was the least efficient of all nanoparticles CNu the most efficient
ones reaching removal efficiency of 99% after 210 min irradiation.

Despite the absorption spectrum of C3N4 samples playing a definite role on the
efficiency of the photocatalysts, it is not the only factor influencing their
performance. Among several other aspects of the nanoparticles influencing their
catalytic efficiency, the specific surface area (Asp) seems a major one, as depicted in
Figure 4.16-C. CNdac, CNm, and CNu photocatalytic performances are clearly
strongly dependent on Asp. An increase in the surface area is expected to ensure
greater availability of active surface sites for MO and O, uptake; however, this may
not be the only cause leading to an improved photocatalytic performance. In fact,
Figure AV-12 (Appendix V) inset shows a clear correlation between the amount of
C-defects generated upon SSL irradiation of CN nanoparticles and the photocatalyst
efficiency (MO RE%). According to the previous discussion, surface carbon defects
readily scavenge photoinduced electrons, thus further inhibiting charge carrier

recombination.
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Figure 4.16 — A) MO removal efficiency vs SSL irradiation time of 10° M MO initial concentration in the presence
and absence of 20 mg/L of different samples; B) MO removal efficiency vs Asp for samples irradiated SSL. Red
symbols stand for CNd samples deviating from a linear dependence with the specific area; C) Attenuance obtained
from total reflectance spectra of the synthesized samples

It is well reported in the literature that HO« radicals and h* reactions with MO are the
main causes of MO degradation (Nguyen et al., 2018). Primary reactions between
MO and oxidizing radicals lead to the formation of monohydroxylated products,
while further reactions of the latter lead to the rupture of the azo group to smaller
molecules as benzene-substituted rings (T. Chen et al., 2008). It is important to
consider that even if discoloration may be taken as the degradation of MO molecule
and its chromophore group, though it does not assure complete mineralization to CO»,
H,SO4, H2O, and HNOs. It is therefore essential to always characterize the
degradation products and determine their toxicity compared to the parent molecules

to evaluate the real effectiveness of the decontamination process.
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4.3 Final remarks

Carbon nitrides based photocatalysts have been prepared via facile syntheses and
comprehensive characterization techniques were employed to assess materials
features. The relationship between the structure and the photocatalytic performance
emerged from both the studies carried out highlighting the fundamental role of light
absorption, band gap, electrons/holes recombination, crystallinity of the samples,
their morphology and surface area in define their properties.

All the described materials show absorptions in the typical wavelength range of
visible light, even if with different efficiencies, an essential property to develop
photocatalytic systems capable of effectively exploiting natural solar radiation as
source of light.

Among the antimony-containing materials, Sb5-PCNBAO0.2 has proven to be the
most promising for the production of hydrogen peroxide under different conditions
(3.4 mg/L, 2.5 mg/L, 0.82 mg/L after 120 min of irradiation with Xenon lamp with
and without sacrificial reagent and in presence of oxygen bubbling or under LED
irradiation in an open system respectively). Indeed, it is the material with a more
intense absorption band in the visible region. Additionally, it contains such a quantity
of antimony as to guarantee reduced charge recombination without excessively
distorting the structure. All these features seem determine its better performance
compared to its analogues containing different quantities of Sb. To improve its
effctiveness under LED irradiation, a lamp with higher irradiance can be employed,
while to test performances in real condition direct solar irradiation can be used.

For the development of self-sustaining systems for water purification, photocatalysts
able to photogenerate H,O, can be coupled with the peroxidases to activate their
catalytic cycle for organic contaminants’ oxidation. As already underlined in the
previous chapter, enzymes immobilization, despite reducing their activity, increases
their stability and guarantees their reuse. The synthesis of materials containing both
the enzyme and the photocatalyst simultaneously immobilized could be an interesting

future perspective for this research.
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The use of different precursors for C3sNs synthesis can affect the final materials’
structure and related methyl orange photodegradation efficiency. The specific surface
area (Asp) appears as one of the major factor affecting the photocatalytic performance
of CsN4 nanoparticles, while low crystallinity seems a second, less important,
requirement. The importance of the specific surface area in CsNs photocatalytic
performance is dual. On the one hand, it ensures greater availability of active surface
sites for MO and O(g) uptake. On the other hand, higher amounts of surface C-
defects are observed, which readily scavenge photoinduced electrons, thus inhibiting
charge carrier recombination. Therefore, rational strategies improving
photogenerated charge carrier separation as coupling with other semiconductors
forming heterojunctions are essential for competitive technological uses of C3Na4

nanomaterials.
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5 Conclusions

This PhD project aimed to maximize the valorisation of soybean hulls, a residue from
soy industrial processing, through the recovery of soybean peroxidase (SBP) and
cellulose. These two components have been employed for the development of new
materials for environmental applications. The research was inserted within the
framework of the circular economy and tried to maintain the objective of circularity
in the development, use and end-of-life of the prepared materials. At the same time,
attention was also paid to the impacts reduction, focusing particularly on the initial
biomass tratment. Indeed, alongside the multi-hydrolysis cellulose extraction, an
alternative two-step hulls fractionation method assisted by microwaves has also been
optimised. Subcritical water and diluted NaOH solution were employed as extraction
solvents. Both strategies led to final samples enriched in cellulose (up to 88% with
multi-hydrolysis and 91.5% with microwaves) and with comparable features, but the
microwave-assisted process reduced cellulose isolation steps from three to two and
completely avoided the use of hydrochloric acid. It is important to underline that,
although the first evidences suggest an impacts reduction, to compare the two
methods exhaustively it will be necessary to carry out a life cycle assessment study
and to consider the whole processes in all their aspects.

Cellulose has been used for the synthesis of materials developed to treat water
samples contaminated by both organic and inorganic pollutants. For this purpose,
several chemical modifications have been carried out to introduce functional groups
within the structure of the biopolymer in order to enhance its affinity towards specific
contaminants.

Hydrogels prepared with amine and thiol-functionalised cellulose or carboxymethy!l
cellulose showed good removal capabilities of potentially toxic elements from
aqueous matrices not only in mono-elemental solutions but also in mixture.
Moreover, the primary amino groups in the cellulose structure made it suitable also
for enzyme immobilization allowing the development of SBP-containing bio-based

systems for efficient organic contaminants’ oxidation.
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Preliminary studies on photocatalysts for hydrogen peroxide photoproduction have
been carried out with the aim of developing self-sustaining systems coupled with SBP
that ensure organic compounds degradation avoiding an external H,O, addition.
Considerable attention was paid to evaluating the actual applicability of our strategies
outside the controlled laboratory conditions. Therefore, the performances of all the
prepared materials have been tested also employing real aquaculture water as solvent
for contaminants’ solutions preparation in order to evaluate the influence of pH,
inorganic ions and dissolved organic matter on water treatments outcomes.
However, this is only the first of a series of aspects that need to be considered when
applying a strategy in a real context (Figure 5.1).
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Figure 5.1 - aspects to take into consideration for evaluating the applicability of the processes in real contexts
(modified from (Rigoletto et al., 2024))

For instance, the evaluation of the efficiency of a water remediation strategy should
also include the analysis of the toxicity of any contaminants’ degradation products
(Yoon & Cho, 2024). Although the optimum should be to achieve organic
contaminants complete mineralization, often the degradation is uncomplete.
Furthermore, some treatments, like those exploiting biocatalysis, occur through
radicalic reaction mechanisms which do not lead to a real mineralisation of organic
substrates. Therefore, the positive effect of removing substances that are difficult to

break down must not be rendered useless by the formation of new substances with
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equal or greater toxicity of the starting ones (Carvalho Neves et al., 2020;
Priyadarshini et al., 2022).

In our work, this critical issue has been consider studying the efficiency of the
oxidation of (chlorinated) phenolic compounds mediated by the developed SBP-
containing hydrogels. Toxicity tests results demonstrated that the reaction products
with higher molecular weight were less toxic than the parent molecules, confirming
an effective water decontamination.

Many other challenges are related to real applications. First of all, the scalability of
the processes moving from laboratory scale to pilot plants and full-scale plants. At
the basis of the process scalability, there are several critical points that have to be
considered as the efficiency of materials’ synthesis (yield, quality, etc.) or change in
catalyst/adsorbent effectiveness, degradation Kkinetic parameters and pathways
(Rigoletto et al., 2024). Secondly, the assessment of the feasibility of purification
procedures must involve techno-economic aspects together with the environmental
impact through LCA analyses (Tummino et al., 2023).

In the case of the strategies developed in this doctoral project it was not possible to
make any of these evaluations as they are still limited to the laboratory scale and
therefore have a low Technology Readiness Level.

However, we have always developed materials that are not only derived from waste
but also reusable and biodegradable to increase their lifespan as much as possible and
reduce their impacts to a minimum.

We tried to respond to the enormous challenge of the contamination of water
resources, which represent an asset that we cannot deprive ourselves of, through
strategies that are circular and characterized by minimal impact and low costs.
Research must certainly move towards the industrial feasibility of the most promising
technologies in order to provide society with new effective strategies, but basic

research is undoubtedly the first step towards a greener and more sustainable future.
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7 Appendix

7.1 Appendix I: NREL protocol

Table Al-1: summary of biomass compositional analysis (NREL phases +
calcination)

Step 1 2 3 4
Solvent Ethanol:Benzene Sulfuric acid Sulfuric acid
(50:50 viv) 0.94M 135 M
Biomass : solvent 1:50 1:50 1:50
Time (h) 2 2 (reflux) 24 (4°C) 4 (650°C)
Estimated fraction Lipids Hemicellulose and Cellulose Insoluble
possible soluble (+ Lignin by inorganic
ashes difference) components

The amount of each fraction is evaluated through gravimetric analysis. The mass of
the final residue after filtration of step 1, 2 and 3 (Table Al-1) and the related losses

are obtained using the equation s1 and s2
Residual mass (g) = msf = Me+ss - Mg (S1)
Loss (g) = msi — mst (S2)

Where me.st is the mass (g) of the filter containing the dried biomass after the NREL
step, me is the tare weight of the filter, ms; is the mass (g) of the biomass before the
NREL step and mst is the dried biomass after NREL step.

The loss at the end of the steps 2 and 3 has to be corrected considering the mass of
the residual of the previous step (equation s3)

Msf-(n=1)

Correct loss (g) = 00

X Loss, (S3)

Where mst.n.1y is the mass of the residual biomass of the step(n-1) and loss, is the

mass of the loss calculated for the step(n).
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The amounts of the fractions of interest are the correct losses of each NREL step. In

particular:

e Correct loss of NREL step 1: lipid’s fraction
e Correct loss of NREL step 2: hemicellulose + possible soluble ashes

o Correct loss of NREL step 3: cellulose

Each loss mass is converted into percentage considering 100% the mass of the
biomass subjected to the NREL protocol. The lignin percentages could be calculated

by difference (equation s4)
Lignin (%) = 100 — (Cellulose% + Hemicellulose% + Lipids%) (s4)

Step 4, which involves the calcination of the residue of step 3, returns the value of
the insoluble inorganic component which should be subtracted from the value of the
lignin resulting from the NREL analysis
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7.2 Appendix Il: Supplementary data on hydrogels’ PTEs adsorption
Figure All-1: Removal percentages at different contact time with 1g/L of adsorbent;
PTEs concentration 10, 10°°, 10 M, pH 5
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Figure All-2: Removal percentages at different contact time with 1g/L of adsorbent;
PTEs concentration 10°°M, pH 3.5 and 7
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Figure All-3: PTEs speciation and comments
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Speciation of all studied element has been modelled in the pH range between 3 and 8
assuming that only hydrolysis equilibria occur as expected on the basis of the
composition of solutions used during the test. Speciation diagrams for each metal
cation were obtained by PyES software (Castellino et al., 2023) taking into
consideration: (i) thermodynamic formation constants (infinite dilution condition)
(Academic Software. Sourby Old Farm, Timble, Otley, Yorks, LS21 2PW. In SC-
Database. The IUPAC Stability Constant Database,Version 5.84, s.d.) (iii)
temperature of 25°C; (iv) metal concentration 10° M.

Cd an Ni are present as aquaions throughout the pH range studied. At pH values
higher than 7 both cadmium and nickel could be present in a few percentage as the
charged hydrolytic species Cd(OH)* and Ni(OH)*.

Upto pH 7 Zn is present in 100% solution as aquaions. Increasing the pH value, there
is a small percentage (<10%) of formation of the hydrolytic species Zn(OH)* and
Zn(OH),.

Between pH 3 and 6 Cu and Pb are mainly present in solution as aquaions species.
Increasing the pH values (5.5-7.5) a small percentage of the charged hydrolytic
species Cu(OH)* is formed and then, for values higher than 6, the solid Cu(OH)z() is
formed and precipitates. On the other hand, at pH higher than 6, lead forms the
hydrolytic species Pb(OH)* which reaches 80% at pH 8.

Unlike the elements previously described, Hg is mostly present as a neutral hydrolytic
species Hg(OH). with percentages ranging from 40% to 100% going from pH 3 to
pH 4.5, a value beyond which it remains the only species present. At pH lower then
4, mercury could be present at lower percentages as aquaions species and as
Hg(OH)*.

According to literature, As(l11) is present as HzAsOs up to pH 7 while it coexists with

the H2AsOg3™ species for values between 7 and 11 (Cassone et al., 2018).
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Table All-1: PTEs properties

Pb2+ Cu2+ Cd2+ zn2+ Ni2+
charge (q) 2 2 2 2 2
ionic radius
Shannon (A) 1.32 0.7300.87 0.95 0.74 0.69
N°
coordination** 6 4or6 4 4 )
charge density
(with ionic
radius) 0.207 0.73 0.557 1.18 1.45
()
|drat285ad|us 401 4.19 4.26 43 4.04
charge density x
-3 1 H
10 (Wlt_h idrate 741 6.49 6.18 6.01 7.24
radius)
»
electronegativity 233 1.9 1.69 1.65 1.91
LogKwme 258 2.21 1.92 1.57 1.44

M?2*-acetate*

* NIST SDR 96 Database (t = 25 °C, | = 0)

**(Huheey et al., s.d.)

Charge densities have been calculated with the following equation (s5):

p:

q

4

3
-nr
3

(s5)

where p is the charge density, g is the charge of the ions, r is the ionic radius
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Table All-2: Real aquaculture water characterization and law concentration limits

Italian koi Danish Concentration Concentration Concentration
carps water aquaculture limit law for limit law for limit law for
water human usage* salmon health salmon health
(hardness between (hardness between
50 and 100) ¥ 150 and 199) %
Hardness 96.08 194.71 - - -
(mg/L CaCOs)
pH 8.03 7.76 - - -
Al (ug/L) 1.145+0.115 0.31 - - -
As (Ug/L) 1.485 + 0.149 18.84 10 50 50
Ba (ug/L) 22.795 +2.280 24.13 - - -
Ca (mg/L) 19.54 +0.98 60.29 - - -
Cd (ug/L) 0.025 +0.003 0.04 5 25 25
Co (ug/L) 0.330 £0.033 0.14 - - -
Cr (ug/L) <LOD 0.12 50 10 20
Cu (ug/L) 0.925 +0.093 5.34 1000 40 40
Fe (ug/L) 6.465 + 0.647 119.57 - -
Hg (ng/L) <LOD 0.06 1 0.5 0.5
K (mg/L) 2.84+0.14 46.37 - - -
Mg (mg/L) 12.05 + 0.6 10.73 - - -
Mn (ug/L) 0.615 + 0.062 <LOD - - -
Na (mg/L) 5.31+0.27 842.59 - - -
Ni (ug/L) 7.95+0.791 0.02 20 50 75
Pb (ug/L) 1.565 + 0.157 <LOD 10 10 20
Sn (Hg/L) 0.155 + 0.016 0.04 - - -
Sb (ug/L) 1.560 + 0.156 1.04 5 - -
V (ug/L) 0.615 + 0.062 2.38 50 - -
Zn (ug/L) 39.505 + 3.951 20.41 - 200 300

*Decreto Legislativo 2 febbraio 2001, n. 31, Attuazione della direttiva 98/83/CE relativa alla qualita delle acque destinate al consumo
umano.

¥ D.Lgs. Governo 3 aprile 2006, n. 152 [Allegati 2 alla parte 111], Sezione B: Criteri generali e metodologie per il rilevamento delle
caratteristiche qualitative, per la classificazione ed il calcolo della conformita delle acque dolci superficiali idonee alla vita dei pesci
salmonicoli e ciprinicoli.
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Table All-3: Complexation constants of HEDTA with PTEs (t = 25°C; ionic strength 0.1
molL-1)*

As® Cd?* Cu? Hg* Ni2 Pb* Zn**

logp(ML) unknown 16.5 18.8 215 18.4 18 16.5

logB(MHL)  unknown 19.4 21.88 247 215 195
logB(MH:L) - 23.88 - - -

* NIST SDR 96 Database

Table All-4: Reusability of different materials for PTEs removal from water
regenerated with EDTA-based reagents (RIFERIMENTI)

Adsorbent PTE Regeneration ~ Number of Residual Reference
reagent adsorption efficiency
concentration cycle compared to the
first cycle
HY-ACMC Pb(I1) 0.01M 2 Pb(1l) -23% This work
Cu(l) Cu(ll) — 19%
Cd(ln) Cd(ll) -20%
Zn(ll) Zn(ll) - 25.6%
Ni(I1) Ni(Il) — 35.2%
Hg(I1) Ho(Il) — 142%
TOT 30%
HY-MGEL Pb(I1) 0.01M 3 Pb(I1) -48.8% This work
Cu(ll) Cu(ll) — 23.3%
cd(i) cd(Il) - 14.7%
Zn(ll) Zn(1l) - 8.8%
Ni(I1) Ni(Il) — 7%
Hg(I1) Ho(Il) — 51.5%
TOT 34%
HY-MCHI Pb(I1) 0.01M 3 Pb(I1) -130% This work
Cu(l Hg(11)-188%
(o [(1)]
Zn(11) PTEs not removed
Ni(l1) in the first cycle
Hg(I1) (R%):
Cu(I)-27%
Cd(l1) -23%
Ni(I1)-21%
TOT Zn(Il) — 24.6%
232,28%
Magnetic chitosan Cu(ll) 0.01M 3 91% (Abou EI-
beads/cystein Reash, 2016)
glutaraldehyde’s
Schiff
Magnetic Cu(ll) 0.01M 4 >55% (Xieetal.,
chitosan/rectorite Cd(ln) 2015)
composite
microspheres
Chitosan/maleic Pb(Il) 0.01M 3 92% (Shaker &
anhydride/titania Yakout,
2016)
chitosan- Pb(11) 0.01M 3 Pb(11)-94%® (Ngah &
tripolyphosphate beads ~ Cu(ll) Cu(I1)-90%®@ Fatinathan,
2010)
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chitosan/poly(ethylene  Ph(ll) 0.015M constant (Yuetal.,
glycol)/poly(acrylic Cd(ln) 2016)
acid) adsorbent
FesOu/ Pb(Il) 0.1M >85% (Heetal.,
chitosan/Serratia 2019)
marcescens ion
imprinted polymer,
Pb-IMB
regenerated cellulose  Cu(ll) 0.1M Cu(ll) - 92% @ (Zhan et al.,
and sodium alginate Zn(11) Zn(l) - 71.3% @ 2018)
chemically modified Ph(I1) Ph(ll) — 95.2% ®@
with
polyethyleneimine
EDTA-Modified Cu(ln) 0.01M constant (Manzoor et
Chitosan- al., 2019)
Carboxymethyl
Cellulose
Carboxymethyl Ph(I1) 0.1M Pb(ll) — 56% ® (S.-S. Liet
cellulose-based Ni(11) Ni(Il) — 78% @ al., 2020)
cryogels Co(l) Co(ll) - 91% @
nanocellulose/sodium ~ Cu(ll) 0.1M Cu(I1)-33% @ (W. Lietal.,
alginate/carboxymethy ~ Pb(ll) Pb(ll) -52% @ 2021)
I-chitosan gel beads
Carboxymethyl Cu(ll 0.1M Cu(Il)-91% @ (Godiya et al.,
cellulose/polyacrylami  Pb(ll) Pb(ll) — 91.6%® 2019)
de composite hydrogel  Cd(l1) Cd(Il) —90.2% @
gelatin/TiO,/ethylene Cu(ln) 0.05M 76.58% (Jiang et al.,
imine polymer 2019)

composite aerogels

(@) Calculated value
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7.3 Appendix IlI:
removal

Supplementary data on organic contaminants

Figure Alll-1: (A) Single contaminant solutions abatement related to H,O, 10*M in
ultrapure water; (B) contaminants mixture solution abatement related to H,O, 10*M
in ultrapure water

4— BPA —e— TCP —#—TCS

10— i N 0@ &
B = = R LSS i
— > e i 3
. —
084 0,8 -
0.6+ 0,64
o o
& g
(6] (&)
0.4 0,4
0,24 A 0,24
0.0-4 T T T T T 0,0 r T T T T
0 60 120 180 240 300 0 60 120 180 240 300
Time (min) Time (min)

Figure Alll-2: Adsorption of (A) single contaminant solutions in ultrapure water; (B)
contaminants mixture in ultrapure water; (C) contaminants mixture in real water
(pond water)
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Figure Alll-3: Diagram summarizing the radical intermediates generated during the
SBP reaction cycle and the main reaction products.

Substrate Radical intermediate Main reaction product(s)
OH o* [o]
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(Ferrari et al., 1999; Hammel & Tardone, 1988; Huang & Weber, 2005; J. Li et al.,

2016)
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Figure Alll-4: (A) Enzymatic removal results of single contaminant ultrapure water
solutions with free SBP; (B) Enzymatic removal results of contaminants mixture
ultrapure water solution.
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Figure AllI-5: (A) comparison between enzymatic removal of TCP in ultrapure water
and pond water with HY-AC-SBP hydrogels; (B) comparison between enzymatic
removal of TCP in ultrapure water at natural pH and pH 8 with HY-AC-SBP
hydrogels; (C) comparison between enzymatic removal of TCP in pond water with
HY-AC-SBP hydrogels using a normal (10 M) and double (2x10*M) concentration
of H.0..
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7.4 Appendix IV: Hydrogels biodegradation experiments

Table AIV-1: Compost Florawiva® characteristics

parameter value*
degradation and maturation of green and
origin organic waste from separate waste
collection
pH 7-8.8
Organic nitrogen 20% (wiw)
C/N ratio 25
Humic carbon (humic acids + fulvic acids) 7%
electrical conductivity 1.8 mS/cm

*values declared by the producer - https://ambiente.aceapinerolese.it/

Table AIV-2: Compost Folrawiva® characterization (concentration expressed in
mag/kg)

Element Legal Limits Compost Florawiva®
Al - 19177 £ 963
Ca - 56365 + 2537
Fe - 16031 + 358
K - 11915 + 311
Mg - 9613 + 351
P - 11664 + 304
Ba - 155+7
Ce - 21+2
Co - 6+0.2
Cr - 69+5
Cu 230 100+5
La - 82
Mn - 410+ 8
Na - 1736 + 61
Ni 100 40+1
Pb 140 42+1
Sr - 177+6
Ti - 653 £ 50
\Y% - 17+2
Zn 500 2809
As - 41+0.1
Cd 15 11+0.2
Hg 15 0.05
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Table AIV-3: database for ANOVA analysis. Values represent PTES concentration
in compost samples and are expressed in mg/kg.

As Cd Cu Hg Ni Pb Zn

HY-ACMC Blank 1 3.069 0.984 97.460 0.376 38.384 39.786 272.319
HY-ACMC Blank 2 3.439 1.056 102.660 2.207 40.536 42951 293.717

HY-ACMC Blank 3 3.501 0.982 97.416 -0.662 38.583 47.694 274.944

HY-ACMC 1 4.073 1.276 99.404 -0.066 61.471 43.281 287.291
HY-ACMC 2 3.992 0.970 96.360 -0.065 42.266 40.448 278.419
HY-ACMC 3 4.305 1.013 101.758 -0.143 48.315 42.196 282.983

HY-ACMC Sterile 1 3.751 1.112 105.779 -0.041 44.783 42.361 290.865
HY-ACMC Sterile 2 3.967 0.959 95.639 -0.171 41.738 39.524 270.931
HY-MCHI Blank 1 3.444 1.136 102.714 0.120 45.212 40.399 285.129
HY-MCHI Blank 2 3.278 0.853 95.017 -0.472 48.224 39.664 284.220

HY-MCHI Blank 3 3.936 1.054 98.741 -0.095 51.058 39.506 282.052

HY-MCHI 1 3.819 1.098 105.772 2.287 43.714 40.771 279.234
HY-MCHI 2 3.950 1.071 101.768 1.262 42.319 41.966 286.506
HY-MCHI 3 4.025 1.082 100.735 1.802 42.364 41.325 285.722

HY-MCHI Sterile 1 3.590 1.127 103.122 1.220 40.340 41.789 294.287
HY-MCHI Sterile 2 4.045 1.079 103.086 1.757 41.659 40.975 293.213
HY-MGEL Blank 1 3.115 1.001 92.920 -0.249 42.905 37.273 254.687
HY-MGEL Blank 2 3.747 0.938 108.960 0.669 41.069 42.903 287.474

HY-MGEL Blank 3 4.013 1.010 95.082 -0.339 43.296 40.176 263.603

HY-MGEL 1 3.581 1.144 104.016 0.940 44.536 41.208 292.522
HY-MGEL 2 4.280 1.064 102.695 0.334 46.703 44.686 302.654
HY-MGEL 3 3.849 0.983 103.416 0.386 40.464 40.826 273.360

HY-MGEL Sterile 1 3.821 1.083 99.712 0.321 40.009 43.772 282.837

HY-MGEL Sterile 2 4.301 0.982 98.433 1.094 40.651 39.441 278.700

Compost T.Q. 1 4.035 1.146 97.052 0.130 40.561 42.663 274.891
Compost T.Q. 2 3.984 1.162 105.536 0.301 39.565 41.095 290.662
Compost T.Q. 3 4.184 0.853 97.936 -0.281 38.914 43.228 275.082
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Tables AIV-4: results of ANOVA for mercury concentration in compost samples
obtained with the statistical software XLSTAT, Dunnett’s test

AIV-4-1: Dunnett (bilateral) / Analysis of differences between Q1-TQ control mode
and other modalities with a 95% confidence interval

Mode Differenc Standardized Critic value Critic Pr > Diff significant
e difference difference
TQvs HY- 0,199 0,402 2,946 1,459 1,000 No
MCHI Blank
TQvs HY- 0,141 0,285 2,946 1,459 1,000 No
ACMC
TQvs HY- 0,023 0,046 2,946 1,459 1,000 No
MGEL Blank
TQvs HY- -1,734 -3,500 2,946 1,459 0,015 Si
MCHI
TQvs HY- -1,098 -2,217 2,946 1,459 0,203 No
MCHI Sterile
TQvs HY- -0,590 -1,192 2,946 1,459 0,795 No
ACMC Blank
TQvs HY- -0,577 -1,166 2,946 1,459 0,811 No
MGEL Sterile
TQvs HY- -0,503 -1,016 2,946 1,459 0,892 No
MGEL
TQvs HY- -0,035 -0,071 2,946 1,459 1,000 No
ACMC Sterile

AIV-4-11: Dunnett (one-sided left) / Analysis of differences between Q1-TQ control
mode and other modalities with a 95% confidence interval

Mode Difference Standardized Critic value Critic Pr > Diff significant
difference difference
TQvs HY- 0,199 0,402 -2,601 -1,288 0,215 No
MCHI Blank
TQvs HY- 0,141 0,285 -2,601 -1,288 0,176 No
ACMC
TQvs HY- 0,023 0,046 -2,601 -1,288 0,110 No
MGEL Blank
TQvs HY- -1,734 -3,500 -2,601 -1,288 0,000 Si
MCHI
TQvs HY- -1,098 -2,217 -2,601 -1,288 0,000 No
MCHI Sterile
TQvs HY- -0,590 -1,192 -2,601 -1,288 0,004 No
ACMC Blank
TQvs HY- -0,577 -1,166 -2,601 -1,288 0,004 No
MGEL Sterile
TQvs HY- -0,503 -1,016 -2,601 -1,288 0,006 No
MGEL
TQvs HY- -0,035 -0,071 -2,601 -1,288 0,086 No
ACMC Sterile
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AIV-4-111: Dunnett (one-sided right) / Analysis of differences between Q1-TQ
control mode and other modalities with a 95% confidence interval

Mode Differenc Standardized Critic value Critic Pr > Diff significant
e difference difference
TQvs HY- 0,199 0,402 2,601 1,288 0,785 No
MCHI Blank
TQvs HY- 0,141 0,285 2,601 1,288 0,824 No
ACMC
TQvs HY- 0,023 0,046 2,601 1,288 0,890 No
MGEL Blank
TQvs HY- -1,734 -3,500 2,601 1,288 1,000 No
MCHI
TQvs HY- -1,098 -2,217 2,601 1,288 1,000 No
MCHI Sterile
TQvs HY- -0,590 -1,192 2,601 1,288 0,996 No
ACMC Blank
TQvs HY- -0,577 -1,166 2,601 1,288 0,996 No
MGEL Sterile
TQvs HY- -0,503 -1,016 2,601 1,288 0,994 No
MGEL
TQvs HY- -0,035 -0,071 2,601 1,288 0,914 No
ACMC Sterile
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7.5 Appendix V: Supplementary data regarding photocatalysts for
self-sustaining systems and contaminant degradation

Figure AV-1: LED-RGB emission graph (Irradiance in W/m?)
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Figure AV-2: Adsorption isotherms of N, of synthesized samples (BET analysis)
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Figure AV-3: Element Mapping Analyses of the prepared photocatalysts
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Figure AV-4: High resolution O 1s, Sb 3d, C 1s, N 1s XPS spectra of prepared
samples
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b) Sb0.5-PCNBA0.2
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d) Sh5-PCNBAO.2

CPs

CPS

Sh5:C1s Sh5:Nls
x 10 x 103
] Name Pos. YoArea 10 Name Pos. YoArea
50] Cls1 2848000 1547 1 Nils1  398.7342 7475
Cls2 2865322 540 Nls2  400.1086 11.85
1 Clis3  288.2489 7510 N1s3 401.1622 10.12
Cls4 2934461 4.03 8] Nl1s4 404.2665 3.27

\II‘IIIF\II‘III'II.\ll

300 296 292 288 284 280
Binding Energy (eV)
Sb5:8b3d O 1s
)(102
70] Name Pos. “aArea
] Sh3d+ 530.3483 18.09
1 Sbhid- 5397145 1204
60] O1s 531.0726 69.87
— T TR
544 540 536 532 528 524

Binding Energy (eV)

245

LI I e e e e B
408 404 400 396
Binding Energy (eV)




CPS

CPS

e) Sh15-PCNBAO.2

Sh15:C s Shl5:N1s
20_K 102 X 102
18 Name Pos. YoArea 40_: Name Pos. YoArea
1 Clsl 2848000 39.25 1 N1s1 3985826 79.60
1 Cls2  2B6.6265 18.57 15 Nls2 3999531 11.57
16 C1s3  288.0979 41.29 N1s3 4009751 7.21

14

12

10

293.2898

0.88

@ 257

CP

Nl1s4 4038272 1.62

I T T T
284 280 412 408 404 400 396

6.
4
i B e B B
300 206 292 288
Binding Energy (eV)
Sb15:Sh3d O 1s
3
45_)(10
1 Name Pos. YoArea
40] sp3d+ 530.2730 2520 .
1 Sbid-  539.6363 16.77
35] O1s  530.6049 58.04
303
251
20
15
103
5]
= ' LI | T T | T T T ‘ T ‘: T T ’ T
544 540 53 532 528 524

Binding Energy (eV)

246

Binding Energy (eV)




Figure AV-5: Pictures of obtained Sbx-PCNBAO.2 samples
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Figure AV-6: Mott-Schottky curves of the synthesised materials
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Figure AV-7: XPS valence band of prepared samples
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Figure AV-8: The following pictures show a general survey spectrum for each sample
including the results of the quantification of detected elements. It must be taken into
account that the values obtained for Sh are overestimated due to the signal of Sb 3d
is overlapped with O 1s signal
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Table AV-1: The following tables show the results of the relative quantification
(atomic %) resultant from high resolution spectra of selected elements.

Sample / At. % C1s N 1s O1s Sb 3d
PCNBA 46.55 51.57 1.89 -
Sh0.5 45.66 52.93 1.30 0.1
Sh3 44.83 52.78 2.01 0.38
Sh5 44 .84 50.06 3.56 1.54
Sb15 35.93 25.33 2248 16.25
i-PCNBA 44.90 53.25 1.85 -
i-Sb0.5 46.57 51.93 1.36 0.14
i-Sb3 45.98 51.28 223 0.51
i-Sb5 45.11 50.40 3.42 1.07
i-Sb15 33.14 21.52 26.51 18.83
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Figure AV-10: EPR signals of DMPO-OH (green), DMPO-02-(blue), and TEMP-
singlet oxygen (red). Signals were obtained for eCNm, CNm, CNd, CNdac, and
aCNd aqueous suspensions under Simulated Solar Light irradiation at room

temperature
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Figure AV-11: Solid EPR spectra at 77 K in the dark and after 30 min irradiation with
Simulated Solar Light. Intensities are normalized for 1 mg of sample. Experimental

conditions: microwave frequency 9.42 GHz; microwave power 5 mW; modulation

amplitude 2 Gauss.
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Figure AV-12: EPR signal area difference between irradiated and dark samples (Sir
— Sdark) VS the specific surface area (Asp) of the corresponding sample. Inset:
Correlation plot of (Sir — Sdark) VS methyl orange removal [MO RE (%)]. The specific
surface areas measured for the samples are 8.7+0.1, 7.27+0.08, 30.4+0.1, 28.0+0.2,
45.6 and 54.7+0.5 for CNdac, CNd, aCNd, CNm, eCNm and CNu respectively.
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