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To all curious people

“A scientist in his laboratory is not a mere technician: he is also a child
confronting natural phenomena that impress him as though they were
fairy tales.” - Marie Sktodowska Curie






Abstract

The herein reported thesis finds its roots in the concepts of sustainability and circular economy and has as
purpose the valorisation of agro- and fishery-waste for the production of added-value products. In particular,
different types of waste biomass were used as starting material for the synthesis of carbon dots (CDs) used
as photocatalysts, for the obtainment of biopolymers, namely collagen and chitin, and for the extraction of
valuable compounds using supercritical CO,.

The investigation started studying the dependence of structure and photocatalytic behaviour of CDs on the
carbon source. Six different types of carbon nanoparticles were synthesized from citric acid, glucose and
fructose and compared from the morphological and optical point of view revealing a strong correlation of
their properties with the starting material and the synthetic method. The citric acid-derived CDs were then
employed to photoactivate the atom transfer radical polymerization of a methacrylate leading to the
obtainment of the polymer in high conversions (89%) and narrow dispersity (1.4). The study on CDs
proceeded then with the employment of more complex starting material, namely fish scales. Naturally
nitrogen doped carbon dots were successfully synthesized starting from bass scales, fully characterized and
employed as photocatalyst for the reduction of methyl viologen. The bass-CDs were compared with classic
citric acid-derived CDs resulting in lower lifetime of the excited state (7.0 ns vs 13.0 ns of a-N-CDs), mass
absorption coefficient (0.37 L-g™* cm™ vs 10.93) and quantum yields (6.0% vs 17.3%), but higher initial
photoreduction rate (7.5:10® M-s™* vs 4.9-10" M-s™! for absorption normalized experiment). The fishery
waste-derived nanoparticles were then applied as photocatalyst for the continuous flow degradation of azo
dyes highlighting a quantitative degradation of five model dyes in only 2 min. This study was conducted
during a research period abroad (September 2021-April 2022) in the laboratories of the Université de Liege
under the supervision of Professor Jean-Christophe Monbaliu.

The interest on the upgrading of fishery waste was then developed more during the second part of this thesis
where studies on the possibility to extract biopolymers from fish scales or crab carapaces were conducted.
After a review study on the production of UV-shields using biopolymers, an investigation on the preparation
of UV-blocking films from mullet scales-derived gelatin and bass-CDs was conducted. The obtained materials
were fully characterized from the morphological, mechanical and optical point of view; by adding just 5% of
CDs the films blocked almost 70% of the UV radiation with negligible change in opacity (1.32 for non-loaded
vs 1.61 for 5% CDs) and in transparency (88.6% for the non-loaded vs 84.4% for 5% CDs). A further study on
the possibility to obtain chitin from crab shells using a one-step protocol using ionic liquids was then
conducted. All characterization data confirmed that in the conditions tested, ammonium formate prepared
in situ seems to be a promising candidate for one-pot chitin pulping process, allowing quantitative isolation,
high purity and a high degree of acetylation (DA > 90%).

To have a complete overview on the possibility to exploit waste biomass for the production of added-value
products, an investigation on the valorisation of agro-waste was then conducted. In this frame, a supercritical
CO, extraction method was developed to obtain natural preservatives from hops and jimsonweed. scCO;
extracts were compared to ethanolic ones (Soxhlet technique): the supercritical fluid led to the selective
extraction of volatile compounds, such as terpenes, terpenoids, bitter acids and fatty acids, resulting in a
better recovery for preservatives. The scCO, technique was then applied to obtain fatty acids for cosmetic
formulations from fruit pomace, resulting again more selective when compared to classical organic solvents.
This part of the thesis was developed in collaboration with Universita degli studi di Padova for the analytical
characterization of the extracts, and two industries, namely Rigoni di Asiago Srl (for the supplying of fruit
pomace) and Unifarco SpA (for the possible cosmetic and nutraceutical application).
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1. Introduction

This thesis focuses on the chemical valorisation of waste biomass for the obtainment of added-value
products. In particular, two types of waste, fishery and agricultural, were used for the preparation of different
products: carbon dots further used for photocatalysis; biopolymers, in particular collagen and chitin; and
active chemical products, namely preservatives and fatty acids for the cosmetic industry. The two crucial
concepts that inspired this investigation are Sustainability and Circular Economy. These two models will be
discussed in the introductive chapter, followed by a more detailed analysis on the type of waste used as
starting materials during this study (fishery waste and agro waste see Sections 1.2 and 1.3), and by a chapter
for each of the different processes and applications studied in this thesis. Each of them will be explained and
examined at the beginning of every section (Carbon Dots in Chapter 3, Biopolymers in Chapter 4 and
supercritical CO; extractions of actives in Chapter 5).

1.1 Sustainability and Circular Economy

SUSTAINABILITY

“Sustainability is becoming a key business imperative, as the eternal search for domination over nature is

replaced by the challenge of achieving environmental balance”.*

The first pillar on which this thesis is founded and that inspired our investigations is sustainability.

The concept of sustainability finds its roots on the silvicultural principle of the 18™ century that the amount
of harvested wood should not exceed the volume that is able to grow again.? Later on, this idea has been
transferred to other contexts, such as ecology, as the respect of the ability of nature to regenerate itself.
Sustainable development has then been defined in 1987 by the World Commission on Environment and
Development, aka Brundtland commission, as the “development that meets the needs of the present without
compromising the ability of future generations to meet their own needs”.>* Anyway, around 300 different
definitions of sustainability are estimated to exist.> To cite some others, it can be defined as a situation in
which human activity is conducted in a way that conserves the functions of the earth's ecosystems,® a
transformation of human lifestyle that optimises the likelihood that living conditions will continuously
support security, well-being, and health, particularly by maintaining the supply of non-replaceable goods and
services,” or an indefinite perpetuation of all life forms.2 However, the most accepted definition remains the
one given by the Brundtland Commission. To be meaningful, however, this concept must include the
maintenance, renovation or restoration of something specific, but it also has to include a more ethical
dimension based on fairness of trade-off between the current economy and the future needs of the
environment. Sustainability is, indeed, more and more incorporated into both agendas of policymakers and
into companies’ strategies. The spread of interest on sustainability can be tracked back to when increasing
evidence on global-scale environmental risks (e.g. climate change, biodiversity loss, ozone depletion or
alteration of the nitrogen cycle, pollution just to name a few) started to be noticed. The investigation on
these threats is ongoing since the 60s and it never stops raising questions about whether the present
prosperity trends will be able to be maintained in the future.® The term “sustainable development” was
initially driven by environmental concerns but then started to comprise a plethora of expectations for
desirable progress becoming more and more wide and heterogenous.® The three pillars of sustainability are
called the “triple bottom line” and are considered to be people, profit and planet!! and, more specifically
after the World Summit in 2002, they refer to the balanced integration of economic, social and environmental
performances. These three spheres, indeed, are intimately connected and continuously affect one another'?



acting as three pillars that are interdependent, that can mutually reinforce themselves and that can be
adapted to a wide range of contexts.’® During the last decade, sustainability has been more and more
institutionalised into policymakers’ agendas and into strategies of large organizations becoming more
embedded into the rules that structure social interventions and shape behaviours. Among them, the most
recent and famous is certainly the 2030 Agenda for Sustainable Development, adopted by all United Nations
Member States in 2015. This action plan provides a shared proposal for peace and prosperity for both the
people and the planted. The core of Agenda 2030 is composed by its 17 Sustainable Development Goals
(Figure 1.1.1) which represent a call for action by all countries in a global partnership. The central idea at the
base of the Goals is that the end of poverty and other deprivations must go together with strategies that
improve health and education, reduce inequalities, and spur economic growth while tackling climate change

and working to preserve oceans and forests.'
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Figure 1.1.1. Sustainable Development Goals of the 2030 Agenda for Sustainable Development from the United
Nations.**

In particular, the idea at the base of this thesis is inspired principally by Goals 12, 13 and 14 (Figure 1.1.2).
Goal 12 is focused on ensuring sustainable consumption and production patterns. The economic
development during the last decades, indeed, has been accompanied by environmental degradation and
there is a need to reverse this trend and shift the consumption and production patterns towards a more
sustainable course. For a successful transition different hurdles must be overcome, such as in resource
efficiency, consideration of the entire life cycle of economic activities and active engagement in multilateral
environmental agreements. The reduction of food loss and waste, indeed, can contribute to environmental
sustainability by lowering the impact and cost of production and by increasing food chain efficiency.
Nowadays almost 14% of the food is lost after harvesting, during transport, storage and processing, with
blatant ethical implications but also amounting to a cost of over 400 billion dollars every year. In addition,
we are polluting water faster than nature’s ability to recover and purify it in rivers and lakes. The purpose of
Goal 13 is to take actions to tackle climate change and its impacts. Climate change is affecting every country
in the world and, this last decade has been the warmest ever on record, bringing to a plethora of climate
disasters across continents. Efforts must be increased to overcome this problem: the world must transform
its energy, industry, food, transport and agriculture sectors to limit the global temperature rise. Joining the
aim of this goal, many companies are committing to lowering their emissions, but we still need a much
greater scale of annual investment in order to achieve a low-carbon and climate-resilient transition. The last
of the three goals that inspired this thesis, is Goal 14. This aims to preserve and exploit in a sustainable way
oceans, seas and all marine resources. Oceans absorbs around 23% of the annual carbon dioxide emissions
and helps to mitigate the impacts of climate change absorbing more than 90% of the excess heat. Despite
the importance of water habitats form economic, social and environmental point of view, decades of
irresponsible exploitation have led to an alarming level of degradation. Every year, an estimated 5 to 12



million metric tonnes of plastic enters the ocean and circa 89% of plastic litter found on the ocean floor are
single-use items like plastic bags.
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Figure 1.1.2. Focus on Agenda 2030 Goals 12, 13 and 14 on which this thesis is based.*

CIRCULAR ECONOMY

“As it is in nature, the concept of “waste” must disappear from our design frameworks, such that we instead

think in terms of material and energy flows”.*®

The second concept on which this investigation was built is Circular Economy.

Despite the abundant presence of cycles in nature, such as the one of water or nutrients, humans continue
to “produce, use, dispose”. One of the main examples is given by plastic: one third of plastic waste is not
collected or managed but simply discarded increasing enormously the amount of non-treated waste
worldwide.® A “circular economy” (CE), instead, would turn goods that are at the end of their lives and waste
into valuable resources, closing loops in industrial ecosystems and minimizing waste (Figure 1.1.3). In other
words, the current economic pathway comprises taking of materials form the Earth, the production of goods
and discarding them as wastes, in a linear process. In circular economy, by contrast, the aim is to stop waste
from being produced in the first place. CE is mainly based on three principles: the elimination/reduction of
waste and pollutants, the circulation of products and materials, and their regeneration.'” This concept is
supported by the transition to renewable energy and materials, it can decouple economic activities from the
consumption of finite resources, and it represents a system that is good for people, business and the
environment. A complete shift to CE would reduce each nation’s greenhouse-gas emission up to 70%.

To better explain, in a linear economy, natural resources are turned into base materials and products for sale
through a series of value-adding steps. After sale, the owner decides whether to reuse, recycle or discard the
goods after their usage. Linear economy is therefore driven by “bigger, better, faster, safer” concept and is
based on economic growth (profit), in turn fuelled by fashions, emotions and progress. Companies, indeed,
increase their profits by selling the highest possible volumes of the most economically convenient and
appealing products. In CE, instead, the reprocessing of goods and materials can generate new jobs and save
energy while reducing the consumption of resources and the generation of waste. The final aim of CE is to
maximize value at each point in a product’s life and avoid production of non-useable waste. To realize a
circular economy research and innovations are needed at all levels: commercial, social, scientific and
technological. Obviously, this issue concerns also the chemical sector which is asked to understand what kind,
nature and production processes of synthetic chemicals will be needed for a sustainable civilization. Today’s
chemical sector follows a linear path: feedstocks (often fossil ones) are exploited through the production
chain that usually relies on highly reactive, toxic and persistent reagents. The majority of these processes, in
addition, generate waste with rates higher than the products of interest (e.g., 5 to 50 times for specialty
chemicals and 25 to 100 times for pharmaceuticals).® Thanks to the advances in Green Chemistry and Green
Engineering it has been demonstrated that more performances and functionalities from chemicals and



processes can be realized. Conditions and circumstances by which we produce and use chemicals must be

changed together with the nature of chemicals and reagents themselves.%2°
Using resources for the longest time possible could cut some nations’ emissions by
up to 709, increase their workforces by 49 and greatly lessen waste
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Figure 1.1.3. Pictorial representation of Circular Economy from reference.'®

As for sustainability, also CE is becoming part of action plans of different countries, associations and
companies. One example is given by the new Circular Economy Action Plan of the European Commission
(Figure 1.1.4). This plan has been adopted in March 2020 and it is one of the main building blocks of the
European Green Deal: the new European Agenda for sustainable growth. The transition of the European
Union to circular economy will reduce the pressure on natural resources and it is one of the prerequisites to
achieve the EU’s 2050 climate neutrality target and halt biodiversity loss. A plethora of different initiatives
concerning the entire life cycle of products are comprised in the plan. In particular, it aims to a more
conscious production and design of products, together with an encouragement in sustainable consumption
and prevention of waste.?

The benefits of the European Green Deal

The European Green Deal will improve the well-being and health of citizens and future generations

by providing:
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Figure 1.1.4. European Green Deal 2050 goals.??



1.2 Fishery Waste

The fishery and aquaculture production has seen a massive increase in the last seven decades, led by the
growth of global population, urbanization, industrialization and fishing technologies. Indeed, in 1950 the
production was around 19 million tonnes (live weight equivalent) and it reached an all-time record of 179
million tonnes in 2018 following an annual growth rate of 3.3%.2? In particular, the main driver of growth
total production since late 1980s has been the aquaculture production: in 2020 51% of fish production
derived from capture fisheries and 49% from aquaculture, while in the past capture represented always the
main source (Figure 1.2.1). On the basis of these data, total fisheries and aquaculture production is expected
to expand further and reach 202 million tonnes in 2030 (Figure 1.2.1, b).
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Figure 1.2.1. World capture fisheries and aquaculture production a) from 1950 to 2020; b) from 1980 and previsions
until 2030.%

Asian countries produced 70% of the total fish in 2020, followed by the Americas (12%), Europe (10%), Africa
(7%) and lastly Oceania (1%). In particular, China is the major producer (35% of total world fish), followed by
India (8%), Indonesia (7%), Viet Nam (5%) and Peru (3%): these five countries were responsible of 58% of the
world fisheries and aquaculture production in 2020.



A plethora of different species are harvested every year, with different numbers and species according to the
fishing region. Together with the production, also the global consumption of fish is increasing significantly:
nowadays we consume more than five times the quantity that was consumed 60 years ago. In 2019, global
aquatic food consumption was estimated at 158 million tonnes, up from 28 million tonnes in 1961.2 Per
capita consumption was influenced most strongly by increased supplies, changing consumer preferences,
advancements in technology and income growth. Overall, by 2030, the amount of aquatic food for human
consumption is projected to increase by 24 million tonnes compared with 2020, reaching 182 million tonnes.

Obviously, together with the increase of consumption and production of fish, the amount of fish waste also
increased: it has been estimated that about two-thirds of the total amount of fish is discarded as a waste,
leading to huge economic and environmental issues.? Thanks to the growing attention on sustainability and
circular economy, it has been understood that the use of discarded marine materials can be a strategy to
achieve a circular bioeconomy.

Composition and current use

Although the data on the amount of fish waste are not clearly defined, it can be estimated in the order of
dozens of million tons per year, representing a resource of an extraordinary chemical richness.?* Nowadays,
fishery waste is commonly used for the production of fertilizers, fishmeal or fish oil, used for direct feeding
in agquaculture®?2® or partly discarded.?’” However, in order to overcome environmental issues, a better
management of the fish biowaste is needed, in particular for a complete use of biomass for high-commercial
value purposes. Recently, indeed, several studies reported the possible use of this type of waste as a natural
source of interesting compounds such as biopolymers (like collagen and chitin), enzymes and peptides,
minerals and polyunsaturated fatty acids (PUFAs) that can be suitable in different fields from biotechnological
or pharmaceutical applications.?82%:3031

Collagen is an abundant and structural protein with a triple helix structure that can be used in a plethora of
different fields: pharmaceutical, biomaterial, food and nutraceutical®*3* (see Chapter 4.2.1 for further
details). Collagen, indeed, is one of the most promising biopolymers for the construction of scaffolds in tissue
engineering thanks to its ability to promote cell regeneration,3* its biosafety and biocompatibility and weak
antigenicity. Another interesting aspect is the use of collagen as biomaterial in wet wound dressing.?® To date
different part of fish biowaste, from skin to scales, have been used to produce collagen finding applications
ranging from food packaging,®¢3” wound healing®®3° and for antioxidant purposed.®#!

Chitin is a long chain polysaccharide composed of N-acetyl-B-D-glucosamine units*? and it is the second most
abundant biopolymer in nature after cellulose (see Chapter 4.3 for further details). Chitin can be easily
transformed in its more soluble form, chitosan, via deacetylation. The properties of chitosan and chitin make
them suitable for a great number of applications ranging from medical, pharmaceutical and cosmetic.2%4344
Chitosan, in particular, is used for the production of several consumer products such as antiseptics, food,
textiles, cosmetics and so on, and it is becoming more and more attractive also as therapeutic agent due to
its antibacterial and antifungal characteristics.

Different studies describe marine organisms as sources of bioactive proteins/peptides* and several among
them have been isolated from fish waste such as scales, bones, heads, gonads and viscera.3%% Also fish oil is
one of the main products that can be obtained from fish biowaste and it is principally used as ingredient in
the aquaculture industry.*” Fish oil is mainly composed by triglycerides, phospholipids, wax esters and
glycerol ethers being one of the most nutrient and digestible ingredients derived from fish. The fatty acid
profile is composed mainly from PUFAs, also known as omega-3, essential fatty acids that cover a wide range
of important functions in the human body.*®



According to the report “The state of world fisheries and aquaculture 2022” published by the Food and
Agriculture Organization of the United Nations (FAQ),?* fishery by-products may represent up to the residual
70% of processed fish. These by-products are composed by heads (9-12% of total weight), viscera (12-18%),
skin (1-3%), bones (9-15%) and scales (around 5%). The processing of fish waste involves, however, some
environmental and technical challenges due to the high microbial and enzyme content and to the rapid
degradation of the raw materials. The development of new materials based on fish biowaste can, anyway,
provide an interesting alternative useful to reduce environmental impact of this sector.

Perspectives and use in this work of thesis

Different initiatives are being implemented in order to create a more sustainable fishery sector. The Roadmap
for Blue Transformation, for example, aligns with the 2021 Declaration for Sustainable Fisheries and
Aquaculture of the Committee on Fisheries of FAO* and it is focused on maximizing the contribution of
aquatic food systems to the Sustainable Development Goals (see Section 1.1). The Blue Transformation
Roadmap, indeed, recognizes the need to support Agenda 2030 principles for a more sustainable society. In
fact, it supports an evolving and positive vision for fisheries and aquaculture in the 21 century to contribute
to fight poverty and malnutrition together with a quick response to climate change, ocean conditions and a
commitment to sustainability. Among the goals set by the FAO, there are the recognition of the importance
of the integration of conservation and sustainable utilization of the ecosystems together with a reduction of
the impact of marine litter and of discards and by-catch issues. In addition, another key point, is the reduction
of pre- and post-harvest loss and waste together with an increase in the value of fish products in support of
a more sustainable and inclusive ocean economy (Figure 1.2.2).

Objective

Upgraded value chains ensure the social, economic and environmental
viability of aquatic food systems

Outcomes

« Significantly increase in global per capita fish consumption,
especially across Global South.

+ Reduce global fish loss and waste by half by 2030.°

» Current and potential exporters in developing countries can comply
fully with import market requirements of major import countries.

« All forms of discrimination and abuse against women throughout the
value-chain phased out.’

Figure 1.2.2. Target V1 of the Roadmap for Blue Transformation: Efficient value chains that increase profitability and
reduce food loss and creation of waste.*®

Innovative ways of enhancing economic returns for the fishery sector can offer valuable alternatives useful
to maximize value beyond the conventional options, paving the way for improved sustainability.

In this thesis fishery wastes, in particular scales of sea bass and mullet and spider crab shells, have been used
to produce high added-value materials with a view for Green Chemistry and Circular Economy. In summary:

- Sea bass scales have been used as starting material for the preparation of luminescent
Carbon Dots (bass-CDs) further used as photocatalyst in the purification of wastewaters from
pollutants.

- Mullet scales have been exploited for the preparation of biodegradable collagen based- films
that act as UV-shields thanks to the action of the above-cited bass-CDs.

- Spider crab shells have been used for the green extraction of chitin using ionic liquids (ILs) as
greener pulping agents instead of conventional chemical techniques.



1.3 Agro waste

Even though definitions of food loss and waste vary,*>>1°2 the United Nations defined agricultural waste as
the waste produced as a result of various agricultural operations.>® In detail, agro waste are the residues
derived from the growing and processing of raw agricultural good: vegetables, fruits, meat, poultry, dairy
products and crops. They can be seen as the “non-product” output of agricultural processing, and they can
contain valuable materials. Depending on the agricultural activity and on the geographical area, the
composition of these waste can be very different. Among agricultural waste we can find animal waste
(manure, animal carcasses), food processing waste (e.g. only 20% of maize is used while 80% is wasted), crop
waste (sugarcane bagasse, corn stalks...) and toxic and hazardous agricultural waste (insecticides, herbicides,
pesticides...) (Figure 1.3.1).*

*  Husks
el « Sugarcane bagasse
Waste « Corn stalks
Animal * Animal excreta
waste ¢ Animal carcasses

Agricultural

WENE

Processing +  Packaging
e materials

Hazardous * Herbicides
Waste * Pesticides
* Insecticides

Figure 1.3.1. Types of agricultural waste.

Agricultural production increased more than three times over the last 50 years, reaching around 23.7 million
tons of food every day (Figure 1.3.2).5° This great expansion is due to the technological progress, the
extension of agricultural soils and the growth of population and it is creating a great pressure on the
environment with a negative impact on soil, air and water resources.>® The agricultural sector, indeed, is
responsible for the 21% of the greenhouse gases emissions. Being one of the largest sectors, agriculture has
also the highest production of biomass, an essential input for bioeconomy.>” The recovery and reuse of agro-
waste represents therefore an opportunity; going from the replacement of fossil fuels, and consequent
reduction of greenhouse effect,*® on to the development of new green markets and jobs promoting the
conversion of this waste into value-added products.>>%°



@ QUICK FACTS

> Agriculture produces an in 2050 will need to come from
average of 23.7 million tonnes land already under cultivation.
of food every day.

> Seventy-five percent of the

> To provide for a population genetic diversity of crops has

of 9.7 billion in 2050, food already been lost.
production will need to increase
from the current 8.4 billion tonnes > Some 31.4 percent of the

commercial wild fish stocks
regularly monitored by FAQ were
> Fifty percent of the additional overfished in 2013, a level that has
food required to meet demand been stable since 2007,

to almost 13.5 billion tonnes a year.

Figure 1.3.2. Facts and data about agriculture and food industry nowadays, from reference.>®

The expansion of agriculture, obviously, leads to increased crop residues, livestock waste and agro-industrial
by-products and, the continuous intensification of the farming system will imply a continuous increase in this
type of waste. It is estimated that about 998 million tonnes of agricultural waste are produced every year>*
and this often creates environmental and economic burdens. In Table 1.3.1 the most common type of
agricultural waste and their sources are listed.®!

Table 1.3.1. Source, composition major producer and yearly amount of the most common agro waste.

Yearly amount in 2020

-, . a
Entry Source Composition Major Producer [#! (millions of tonnes) ¥

1 Sugarcane Sugarcane tops, bagasse and molasses Brazil >750

2 Maize Stover, husk, skin trimming, cobs United States >350

3 Rice Husk, bran China and India >300

4 Wheat Bran, straw China >130

5 Millet Stover India >12

6 Oat Straw Russia >5

7 Pineapple Outer peel, crown, bud ends, trimming Philippines >2.5

l(1Source: Food and Agriculture Organization Corporate Statistical Database (FAOSTAT).%?

As already stated, agro waste can be turned into valuable resources such as bioenergy, biomaterials, bio-
fertilizers and biomolecules.®*% This exploitation is a complex and multi-disciplinary problem that is being
widely approached from the technological point of view.5566:67.68

Composition and current use
In this thesis, agro waste from selected crops, weeds and fruit, in particular hops, jimsonweed and berry
pomaces, have been used.

Waste derived from fruit and vegetable processing has a similar nature to the food itself; they are, indeed,
derived from trimming, culling, juicing and blanching of the raw materials. Generally, the main components
of fruit and vegetables waste are starch/cellulose and sugars, but the fine composition can change
enormously depending on the type of biomass (regarding the profile of fatty acids, terpenes, vitamins...).

Many processes are used to provide bioenergy or valuable chemicals starting from this type of waste, while
helping pollution control and circular economy. Agro-waste from food industry is, indeed, ideal candidates
for bioprocessing thanks to their high amount of easily degradable organic materials that can make it a
potential commodity for the production of bioenergy and biochemicals, possibly reducing our dependence
on fossil fuels.®® Among the transformation procedures we can find pyrolysis, methane recovery, gasification,
bacterial digestion for hydrogen production and bioethanol production. In 2006 the 10% of the world energy



was represented by bioenergy’ and, in last years the biofuel production significantly increased the crop
demand.”* Anyway, bioenergy production cannot entirely satisfy the energy demand of our society making
the production of high-value chemicals from waste more feasible.

The most widespread uses of agro waste include anaerobic digestion, pyrolysis, as metal absorbers and direct
combustion and some others.>* With anaerobic digestion it is possible to obtain methane from wastes and it
is performed with a two-step microbial fermentation. One of the most used fermentation process from food
and agro waste is the lactic acid fermentation from which lactic acid is produced and subsequently used for
polylactic acid preparation.®® In recent year, agro waste was proven to be also a cheap alternative for the
treatment of heavy metals containing wastewater. In particular different researchers demonstrate the ability
of sugarcane bagasse’? and rice husk,”® among others, to absorb metallic pollutants. Another common waste
treatment is pyrolysis in which biomass is heated at high temperature (400-600° C) in absence of oxygen to
produce char together with oil and low heating value gas. Pyrolysis is considered a high-technology process
for the treatment of agricultural waste together with hydrogenation and hydro-gasification that are used for
the production of chemicals and for energy recovery. However, of all processes that can be used to convert
agricultural waste, combustion is still the dominant technology accounting more than 95% of all biomass
energy utilized today.” Complete combustion of agro waste release energy with the simultaneous formation
of carbon dioxide and water.

Considering the enormous amount of interesting compounds present in agro-waste matrixes (i.e. terpenes,
fatty acids, polyphenols), different types of extractive methods to retrieve them are nowadays gaining
interest. In order to obtain active molecules, traditional extraction procedures use chemicals or solvents able
to disrupt the cells or the tissues of the matrix; among these acid or alkali extraction and solvent extraction
can be named. However, the majority of these techniques necessitate high temperatures, a considerable
amount of time and the use of hazardous solvents that can leave traces in the final products.” More modern
extractive techniques try to solve these problems maximizing the selectivity towards the desired compounds
and avoiding the use of environmental unfriendly dangerous solvents. The so called “green extractions” are
based on the discovery and design of extraction processes which reduces energy consumption, allows the
use of alternative solvents, produces renewable natural products, and ensures a safe and high-quality extract
and or products; among these it is possible to find microwave or ultrasound assisted extractions and
extractions performed using supercritical fluids.”® In particular, the possibility to use supercritical CO; (scCO,)
as an alternative to classical extractive technique for the generation of high added value products is receiving
widespread interest thanks to the direct application in industries, such as food and pharmaceutical.
Moreover, the possibility to work at lower temperatures, that can be responsible for the destruction of
valuable substances, and the avoidance of product contamination with solvent residues’” are contributing to
candidate supercritical fluids extraction as a promising alternative to conventional extraction techniques.

Perspectives and use in this work of thesis

From this analysis it came out that agriculture seems to be posing new challenges with a need to create a
more sustainable sector. This situation has driven a model with a more balanced development that would
imply severe changes in the agricultural production system.”® The warn of the World Commission on
Environment and Development about the environmental crisis due to fast population growth that implied an
increased demand of natural resources,’”® lead to the articulation and coordination of political actions
worldwide for a better management of these resources to ensure durable human progress.® From 1992 Rio
Declaration on Environment and Development, indeed, new models of sustainable development, that
comprise environmental, economic and social factors, were consolidated.®! Those guidelines were oriented
since then to global development objectives such as the Millennium Development Goals in 2010 and the
Agenda 2030 Sustainable Development Goals in 2015, that reflect the desire of world leaders to implement
strategies for the preservation of natural resources to guarantee environmental sustainability.?8 These
goals pose the need for real reforms where the transformation of biowaste to valuable products plays a
crucial role.
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In this thesis different types of agro waste were used to perform scCO, extractions to obtain high added-
value compounds. In particular:

- Hops leaves and jimsonweed were used for the obtainment of natural preservatives that can
be exploited, for example, in the cosmetic industry.

- Different fruit pomaces (raspberry, blueberry, pomegranate, wild strawberry, blackberry and
blackcurrant) obtained as waste from the food industry were used as starting material to
obtain interesting fatty acids used in cosmetic and nutraceutical formulations.
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2. Aim and Structure of the Thesis

The common thread of this thesis is the valorisation of waste biomass, both from fishery as well as from
agriculture, for the production of carbon dots, biopolymers and active molecules. The results have been
collected and discussed in three chapters (Chapter 3: Carbon Dots, Chapter 4: Biopolymers and Chapter 5:
Supercritical CO; extractions).

Chapter 3 describes the synthesis, characterization and applications of CDs. The first part contains a study on
the correlation between the morphological and photo-optical behaviour of CDs synthesized starting from
biobased molecules (citric acid, glucose and fructose) (Chapter 3.2). Chapter 3.3 applies the obtained
knowledge and describes how nitrogen-doped CDs made from citric acid photocatalyse the atom transfer
radical polymerization of methacrylates. After understanding how to produce CDs from simple biobased
molecules, complex organic fishery waste was investigated as the carbon source for the production of CDs
with a view to Circular Economy. CDs prepared from sea bass scales were synthesized, characterized and
tested for their single-electron transfer ability towards methyl viologen (Chapter 3.4). The fish-derived CDs
were then used as photocatalyst for the continuous flow degradation of azo dyes, a typical wastewater
source of pollution (Chapter 3.5). These studies gave us an insight on the possibility to valorise fishery waste
for added-value products and processes.

Fish wastes are composed mainly by two biopolymers, collagen and chitin. The research described in Chapter
4 continued with the valorisation of these materials, through a combination of selective extraction and
application of these two biopolymers. After a review study on the production of UV-shields from biopolymers
(Chapter 4.2) an investigation on the possibility to extract collagen from mullet scales and use it to produce
UV-blocking films with sea bass-derived CDs as additive (Chapter 4.2.1) was performed. A study on the
possibility to extract chitin from crab shells using alternative methods based on ionic liquids was also
performed (Chapter 4.3).

To have a complete overview on the possibility to exploit waste biomass for the production of added-value
products, in Chapter 5 an investigation on the valorisation of agro-waste is described. In this frame,
supercritical CO, extraction methods were developed to obtain natural preservatives from hops and
jimsonweed (Chapter 5.2) and fatty acids for cosmetic formulations from fruit pomaces (Chapter 5.3).

In Figure 2.1 a graphical representation of the structure of this thesis is reported.

This thesis was developed in the Green Organic Synthesis Team (GOST) of the Universita Ca’ Foscari di
Venezia, led by Prof. Alvise Perosa, Prof. Maurizio Selva and Prof. Giulia Fiorani. In addition, part of the
research activities of this PhD program was carried at the Univeristé de Liége in Belgium in the laboratories
of the Center of Integrated Technology and Organic Synthesis (CiTOS) led by Prof. Jean-Christophe Monbaliu.
In particular, during the period at CiTOS group, the utilization of fish derived carbon dots for continuous flow
photochemistry was investigated.
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Figure 2.1. Schematic representation of the structure of this work of thesis.
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3. Carbon Dots

Carbon Dots (CDs) are carbon nanoparticles discovered in the early 2000s by chance from the purification of
single walled nanotubes. These nanoparticles have, nowadays, gained more and more interest in many
different fields thanks to their unique properties: they are biodegradable and biocompatible, water soluble,
non-toxic, easy to functionalise and possess a tunable fluorescence. Among the fields of utilization of CDs,
photocatalysis appear as a promising area for the exploitation of their luminescence. This chapter revolves
around the synthesis of CDs, from biobased molecules and from waste biomass, their characterization and
their application as photocatalyst for the photoreduction of methyl viologen, the photopolymerization of
methacrylates and the photodegradation of azo dyes.

3.1Introduction: nanomaterials
The field of nanotechnology is considered to be one of the most promising of modern chemistry and materials
research. Anyway, nanomaterials have been used and exploited for their unique properties since ancient
times: more than a thousand years ago, for example, gold nanoparticles were used as inorganic red dye in
Chinese porcelains.! The first time that the term “nanomaterial” was used, dates to 1959 during the famous
lecture of Richard P. Feynman “There’s Plenty of Room at the Bottom”,? considered, for this reason, one of
the fathers of nanotechnology. In his lecture, the Nobel prize hypothesized that the nanoscale can be small
enough for extreme minimization but, at the same time, large enough to arrange structural complexity and
raise interesting properties. Since then, numerous researchers put their effort to synthesize, characterize and
apply a plethora of different classes of nanomaterials. To date nanomaterials are defined as materials that
possess at least one dimension that is lower than 100 nm.3? This dimension, called as a consequence
nanoscale, was chosen as threshold after the observation that, under this value, new properties are observed
in the material, such as new optical (e.g. fluorescence?) or physical properties (e.g. change in melting point
or in conductive properties®). Different classes of nanomaterials are defined based on the number of
dimensions that are in the nanoscales: nanoplates (only one dimension < 100 nm), nanofibers (two
dimensions < 100 nm) and nanoparticles (NPs, all dimensions < 100 nm). Another distinction is made by
looking at the composition and choice of the starting materials, dividing them in two families: metals or
carbon-based. The first studied and applied family has been the one of metal nanomaterials. An example is
given by gold NPs widely known for their versatility and applied in a variety of fields from sensors® to drug
delivery.” Another representative case is titanium dioxide NPs that are nowadays one of the most diffused
and used nanomaterial, finding applications that space from the food and personal care industry® to
photocatalysis® and utilization in electronic devices.'® However, the use of metal-based nanomaterials gave
raise to questions related to their toxicity and possible accumulation in living organism or in the environment.
For this reason, carbon-based nanomaterials emerged as a possible substitute thanks also to their high
versatility. Besides the richness and diversity of carbon, indeed, carbon nanomaterials present outstanding
thermal, chemical, mechanical and electrical properties. The discovery of these materials (see Figure 3.1.1)
started in 1985 with the finding of fullerenes by Kroto, Curl and Smalley that proposed the formation of highly
symmetrical molecules with 60 carbons at the vertices of a regular truncated icosahedron.!! In the following
years, a variety of other fullerenes were synthesized by changing the number of carbons or derivatizing their
surface. Up to date, fullerenes are used in a great number of applications thanks, principally, to their high
superconducibility.>?3 In 1991, the discovery of carbon nanotubes gave again more interest to the field of
carbon nanomaterials due to their incredible properties such as a thermal conductivity higher than diamond*
and a high thermal stability.’> Carbon nanotubes have the length > 100 nm and can have walls formed by a
single or multi-layer of one-atom-thick sheets of carbon (single-walled nanotubes SWNTs or multi-walled
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nanotubes MWNTSs). These discoveries, followed by the isolation of graphene in 2004 by Novoselov and co-
workers?® (for which he was awarded the Nobel prize in 2010 together with Geim), provided new possibilities
in the physic and chemistry of carbon nanomaterials raising still more the interest in this field. In addition,
always in 2004, carbon dots (CDs) were discovered as a new class of carbon nanomaterials from the
purification of nanotubes.” In particular, one of the purification fractions resulted to be fluorescent and small
nanoparticles were detected in it. The origin of the fluorescence was ascribed to the presence of these
spherical NPs, afterward called carbon dots. After that, CDs gained an impressive attention in the scientific
community, a great number of synthetic methods has been developed and their composition and
characteristics are still a topic of interest.
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Figure 3.1.1 Short timeline of the discoveries concerning carbon-based nanomaterials.

In general, CDs are defined as carbon NPs with a diameter lower than 10 nm, a spherical shape and a highly
functionalised surface. CDs have some unique properties such as high water solubility, non-toxicity,
biodegradability, tunable fluorescence, ease of modification and chemical stability. Due to these
characteristics, their applications vary in different fields: from the biomedical (e.g. bioimaging®® and drug
delivery®), to the production of sensors,? optoelectronic devices? and photocatalysis.?? Along with these
properties, CDs could be synthesized from a wide range of precursors, including cheap and abundant
materials, such as biowaste, and with low-cost techniques, making them very appealing to replace other
more expensive materials.

3.1.1 Synthesis

Lately a large number of different techniques have been developed in order to synthesize CDs starting from
a wide range of different carbon precursors. These synthetic pathways can be divided in two main families,
namely the Top Down approaches and the Bottom Up ones, depending on the choice of the starting material.
The Top Down methods involve the breakage of large carbogenic structures (graphite, graphite layers, carbon
nanotubes and so on), while in the Bottom Up the carbon NPs are obtained by carbonization of small organic
molecules (see Figure 3.1.2).

Among the Top Down methods arc-discharge, laser ablation and electrochemical oxidation can be named.
Arc-discharge was the first technique developed for the preparation of CDs but it is nowadays dismissed due
to the high concomitant formation of impurities.'” Laser ablation, instead, is widely used due to the ease in
the control of size and morphology of the NPs by varying the pulsed laser width. However, the most spread
Top Down approach for the preparation of CDs is the electrochemical oxidation. This technique, indeed,
allows to obtain carbon NPs with high purity and yields, low costs, a good reproducibility and an extreme
ease of manipulation regarding the size.
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Despite the up-cited advantages of the Top Down methods, Bottom Up synthetic pathways are still the most
spread and used. This is mainly due to the simplicity of the procedures and apparatus and to the possibility
to use a wide range of precursors to tune the final properties of the nanomaterials. With these methods, the
initial carbon precursor is treated for prolonged time at high temperatures and, undergoing dehydration or
decarboxylation, it generates the aromatic network characteristic of CDs. Furthermore, the variation of the
reaction parameters, can lead to amorphous or graphitic materials, allowing to achieve different properties
in terms of fluorescence and reactivity (see Chapter 3.2). Among the Bottom Up synthesis, acid oxidation,
microwave treatment and thermal-hydro/solvothermal method can be found. The microwave treatment is
one of the most common methods to prepare CDs because of short reaction times, uniform size of the NPs
and high yields. Anyway, the thermal-hydro/solvothermal approaches are the most widely used to date, due
to their low cost, easy feasibility, environmental friendliness and possibility to use various carbon sources
also from renewable origins. For these reasons these methods have been employed in this work of thesis. In
particular, the thermal approach, or pyrolysis, involves the direct carbonization of the precursors in absence
of any solvent. Relatively high temperatures between 200 and 400 ° C and long reaction times (24-100h) are
normally required. The solvothermal and hydrothermal approaches, on the other hand, involve the
carbonization of the organic molecules dissolved in an organic solvent or in water in an autoclave. In this case
temperatures cannot exceed a certain threshold (usually around 140-200 ° C) due to the pressure restrictions
of the apparatus. These synthetic pathways are very simple, and the choice of the suitable precursors is wide.
In addition, this procedure allows to easily dope the CDs employing a multicomponent approach or using
directly a carbogenic precursor that contains the desired heteroatom.
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Figure 3.1.2 Schematic illustration of the two families of synthetic methods for the preparation of CDs.

3.1.2 Structure
As stated above, CDs are spherical nanoparticles with a carbogenic core and a surface that can present
organic functional groups (hydroxyls, carbonyls, carboxyls...), molecular fluorophores and defects (see Figure
3.1.3). These NPs are mainly composed by carbon, hydrogen and oxygen and their ratio depends both on the
carbon precursor and on the adopted synthetic method. In order to obtain CDs with different properties,
other elements can be introduced during the synthesis. The most used doping atom is nitrogen that is known
to increase the quantum yield (QY = number of emitted photons on number of absorbed photons %).%2*
Other examples can be given by sulfur that helps widening the band-gap?® and phosphorous that can yield
green-emitting NPs important for bioimaging applications.?® Concerning the morphology of the carbogenic
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core, it has been demonstrated that CDs can have a graphitic or amorphous nucleus depending on the
synthetic method and reaction conditions. In general, the carbon NPs obtained from Top Down methods
possess a highly crystalline core with well defined layers while, the morphology of CDs produced with Bottom
Down approaches is still an open issue. For this reason, several studies have been conducted in the last years,
to have a better comprehension on the structure of CDs and on how the synthetic procedure can affect this
aspect. From a general point of view, however, CDs are composed by a graphitic-like carbogenic core,
amorphous compounds and small molecular-like fluorophores. To better understand the differences
between these three main components the term “degree of carbonization” has been introduced to quantify
the efficiency of the conversion of the molecular precursors in the graphitic-like core. Summing up, it can be
stated that using the hydro/solvothermal method is possible to produce more amorphous materials together
with organic fluorophores, that guarantee high QY and tunable fluorescence, while using harsher conditions,
like in the pyrolytic treatment, CDs with a more graphitic structure and surface defects can be obtained. The
Top Down approaches, instead, usually yield graphitic nanoparticles.

Surface

Molecular fluorophores

Core

Functional groups
(-OH, -COOH, ketones, amines..)

Defects

Figure 3.1.3 Pictorial representation of the structure of CDs.

3.1.3 Properties: photoluminescence

Among the numerous properties of CDs, one of the most fascinating and exploited behaviour is their
luminescence. Concerning absorption and fluorescence, CDs have some optical similarities despite the
variety of possible structures. Typically, CDs present a strong absorption in the ultraviolet (UV) region of the
light spectrum, with a tail that extend to the visible range. Generally, a peak around 230 nm is ascribed to
the -t* transition of the aromatic C-C bonds of the carbon core, while a less intense shoulder around 300
nm can be attributed to the n-n* transition of C=0 bonds or other related groups.?’” Furthermore, the
functional groups on the surface can contribute too to the absorption of the nanomaterials and, some
deviations in absorption spectra can indicate differences in the composition or structure of different
hybridization derivatives. Concerning the photoluminescence (PL) properties, it can be generally stated that
the emission spectra of CDs are approximately symmetrical on the wavelength scale, with wide peaks and
large Stokes shifts if compared to organic dyes. Carbon nanoparticles normally have an excitation
wavelength-dependent behaviour that can be the result of a wide distributions of differently sized dots and
surface chemistry, different emissive traps or other mechanisms that are still unclear.?® The majority of CDs
demonstrate a good photostability thanks to a carbon core-based PL?® but, when molecular state emission is
prevalent, the PL intensity can decrease dramatically after UV exposure.3°
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The origins and the mechanisms of CDs PL are, however, still unclear and remain an open debate. To date,
three respectable PL mechanisms have been confirmed: the quantum confinement effect, determined by the
carbon core; the surface state due to the hybridization of the carbon backbone and functional groups; the
molecule state, determined solely by molecular fluorophores.3!

The quantum confinement effect can be defined by the dependence of the HOMO-LUMO gaps (highest
occupied molecular orbital - lowest unoccupied molecular orbital) on the size of the graphitic fragments: as
the size of the fragment increases, the bandgap gradually decreases. In other words, this effect is determined
by the degree of ® conjugation and by the presence and size of the graphitic core. The emission band that
derives from this contribution results, in summary, to be size dependent, excitation independent and very
narrow. Anyway, the absorption in CDs is different from the typical semiconductor quantum dots where a
strong quantum confinement is observed (changing the size of the NPs, the bandgap changes and as a
consequence also the absorption/emission wavelength). Indeed, clear evidence of real quantum
confinement in CDs is yet to be univocally demonstrated and this subject is still largely controversial. Some
studies concluded that the expansion of the carbon core has a major effect on the absorption characteristic
of CDs rather than the actual expansion of their physical dimensions.3%33

Concerning the emission related to surface states (namely surface defects and functional groups), it is
important to underline that functional groups have various energy levels that may results in a series of
emissive traps that can dominate the emission. In addition, it must be highlighted that the surface state does
not consist of isolated chemical groups but rather the hybridization of the carbon backbone and connected
chemical groups. The emission that derives from this mechanism does not have a well-defined behaviour and
is strongly dependent on the synthetic procedure. Even though it has been stated that the origin of the
fluorescence of CDs is not completely clear, there are some evidences that the emission derives both from
an intrinsic band gap (deriving from confined sp? conjugation in in the core) and an extrinsic one that results
from a surface state and that can be directly excited or excited by energy transfer from the intrinsic band.
For this reason, the luminescence of CDs can be tuned by either control of the sp? domain size or by modifying
the chemical groups on the surface of the NPs.

The third possible PL mechanism in CDs is due to molecule state that is formed solely by an organic
fluorophore that can be connected on the surface or interior of the carbon backbone and can directly exhibit
PL emission. The molecule state results to be the emerging PL center especially in CDs prepared via Bottom
Up routes. With these methods, indeed, small molecular fluorophores can be formed thanks to the lower
temperatures while, as the carbonization temperature increases, the carbogenic core is formed by
dehydration of the precursor or consumption of the formed fluorophores. This luminescence resulted to be
strong and with high QY, excitation-independent and with a very broad emission band.

Summing up, so, the PL of CDs is the result of cooperative synergistic effects between the graphitic carbon
core, the surface defects/functional groups and the molecular fluorophores as theorized by Fang et al. (see
Figure 3.1.4).3* In particular, under UV light irradiation, the fluorophores can generate excited electrons
(process a). As a consequence, the electron in the ©* orbital may recombine with the holes in the & orbitals
directly (process b) or they can be trapped by the lower energies defect states (process c). At the same time,
some electron can be directly excited and trapped by the defect states (process d). The electrons that are in
the defect state can relax through a radiative (process e) or non-radiative way (process f). The carbon core
can act then as a quencher of the radiative relaxation pathways through a fluorescence resonance energy
transfer (FRET, process g) thus lowering the QY. Concluding, if the PL spectra depends more on defect states
and fluorophores, the magnitude of the QY is principally affected by the graphitic core of the nanoparticles.
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Figure 3.1.4 Proposed photoluminescence mechanism in CDs.

However, also if this PL mechanism can be satisfactory from an intuitive level, many other issues are still not
effectively addressed and a real understanding on the fluorescence of these materials remain unresolved to

date.

3.1.4 Applications: photocatalysis

The unique properties of CDs allowed their employment in many different applications such as chemical,
medical and optoelectronic ones ¥ or for the preparation of CDs-incorporated nanodevices.*® In this work of
thesis, CDs have been exploited as photocatalysts due to their great potential as light harvesters and their
ability to act both as electron donors and acceptors. In particular, when involved in photochemical reactions,
CDs can act in three different ways: as a photocatalyst, as a photosensitizer and as electron mediator.
Photocatalysis is commonly defined as the “change in the rate of a chemical reaction or its initiation under
the action of ultraviolet, visible or infrared radiation in the presence of a substance (called photocatalyst)
that absorbs light and is involved in the chemical transformation of the reaction partners”.?” Carbon
nanoparticles are able to absorb light by direct absorption: the photons generate electron/hole pairs exciting
electrons from the HOMO to the LUMO. The as formed e’/h* pair results then in the chemical transformation
of the reagents rendering CDs effectively photocatalyst (Figure 3.1.5).3 In general, the photocatalytic
process based on CDs follows three stages: firstly, the absorption of light generates e’ /h* pairs; secondly; the
separation and transfer of the e’/h* pairs contribute to the formation of reactive species; lastly, the reactive
species lead to the photocatalytic reactions.® It must be noted that the rapid recombination rate of e/h*
pairs can limit severely the photocatalytic activity of CDs.
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Figure 3.1.5 Schematic representation of the generation of the electron/hole pair in CDs.
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The n-n* transition of the sp? C=C double bonds render the CDs able to absorb light in the UV range, while
the plethora of surface functional groups usually contribute to the absorption in ranges more shifted towards
the visible due to the n-n* transitions.***4? |t is worth mentioning that, thanks to the similar C=C structure,
also other carbon-based materials (e.g. graphene oxide, carbon nanotubes, multilayer graphene etc.) possess
the ability to absorb in the UV-Vis range.*®* However, CDs demonstrate to have some more advantages such
as their aqueous solubility, ultrasmall size and ease and cheapness of their synthesis. The light absorption in
the UV range, anyway, is not always beneficial for photocatalysis and a great number of recent studies have
been concentrated on the red shift to near infra-red region of the absorption of CDs.**4°

Photosensitization, on the other hand, is identified as the “process by which a photochemical alteration
occurs in one molecular entity as a result of initial absorption of radiation by another molecular entity
(photosensitizer)”.3” Common photosensitizers are organometallic complexes (with electron-rich metals such
as iridium, ruthenium and rhodium) or aromatic hydrocarbons, both containing easy excitable electron and
a large continuum of orbitals within both HOMO and LUMO that allows the excited electrons to switch
multiplicities via intersystem crossing prolonging the lifetime of the excited state, necessary for the
photosensitization process.*® During this process, the photosensitizer absorbs light to move to an excited
energy state. In the case of CDs, for example, this excited energy can transfer some excitation energy to an
external entity, such as absorbed molecular oxygen. With this energy, the molecular oxygen (normally
present in triplet ground state (30,) can be transformed into the highly reactive singlet oxygen (*0,). Another
possible process implies the transfer of excited electrons to oxygen with its conversion into reactive
superoxide specie (0,") but, in this case, the process of photosensitization is closely related to photocatalysis
(see Chapter 3.5) while the production of singlet oxygen is exclusive of the photosensitization pathway. The
photosensitizer action of CDs has been demonstrated in numerous researches and it is due to the presence
of highly delocalized electrons and of additional energy levels between HOMO and LUMO.#

As last, CDs can act as electron mediators thanks to their bivalent redox character. Upon excitation, indeed,
these NPs can act as electron acceptors or donors depending on their surface functionalities. Electron
accepting properties in CDs are due to extensive m-networks in their core and they come in hand where
efficient charge separation is needed.*®*° In addition, CDs are able to accept photogenerated electrons from
a semiconductor preventing the electron-hole recombination and leading to improved photocatalytic
efficiency.®® A manipulation of these properties can be achieved through the addition of electron-donor and
electron-acceptor groups on CDs that lead to changes in the HOMO and LUMO energy levels.*!

Surprisingly, to date, the use of sole CDs in photochemical reaction is still not well spread but, they are usually
employed in combination with other materials and semiconductors. A clear and complete understanding on
the properties, behaviour and characteristics of these carbon NPs is, indeed, fundamental to achieve efficient
processes.
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3.2 Precursor-Dependent Photocatalytic Activity of Carbon Dots

Photoinduced

CITRIC
ACID

Ground State

The investigation on Carbon Dots performed during this work of thesis, started with a preliminary study on
the influence of precursor and synthetic method on the properties of the nanoparticles. This allowed us to
widen our knowledge on the topic and then, to further explore the possibilities on the preparation of the
carbon nanomaterials from biobased molecules/waste biomass and their application in photocatalysis. The
results reported in this chapter have been published in E. Amadio, S. Cailotto, C. Campalani, L. Branzi, C.
Raviola, D. Ravelli, E. Cattaruzza, e. Trave, A. Benedetti, M. Selva and A. Perosa, Molecules, 2020, 25, 101.
doi:10.3390/molecules25010101. >

In this study the morphological and optical features and the photocatalytic ability of a series of CDs, graphitic
and amorphous prepared via bottom up techniques from fructose, glucose and citric acid, were compared. It
has been demonstrated that the carbon precursor and the synthetic pathways influence diversely the
structural and optical properties of the nanoparticles that, as a consequence, affect unpredictably their photo
electron transfer (PET) ability. The photoreduction of methyl viologen (MV) has been used as a standard
reaction to evaluate the PET capability of the synthesized CDs. Generally, citric acid-CDs provided the best
photocatalytic performance followed by fructose- and glucose-CDs. Anyway, while for glucose and citric acid-
derived NPs the graphitization favoured the reaction, a reverse dependence was observed for fructose-CDs.
In this case the formation of large graphitic-like supramolecular assembly seemed to diminish the PET ability
towards MV reduction. This chapter highlights the complexity of a design of CDs in advance to produce
effective photocatalytic systems.

3.2.1 Introduction
As stated in the general introduction, CDs has drawn great attention in a wide range of applications
comprising photocatalysis, thanks to their luminescence properties. Despite their remarkable light harvesting
capacity and their ability to act both as electron and donor of electron, CDs are still under-explored for their
use as sole photocatalysts. Indeed, the most reported photosystems exploit the co-presence of CDs with
metal complexes or enzymes as redox mediators.3¥°>°*55 |n order to achieve a real breakthrough in the
utilization of CDs, an accurate design of these carbon NPs is needed since their luminescence properties are
known to be structure dependent.’®7859 |n particular, high photoluminescence has been observed in
amorphous CDs synthesized under mild hydrothermal conditions, while the graphitic CDs usually show lower
fluorescence. These evidences have been explained with the presence of molecular-like fluorophores and
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doping heteroatoms in the amorphous CDs that are able to enhance the luminescence.?®®® On the other
hand, the graphitic core of the CDs obtained with harsher conditions (e.g. with pyrolysis), can act as a
quencher via the FRET mechanism.3* Indeed, the degree of carbonization and the structure of CDs can
influence their photocatalytic performances. An example has been given by Shi et al. that demonstrated how
the photoreduction of methyl viologen was affected by the quinonic precursor employed from the authors
in the multicomponent synthesis of amorphous nitrogen doped CDs.®* However, a general and non-
ubiquitous correlation between the structure of the nanomaterial and its photoactivity could not be
highlighted because of the great variability in synthetic methods, carbon precursors and choice of doping
agents. In this study we propose to evaluate the influence of the carbon source (citric acid, fructose and
glucose) on both the structural features and photocatalytic activity of six different types of CDs with the aim
to explore new synthetic procedures for the preparation of carbon nanomaterials suitable for photocatalytic
applications.

3.2.2 Synthesis and Characterization
Six different types of CDs were prepared using two different synthetic pathways (hydrothermal synthesis and
pyrolysis) and three sets of precursors (glucose Glu-, fructose Fru- and citric acid Cit-). In particular,
amorphous CDs (a-CDs) were obtained with the hydrothermal procedure while graphitic ones (g-CDs) from
the pyrolysis. The synthetic procedures are reported in detail in the Experimental section; in brief a-Cit, a-Glu
and a-Fru were synthesized with a hydrothermal treatment from citric acid, glucose and fructose (autoclave,
24h, 180-200 °C)®*%3 and have been obtained as amorphous nanomaterials composed of poorly defined
carbonaceous structures and light molecular-like carbonaceous compounds. On the other hand, graphitic g-
Glu and g-Fru were synthesized for the first time using a harsh thermolysis (24h, 200 ° C) of neat glucose or
fructose, following the already published procedures used for the preparation of the graphitic one based on
citric acid (g-Cit).®? From the *H NMR and BC{*H} NMR analysis, that gave silent spectra, it was possible to
underline the absence of any molecular species suggesting the presence of NMR inactive nano-carbonaceous
materials.
The morphological and optical properties of the prepared nanomaterials were then characterized via high
resolution transmission electron microscopy (HR-TEM), scanning electron microscopy (SEM), Fourier
transform infrared spectroscopy (FT-IR), X-ray photoelectron spectroscopy (XPS), photoluminescence (PL)
and ultraviolet-visible spectroscopy (UV-Vis) and time-resolved PL measurements.
As can be noticed from Figure 3.2.1, from the HR-TEM micrographs it was possible to understand that the
synthetic pathway affected the morphology of the NPs. In particular, from the hydrothermal treatment, low
density and amorphous CDs with a poorly defined structure were obtained: a-Glu, a-Fru and a-Cit, resulted
to have an irregular shape and dimensions that range from 9 to 12 nm (see Figure 3.2.1 a, b and c).
Concerning the graphitic NPs, two different behaviours were observed. g-Glu and g-Cit were well-dispersed
nanoparticles with a quasi-spherical shape and diameters around 7-9 and 2-5 nm respectively (see Figure
3.2.1 d and f). The carbon nanomaterials obtained from fructose, instead, resulted to have a different
structure: both HR-TEM (see Figure 3.2.1 e, and Figure 3.2.2 d, e and f) and SEM (Figure 3.2.2 a, b and c)
revealed the formation of supramolecular aggregates of graphene-like multi-layered crystalline sheets with
a wide range of dimensions ranging from 0.5 and 1.5 um. Additionally, from the selected area electron
diffraction (SAED) pattern it was highlighted the single crystalline nature of the multilayer system with the
expected six-fold symmetry (Figure 3.2.2 i).5%%> The HR-TEM micrographs acquired in the areas where more
layers were superimposed revealed the presence of extended crystalline areas (Figure 3.2.2 g and h).
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Figure 3.2.1 HR-TEM micrographs of the synthesized CDs and average size distribution.

Figure 3.2.2 Morphological characterization of the graphitic CDs based on fructose at increasing magnifications. a, b
and ¢ = SEM images at increasing magnifications; d, e and f = HR-TEM micrographs; g and h = extended HR-TEM
micrographs; i = SAED pattern.
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The thermal decomposition of the carbon precursors caused structural differences in the graphitic CDs. As
shown in Figure 3.2.3, it is worth mentioning that citric acid decomposition follows a known scheme that
consists of the breakdown of the substrate into citraconic and itaconic anhydrides that act then as the
effective precursors for Cit-CDs.®? The two monosaccharide sugars, instead, follow a different pathway:
formic acid was mainly detected during the thermal decomposition of fructose while acetic acid was revealed
during the glucose breakdown pathway.®® However, the carbonaceous core of the dots it is probably formed
by the presence of other carbonaceous intermediates such as hydroxymethylfurfural, a well-known
intermediate in the hydrothermal carbonization of saccharides.6”®® Hence, the different decomposition
mechanisms can affect on a certain extent the final morphology of the carbon nanoparticles. Reasonably, the
higher is the reactivity of the precursors, the easier and larger is the formation of carbonaceous
nanomaterials.
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Figure 3.2.3 Intermediates of the thermal decomposition of citric acid, glucose and fructose during the preparation of
CDs.

The pyrolytic synthetic pathway has been followed by *H NMR (see Figure 3.2.4) to understand the velocity
of the carbonization of citric acid, glucose and fructose and different decomposition kinetics were observed.
Concerning Cit-CDs, it was noticed that the signals relative to the precursors (citric acid but also citraconic
and itaconic anhydrides) disappeared completely only after 4h of pyrolysis. On the other hand, glucose was
not fully degraded after 4h and, in opposition, when fructose was used as the carbon source, the signals of
the reagents disappeared within the first 60min, giving evidence of the formation of NMR inactive
nanostructures. The high reactivity of fructose towards the thermal decomposition, reasonably led to the
formation of the extended graphitic domains observed with the microscopy analyses. The pyrolytic
decomposition of the reagents, therefore, followed the following order: fructose >> citric acid > glucose.

To better understand the composition and the nature of the functional groups on the surface of the CDs, FT-
IR and XPS analyses have been performed. From the FT-IR spectra (see Appendix Figure A.3.2.1) no
substantial differences between the six NPs were revealed. Indeed, the presence of carboxylates as most
present surface functionality, and of sp? carbons were highlighted in all the spectra. In addition, all the CDs
showed a strong and broad absorption band around 3500-300 cm™, due to hydroxyl groups, a weak peak
around 2900-2800 cm™* characteristic of -C-H bonds, a band at 1800-1600 cm ! for carbonyls and carboxyls,
another one around 1600-1400 cm™ due to C=C and a signal around 1200 cm™ due to C-O-C functional groups.
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Figure 3.2.4 'H NMR in D0 of the pyrolysis reaction mixture at different times. a = citric acid; b = glucose; c = fructose.

Anyway, from the XPS analysis (Figure 3.2.5), it was possible to observe some structural and compositional
differences on the synthesized CDs. Indeed, although all samples showed the presence of three strong peaks
in the C1 bands (284.6, 286.2 and 288.6 eV) relative to C=C, C-O and C=0, some variations were highlighted.
In particular, the C=C signal was predominant in citric acid- and fructose-derived CDs while the peak relative
to C-O was the most present in glucose-CDs. Additionally, the C-O band, that can be representative of the
oxygen content in the nanoparticles, markedly decreased after the pyrolytic treatment of citric acid and
fructose underlining the formation of crystalline structures with predominant graphitic carbon sp? and a
lower content of carboxyl groups in respect to glucose-CDs.
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Figure 3.2.5 C1 XPS spectra of all CDs samples; the binding energy (BE) was corrected for surface charging.

From the optical point of view the nanomaterials have been characterized with PL-PLE and UV-Vis
spectroscopy, time resolved PL and with the calculations of the quantum vyield (QY). From the
photoluminescence (PL) spectra (Figure 3.2.6) an emission quasi-independent from the excitation centered
at 450 nm was observed for glucose- and fructose-based CDs (both amorphous and graphitic ones). On the
other hand, analysing the Cit-CDs, a complex mixture of excitation-dependent emission bands was
highlighted with a maximum ranging from 420 and 500 nm. Additionally, for the graphitic CDs derived from
citric acid (g-Cit-CDs), another sharp band was noticed at 385 nm with only a slight influence by the excitation
wavelength. The presence of this band is reasonably due to the crystalline nano-core. The respective
photoluminescence excitation (PLE) spectra registered at different emission wavelength are reported in the
Appendix (Figure A.3.2.2).
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Figure 3.2.6 PL spectra of the six types of CDs.
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The UV-Vis spectra (Figure 3.2.7) showed the characteristic absorption bands in the near-UV with a tailing in
the visible region. In detail, g-Cit-CDs exhibited a weak absorption band at 365 nm, due to the n-n* transitions
in defect states, and a stronger one around 220 nm ascribed to the n-nt* transitions in the aromatic domains.
The other five materials (a-Glu-CDs, g-Glu-CDs, a-Fru-CDs, g-Fru-CDs and a-Cit-CDs) showed, instead, three
defined absorption regions. The first one, around 220-225 nm, related to the n-n* transition of the sp? C=C
conjugated systems, a second one at 260-280 nm due to the n-n* and the third one around 365-370 nm
ascribed to surface state transitions.
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Figure 3.2.7. UV-Vis spectra of the six types of CDs.

Quantum yields (%), mass extinction coefficients (L-g*-cm™) and lifetime of the excited state (ns) are reported
in Table 3.2.1.

The quantum yields were calculated based on quinine sulphate. In particular, for citric acid-based CDs 1.0%
was found for the amorphous one and 1.2% for the graphitic material, the CDs prepared from glucose gave
slightly higher values (1.8% for a-Glu-CDs and 2.3% for g-Glu-CDs) while the fructose-CDs had lower QY (0.3%
and 0.7% for a-Fru and g-Fru respectively). Mass extinction coefficients (g) were calculated at 365 nm and,
for citric acid- and fructose-based CDs a significant increased value was observed for the graphitic materials
when compared with the amorphous ones (4.0 and 1.4 times higher for g-Cit and g-Fru respectively). In
opposition, concerning the glucose-derived nanomaterials, it was observed an enhancement on the ¢ value
for the amorphous one about 2.7 times higher than the g-Glu-CDs. A similar trend was observed also for the
lifetime of the excited states: the graphitic domain seemed to enhance the lifetimes of g-Cit-CDs and g-Fru-
CDs when compared to their amorphous homologues, while when using glucose, the amorphous material
resulted in a longer lifetime when compared to the graphitic one. All the six samples exhibited a
multiexponential PL decay indicating a synergistic effect due to a plethora of mechanisms. The parameters
for the time resolved PL and calculations of the lifetime of the excited state are reported in Figure 3.2.8 and
in the Appendix (Table A.3.2.1).

Table 3.2.1 Quantum yields, mass extinction coefficient (g, calculated at 365 nm) and lifetime of the excited state (1)
for the six synthesized CDs.

Entry CDs Qy (%) e (L-gtecm?) T (ns)
1 a-Glu-CDs 1.8 1.71 4.6
2 g-Glu-CDs 2.3 0.63 2.4
3 a-Fru-CDs 0.3 1.63 4.4
4 g-Fru-CDs 0.7 2.01 5.9
5 a-Cit-CDs 1.0 1.16 3.3
6 g-Cit-CDs 1.2 4.68 54
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Figure 3.2.8. Time-resolved photoluminescence measurements for the six types of CDs.

3.2.3 Photocatalytic experiments

The six nanomaterials were then tested as photocatalysts in the single electron photoreduction of methyl
viologen (MV?, -0.45 V vs NHE®) to its mono-reduced specie (MV"*) in order to investigate the relations
between the morphological and structural features and their photoactivity. All the tests were carried out in
aqueous media, under UV irradiation (LED at 365 nm), with a concentration of CDs normalized for absorption
(0.5 a.u.) and using ethylenediaminetetraacetate (EDTA) as a sacrificial electron donor. All the blank tests
were performed (see Appendix, Figure A.3.2.3): in particular, a test in the absence of light, one without CDs
and then one without EDTA for each type of CDs. When performing the reaction in absence of light, no activity
was detected, highlighting the primary role of the excited CD-states in the photoinduced electron transfer
(PET) reactivity. As can be clearly see from Figure 3.2.9 and Table 3.2.2, the PET ability was strongly
dependent on the choice of the carbon precursor but also on the synthetic pathway. Generally, the citric
acid-based ones were found to be more photo-active, followed by the fructose-derived and lastly by the
glucose-CDs. The morphology of the nanomaterials, in particular their amorphous or graphitic nature,
influenced the reactivity too in an unpredicted way. The graphitization of citric acid- and glucose-derived
CDs, indeed, enhanced their PET performance of about 1.5 and 1.6 times respectively. However, a-Glu-CDs
showed an induction time of 10 min. Concerning Fru-CDs an opposite behaviour was observed: the
amorphous material resulted to be 6.7 times more reactive than the graphitic counterpart. This inversion in
the trend is probably due to the formation of the large graphitic supramolecular aggregates that evidently
affect the PET efficiency. These results highlight the complexity in assessing PET and in designing CDs-based
photocatalytic organic applications.
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Figure 3.2.9. Reaction kinetics of formation of MV** using CDs as photo-redox catalysts. Reaction conditions: MV?* 60
UM, EDTA 0.1 M, Aex: 365 nm with an absorbance-normalized amount of CDs and water as solvent (see Experimental
section for more details).
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Table 3.2.2 Photocatalytic performances for the six synthesized CDs, initial rate vo has been calculated without
considering the induction time.

Entry CDs Vo- 10% (M-s?) Relative rate
1 a-Glu-CDs 0.65 1
2 g-Glu-CDs 1.07 1.6
3 a-Fru-CDs 4.37 6.7
4 g-Fru-CDs 0.67 1
5 a-Cit-CDs 3.45 5.3
6 g-Cit-CDs 5.06 7.8

3.2.4 Conclusions

In conclusion, in this work the synthesis, characterization and photocatalytic properties of six different CDs
were investigated. The nanomaterials were prepared through hydrothermal and pyrolytic treatment, leading
to amorphous and graphitic CDs, using three carbon precursors (citric acid, glucose and fructose). It has been
demonstrated how the choice of the carbonaceous substrate and, consequently, the morphology of the
nanomaterials, can influence the photo-redox behaviour of CDs. Firstly, it was highlighted how the
hydrothermal treatment of citric acid, glucose and fructose, produced amorphous nanoaggregates
containing molecular-like compounds, while using pyrolysis, nanomaterials composed by extended
graphene-like carbonaceous core were observed. Moreover, it has been underlined that the higher is the
reactivity of the carbon precursors towards the decomposition/thermal treatment, the easier and larger the
formation of the nanoparticles. In particular, the graphitic CDs obtained from fructose resulted as a
supramolecular aggregate of graphene-like crystalline sheets with multi-layered structure. It was also
demonstrated that both the synthetic technique and the molecular precursor were related to the photo and
optical properties of the dots. Among the six nanomaterials prepared, the two deriving from citric acid
yielded the best photocatalytic performances towards the single electron transfer on MV?*, followed by
glucose and lastly by fructose. Also the graphitization of the carbon core was found to affect the PET activity
of the CDs. The morphology of the carbon-dots induced either a positive or negative photo-reactivity trend,
which in turn was influenced by the carbon-precursor employed. For fructose-CDs, the amorphous structure
provided optimal results in terms of initial rates; likewise, the graphitic nanoparticles were more active when
formed by citric acid and glucose. Overall, these results provide important insights into carbon
source/structure/activity relationships and may pave the way for a more rational development of carbon-
derived nano-photocatalysts for organic synthesis.

3.2.5 Experimental
General. Citric acid, glucose, fructose, sodium hydroxide (NaOH) and methyl viologen (MV#) were purchased
from Sigma-Aldrich and used as received without further purification. MilliQ water was employed in all the
experiments.
IH, 3C{*H} and DOSY NMR spectra were recorded on a Bruker AV 300 (H: 300 MHz; 3C: 75.5 MHz)
spectrometer. For *H and *C{*H} NMR the chemical shifts (8) have been reported in parts per million (ppm)
relative to the solvent signal as an internal reference.
UV-Vis absorption spectra were recorded by using an Agilent 8456 spectrophotometer.
Photoluminescence (PL) experiments were performed with a Perkin Elmer LS 55 fluorescence
spectrophotometer.
The Fourier transform infrared spectroscopy (FT-IR) was measured at wavenumbers ranging from 400 to
4000 cm™ using a Perkin-Elmer spectrum one FT-IR spectrometer.
The morphologies of the resulting CDs were analysed by a JEM-2200FS transmission electron microscope
(TEM) operating at 200 kV. For g-Fru-CDs high resolution electron microscopy images were recorder using
FEI TALOS F2005 (voltage 200 kV). The sample was prepared by dispersion of the powder in bi-distilled water
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(concentration around 1 mg/ml), the as prepared solution was sonicated for 20 min to increase the dispersion
of the material. One drop of solution was deposited onto a copper grid and dried at ambient temperature
before the analysis.

X-ray photoelectron spectroscopy (XPS) was performed using a Perkin Elmer @ 5600ci spectrometer using
nonmonochromatic Al Ka radiation (1486.6 eV) in the 10-7 Pa pressure range. The binding energy (BE) values
are referred to the Fermi level. The calibration of the BE scale was verified by checking the position of both
Au4f7/2 and Cu2p3/2 bands (from pure metal targets), falling at 84.0 and 932.6 eV, respectively. After a
Shirley-type background subtraction, the raw spectra were fitted using a nonlinear least-squares fitting
program adopting Gaussian—-Lorentzian peak shapes for all the peaks. Samples presented different shifts of
all bands toward higher BEs as a consequence of surface charging: it was carefully determined and corrected
in two steps: i) by using an internal reference (the Cls position of the band related to C=C bonds); ii) by
checking, after the charging correction, the consistency of the BE positions of all the components evidenced
in all the different XPS peaks. The final uncertainty of the determined BEs was not larger than 0.2 eV. The
atomic composition was evaluated using sensitivity factors as provided by @ V5.4A software. The relative
uncertainty of the atomic fraction of the different elements is lower than 0.1.

CDs Synthesis. The nanomaterials were obtained as follow:

1. amorphous citric acid CDs (a-Cit-CDs) were hydrothermally synthesized, as already reported,® by heating
an aqueous solution of citric acid (2 mg in 20 mL milliQ water) in a sealed autoclave (volume = 100 mL) for 24
h at 180 °C. The mixture was then neutralized to pH 7 with agueous NaOH and evaporated to dryness leading
to a dark yellow luminescent oil (25% wt yield) which was used without any further purifications.

2. graphitic citric acid CDs (g-Cit-CDs) were synthetized, as already reported,®? by pyrolysis heating neat citric
acid (100 g) under air at 220 °C for 48 h. The resulting solid was then neutralized to pH 7 with agueous NaOH,
and the crude mixture dialyzed (cut-off Mn: 1.0 kDa) for 24 h against fresh water. The inner solution was
evaporated to dryness leading to a dark-black solid (20% wt yield).

3. amorphous glucose and fructose CDs (a-Glu-CDs and a-Fru-CDs) were hydrothermally synthesized, as
already reported,®® by heating an aqueous solution of glucose or fructose (2 mg in 20 mL milliQ water) in a
sealed autoclave (volume = 100 mL) for 24 h at 200 °C. The mixtures were centrifugated to remove the black
precipitate, the supernatant was then filtered and evaporated to dryness leading to a dark solid (34% wt yield
and 29% wt for glucose and fructose respectively) which were used without any further purifications.

4. graphitic glucose and fructose CDs (g-Glu-CDs and g-Fru-CDs) were synthetized by a pyrolysis treatment
of 100 g of glucose or fructose, respectively, in a conical flask at 220 °C for 48 h under air. As the reaction
proceeds, the solution turns from colourless to orange and, in the end, to dark brown. The as formed
suspension was cooled at r.t., neutralized to pH 7 by the addition of NaOH 5M and the resulting solution was
then dried leading to a dark brown solid. The crude was dissolved in milliQ water and dialyzed (cutoff Mn:
1.0 kDa) for 24 h against fresh water, that was refreshed after 12 hours, to isolate the pure carbogenic core
from the residual volatile NMR-active molecules, yielding 65% wt and 48% wt of g-Glu-CDs and g-Fru-CDs
after freeze-drying.

Thermal decomposition of citric acid, glucose and fructose. 1 g of citric acid, glucose or fructose were heated
in a conical flask at 220 °C and the decomposition kinetics were monitored via H-NMR spectroscopy at
different reaction time within 4 hours. As the reaction proceeds the samples were dissolved in D,O
neutralized to pH 7 by the addition of NaOD.

Photocatalytic experiments. A solution composed by 0.1M of EDTA, 60 uM of MV?* with an absorbance-
normalized amount of CDs (absorbance = 0.5 a.u.; 1.2 mg a-Cit-CDs, 0.21 mg g-Cit-CDs, 0.75 mg a-Glu-CDs,
1.5 mg g-Glu-CDs, 0.75 mg a,g-Fru-CDs) were placed under inert atmosphere in a quartz cuvette. The
solutions were then irradiated at 365 nm (Hangar s.r.l.; ATON LED-UV 365; 80 W/m? of irradiance in the UV-
A spectral range 315-400 nm). The progress of the reaction was monitored using an UV spectrophotometer
following the formation of the typical absorption band of the reduced MV** radical cation species centered
at 605 nm and its concentration was estimated using € = 13700 Mt cm™.%°
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3.3 Carbon Dots as Green Photocatalyst for Atom Transfer Radical Polymerization of
Methacrylates

Photoinduced

Initiator
Monomer

With the information acquired from the previous study (see Chapter 3.2) and from other investigations
performed in our research group,%*% we decided to apply the high photoreactivity of nitrogen-doped CDs
synthesized from citric acid and diethylenetriamine for the atom transfer radical polymerization of
methacrylates. In this section a practical use of CDs for the preparation of polymethacrylates is reported. The
results reported in this chapter are currently submitted for publication.

In this chapter the use of carbon dots (CDs) in photoinduced atom transfer radical polymerizations (ATRP) as
green metal-free sensitizers is reported. In particular, the production of a polymethacrylate by using cheap
and easily affordable CDs made from citric acid and diethylenetriamine, under both ultraviolet (UV, A = 365
nm) and visible light was studied. Different solvent systems have been tested and a Cu" complex was used as
catalyst. Under the best conditions a polymer in 89% conversion and with a narrow dispersity (1.4) was
obtained. The first order kinetics and the “on-off” experiments gave further evidence of the constant
concentration of radicals and of the controlled mechanism of the polymerization.

3.3.1 Introduction

Since 1995, where for the first time atom transfer radical polymerizations (ATRP) were reported,’®’%72
immense progresses have been developed in the field of synthetic polymers. Indeed, differently from ionic
or radical polymerizations, ATRP processes can have active and versatile metal catalytic systems that can lead
to well-defined polymers and controlled architectures, can be applied to a wide variety of different
monomers and are not too sensitive to the reaction conditions.”® Indeed, radical processes are more tolerant
of functional groups and impurities and are the leading methodologies in industry to produce polymers.”

ATRP are redox processes mediated by the reversible reaction between a low oxidation state complex (the
catalyst, Mt"/L) and an alkyl halide (the initiator, P,-X). This activation process, that occurs with a rate
constant of activation ka, implies the oxidation of the metal catalyst (Mt" = Mt™?!) with formation of an
active species P,e that initiates the polymerization (Figure 3.3.1). The subsequent deactivation pathway
comprises the addition of the monomer with formation of the initial dormant species (P»,-X) and reduction of
the catalyst to its former low oxidation state (rate constant of deactivation Kgeact). Polymer chains grow by
the addition of the intermediate radicals to monomers in @ manner similar to a conventional radical
polymerization, with a rate constant of propagation k,. The generation of the oxidized metal complex (Mt"*)
is able to reduce the stationary concentration of growing radicals and thereby minimize the contribution of
termination reactions.”® Termination reactions (ki) also occur in ATRP, mainly through radical coupling and
disproportionation; however, in a well-controlled ATRP, no more than a few percent of the polymer chains
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undergo termination. In order to have a successful ATRP together with a small contribution of terminated
chains, a uniform growth of all the chains is required. This last is accomplished through fast initiation and
rapid reversible deactivation.

k
Po-X + MI/L __ —2%  Pr o+ XML
kdeact w \\‘x\
k) ke
monomer Pn-Pn

Figure 3.3.1. General mechanism of the equilibrium in ATRP processes.

The rate of ATRP depends on the rate constant of propagation (k,) and on the concentrations of monomer
and growing radicals.”® The latter is defined by the ATRP equilibrium constant (Katre = Kact/Kgeact), the
concentration of dormant species (P,-X) and the ratio of the concentrations of activator (Mt"/L) and
deactivator (XMt™?!/L), as can be seen in Equation 3.3.1.

[M]o
= ln = kaATRP

R =100,

[PX][Mt™ /L]
< [XMt"+1/L] )

Equation 3.3.1. ATR Polymerization rate.

Reaction conditions, temperature, solvent and pressure as well as the nature of the monomer, the dormant
species and the ligand can considerably affect the values of kat”” and kgeact,”® and therefore their ratio Karge.
The quantification of the Kare constant can provide a measure of the activity of the catalyst in a
polymerization reaction.” The catalyst complexes, however, are formed dynamically and their formation is
governed by certain stability constants that is responsible, indeed, of the concentration of the catalytic
species itself together with the reaction medium. In conclusion, the rate of ATRP increase with the Katge
(catalyst activity) but, under some conditions it can diminish due to radical termination and significant
reduction of (Mt"/L)/(Mt"™Y/L) ratio, because of the persistent radical effect.” Considering an ideal ATRP (in
absence of chain termination and transfer reactions), it can be stated that the uniformity of polymer’s chain
(namely the dispersity of molecular weights D = M,,/M, where M,, is the weight-average molar mass and M,
is the number-average molar mass) relates to the concentration of dormant species (P,-X) and deactivator
(Mt"™1/L), to the rate constant of propagation (k,) and deactivation (kgeact) and to the conversion of monomer
(x) (Equation 3.3.2).7

M k, [P X 2
P=—F=1+ p [P X] (——1)
M, kdeact[XMtn+1/L] X

Equation 3.3.2. Dispersity for polymers prepared via ATRP.

Hence, using the same monomers, a catalyst that deactivate the growing chains faster will result in smaller
ratio kp/kgeact and produce polymers with a narrower dispersity. The dispersity can be decreased also by
increasing the concentration of deactivator and reducing the concentration of the dormant species.
As already stated, ATRP are multicomponent systems composed of the monomer, an initiator and a catalyst.
A plethora of different monomers (styrenes, methacrylates, methacrylamides and acrylonitrile just to name
a few) can be successfully polymerized via ATRP.% Even using the same conditions, each monomer has its
proper equilibrium constant for its active and dormant species, as well as its own radical propagation rate.
Indeed, for a specific monomer, the concentration of propagating radicals and the rate of radical deactivation
need to be adjusted to maintain polymerization control.
The initiator has the role to determine the number of growing chains. It must be kept in mind that, if the
initiation is fast, and termination and transfer negligible, the number of growing chains is constant and
correspond to the initial concentration of initiator. Typical initiators are alkyl halides (RX) were the halide
group (X) must quickly and selectively migrate between the growing chain and the catalyst in order to obtain
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well-defined polymers with narrow molecular weight distributions. For this, when X is chlorine or bromine,
the control over molecular weight is the best. Generally, any RX species with activating substituents on the
o, carbon can be used as ATRP initiator.

The catalyst, usually a transition metal comple, is the most important component of ATRPs because it is
responsible of the position of the atom transfer equilibrium and of the exchange dynamics between dormant
and active species. In order to be efficient, the catalysts must undergo several prerequisites. The metal
center must have at least two easily accessible oxidation states separated by only one electron, and it should
have affinity toward halogens. In addition, the coordination sphere should be expandable to accommodate
selectively a halogen and the ligand should complex the metal relatively strongly.

Other key parameters for ATRPs are the choice of the solvent, the temperature and the reaction time.
Concerning the solvent, ATRP can be performed in bulk, in solution or in heterogeneous systems and many
different solvent have been used (e.g. benzene, toluene, acetone, ethyl acetate, water).”® A solvent can be
necessary especially when the product polymer is not soluble in its monomer, but it must be considered that
the chain transfer to the solvent should be minimal and that an interaction of the solvent with the catalyst
can take place. In ATRP processes, the polymerization rate increases with the temperature due to the
increase of radical propagation rate constant and the atom transfer equilibrium constant. On the other hand,
chain transfer, other side reactions® and catalyst decomposition®” 8 can take place easier at elevated
temperatures. Lastly, prolonged reaction times can lead to almost complete monomer conversion while may
not increase the dispersity of the final polymer but will induce loss of end groups.’

One of the major drawbacks of ATRP is the necessity to use large amounts of catalyst in order to have better
control over the whole polymerization process. Lately, to overcome environmental and practical issues,
different initiation techniques to generate in situ the metal catalyst have been reported. These methods
focus on different reduction pathways for the formation of the activator Mt" species, and, to date, they have
been conducted using different reducing agents,® electrochemical processes,® copper-containing
nanoparticles®® and photochemical redox processes.8”:8889909192 Referring to this last protocol, it must be
noticed how light is an environmental friendly, widely available and non-invasive reagent that can lead to
spatial and temporal control of different ATRP processes.®® Different photoactive molecules (e.g. dyes or
commercial photoinitiators) are, indeed, effective as reducing agents and can, so, facilitate the photoinitiated
ATRP process. The in situ photolytic generation of the reduced complex (usually a Cu' complex from Cu")
under irradiation enables polymerization also with small concentrations of catalyst (Figure 3.3.2).%% In
addition, the polymerization reaction can be stopped and restarted easily by switching light. The
photoinduced ATRP has been successfully performed using different sources of light, from UV, to visible®
or near infrared.%
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Figure 3.3.2. General mechanism of the equilibrium in ATRP processes with regeneration of the activator via electron
transfer induced by light.

Anyway, some drawbacks and challenges must be overcome. In particular, the majority of the
photosensitizers tested for photo-ATRP relies on synthetic pathways that are not sustainable and can be
harmful for the environment and the user. In this frame, CDs based on natural feedstocks can be a valid
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alternative. Lately, CDs received attention for photoinduced reversible addition-fragmentation chain-transfer
polymerization,®” which was the first report regarding the use of these nanoparticles in a photo-controlled
radical polymerization. In addition, in 2020, CDs produced from sodium alginate and ethylenediamine has
been successfully employed for the first time in the photo-ATRP of methylmethacrylate in dimethylsulfoxide,
yielding polymers with a narrow dispersity but low (30%) conversion.** Under irradiation, indeed, CDs can be
excited to their excited state, which act as reducing agents to obtain Cu' from Cu" in the polymerization
system: the Cu' complex reacts with a bromine initiator and forms active free radicals that initiate the
polymerization.

As already stated in the introductory part, CDs have been demonstrated to be promising photocatalysts for
photooxidations, photodegradations and photoreductions®®%1%° and can be easily synthesized from cheap
and abundant carbon precursors. Moreover, their synthesis is easily tailored by, for example, the addition of
doping agents that can enhance their photoactivity. Doping, in fact, has been demonstrated to be an effective
method to customize the optical, electrical and chemical properties of CDs, resulting in a plethora of different
nanoparticles for specific requirements.*101

In this chapter the possibility to use CDs derived from citric acid and diethylenetriamine as photosensitizer
for the photoinduced ATRP of a methacrylate is reported. The polymerization has been conducted in different
media using always non harmful solvent systems and irradiating with both UV (A = 365 nm) and visible light.

3.3.2 Results and Discussion

Carbon Dots synthesis and characterization

As novel type of photosensitizer to activate the ATRP, two different types of CDs has been tested. Using
always citric acid as the carbon source, doped (N-cit-CDs) and non-doped (cit-CDs) nanoparticles were
obtained through a bottom up technique (see Experimental section). These two families of CDs have already
been synthesized and tested for their photocatalytic performances elsewhere.>*1%% |n our previous studies,
extensive HR-TEM, FT-IR, UV-Vis, XPS, PL/PLE, ESI-MS, H/ B3C{*H} NMR and DOSY analyses indicated the
amorphous nature of both nanoparticles. Concerning cit-CDs, from HR-TEM it was possible to observe
nanoparticles with a poorly defined shape and diameters ranging from 9 to 12 nm,** while for N-cit-CDs
diameters in the range of 13 nm were confirmed via atomic force microscopy.” As can be seen in Figure
3.3.3, both CDs are able to absorb in the UV region, but only the N-cit-CDs presented some absorption also
in the visible range: this evidence prompted us to test this class of nanoparticles also for visible light
photoinduced ATRP. In addition, the ability of nitrogen doping for the enhancement of the activation of this
type of polymerizations has been demonstrated: in the N-doped electron-rich carbon nanostructure, the t
electrons were activated by its conjugation with the lone pair electron of nitrogen, resulting in excellent
electrochemical and catalytic performances.°1% The amount of nitrogen doping in N-Cit-CDs was evaluated
via elemental analysis showing a carbon/nitrogen ratio equal to 3.2.
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Figure 3.3.3. UV-Vis spectra of the synthesized CDs. a) non doped cit-CDs; b) doped N-Cit-CDs.
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ATRP experiments

The ability of CDs to mediate photoinduced ATRP was tested irradiating (UV light A = 365 nm LEDs and visible
light 5600 K LEDs) solutions of CDs in different solvent systems (water, water/methanol and
water/acetonitrile) with 2-hydroxyethyl-2-brom-2-methylpropanoate (HEBIB, see synthetic procedure in
Experimental section) as the initiator together with the CuBr,/ N,N,N’,N”,N”-pentamethyldiethylenetriamine
(PMDTA) complex as the catalyst for the polymerization of [2-(methacryloyloxy)ethyl]trimethylammonium
chloride (METAC)] under inert atmosphere. A proposed mechanism on the role of CDs is reported in Scheme
3.3.1.
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Scheme 3.3.1. Proposed mechanism for photoinduced ATRP of METAC using CDs.

After irradiation, the photoexcitation of CDs results in the population of the excited state (CDs’) that can
perform an electron transfer to [Cu" PMDTA]Br,. This results in the reduction of the Cu" complex to the
respective Cu' form that can initiate the radical polymerization of the alkyl bromide (HEBIB). The regeneration
of CDs takes place in the photocatalytic cycle, when the oxidized CDs (CDs"*) react with bromide.**

All the experiments were conducted at room temperature, under different light sources and in different
solvents, with constant ratio between the reagents [METAC]/[HEBIB]/[CDs]/[CuBr,]/[PMDTA] = 100/1/1/1/3
and constant exposure time (1 h). Lower ratios of catalyst ([METAC]/[CuBr;]/[PMDTA] = 100/0.1/0.3,
100/0.25/0.75 and 100/0.5/1.5) have also been tested but no production of polymer was observed.

The investigation started by testing the CDs under UV irradiation at 365 nm. Three different solvent system
were tested, namely water, water/methanol and water/acetonitrile. As can be seen in Table 3.3.1, using the
doped CDs (entries 1, 2 and 3) high conversions of the monomer (from 85 to 89%) were obtained in all the
three solvents after only 1 hour of light exposure. The obtained polymers showed dispersity (D) always < 2
demonstrating a good control over the polymerization reaction. Anyway, changing the solvents, some
differences concerning the weight-average molar mass, number-average molar mass and dispersity were
observed. The 1:1 mixture of water and methanol was selected as the best performing environment resulting
in slightly higher conversions (89%, entry 2, Table 3.3.1) and narrower dispersity (1.4). The addition of
methanol, probably, allows a longer lifetime of the Cu' catalytic species in the solution modifying the kinetic
constants leading to a more favourable pathway.
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Table 3.3.1. UV light (A = 365 nm) induced ATRP of METAC using different CDs and in different solvents. [

Entry CDs Solvent COI;:SI'[:]IOH M, (g'mol) € M, (g'mol?)  pld
1 N-cit-CDs Water 88 1600 2500 1.5
2 N-cit-CDs Water:methanol (1:1) 89 1896 2655 1.4
3 N-cit-CDs  Water:acetonitrile (1:1) 85 1430 2610 1.8
4 Cit-CDs Water:methanol (1:1) - - - -
5 - Water:methanol (1:1) - - - -

llExperiments were conducted at ambient temperature for 1 h using a ratio [METAC]/[HEBIB]/[CDs]/[CuBr2]/[PMDTA]
=100/1/1/1/3; "*' determined gravimetrically; [! determined by gel permeation chromatography using PEG standards.

To have more insight into the mechanism of polymerization, an experiment using the same conditions but in
absence of CDs was performed (Table 3.3.1, entry 5). In this case no polymer was obtained demonstrating
the necessity to photoactivate the copper catalyst. The absence of polymer was confirmed via GPC analysis
where only molecular weights lower than 200 g-mol™? were observed. Other blank tests, namely in absence
of light, catalyst and without CDs/irradiation, were performed to confirm the importance of all the
components for photoinduced ATRP of METAC. All the blank tests were accomplished using the 1:1 mixture
of water and methanol as the designed solvent and in all tested condition no formation of polymer was
observed (see Table A.3.3.1 in the Appendix).

Chosen the best reaction conditions, a kinetic study was performed to confirm the linear increase of the
conversion during the irradiation time. As shown in Figure 3.3.4, a linear correlation between the logarithm
of monomer concentration (In [Mo]/[M:]) and time (t, starting at t = 0), highlighted a first order kinetic. This
evidence indicates that the concentration of active free radicals can be seen as constant during the
reaction.’*104
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Figure 3.3.4. Kinetic plot of the polymerization system using N-cit-CDs under UV irradiation and relative rate constant.
Conditions reported in Table 3.3.1, entry 2.

To better understand the influence of the nitrogen doping in the photosensitizer, non-doped CDs (Cit-CDs)
were tested in the best conditions found for N-cit-CDs (Table 3.3.1, entry 4). However, the non-doped
nanoparticles did not show a consistent activity in activating the copper catalyst and no polymer was
detected after 1 h of irradiation. This result was a further evidence of the importance of nitrogen doping in
CDs in order to obtain valuable photosensitizers. Nitrogen doping on CDs, indeed, allows the presence of
more defect states on the surface of the dots together with molecular like fluorophores that are able to
effectively promote a more effective excitation of the electron.5?

Concerning visible light, the non-doped CDs were not used since they have negligible absorbance in the visible
region (see UV spectrum in Figure 3.3.3). As for UV exposed experiments, three different solvents were
examined but, in this case only using water/methanol (1:1) it was possible to observe the presence of the
polymer (Table 3.3.2, entry 2). After 1 h of irradiation, poly-METAC was obtained with 70% conversion and a
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narrow dispersity (1.5) highlighting the possibility to activate this reaction using visible light as a green, cheap
and safe reagent.

Table 3.3.2. Visible light (5600 K) induced ATRP of METAC using N-cit-CDs in different solvents.

Entry CDs Solvent COI('I;?I‘[;IOH M (g'mol?) & M, (g:mol?) @ pld
(+]
1 N-cit-CDs Water - - - -
2 N-cit-CDs Water:methanol (1:1) 70 1460 2170 1.5
3 N-cit-CDs  Water:acetonitrile (1:1) - - - -
4 - Water:methanol (1:1) - - - -

LlExperiments were conducted at ambient temperature for 1 h using a ratio [METAC]/[HEBIB]/[CDs]/[CuBr2]/[PMDTA]
=100/1/1/1/3; ! determined gravimetrically; [ determined by gel permeation chromatography using PEG standards.

An experiment under the same conditions but without the addition of CDs has been performed (Table 3.3.2,
entry 4) but no polymer was detected, underlying once again the fundamentality of the presence of the
carbon nanoparticles in order to activate the reaction. Another blank test in absence of the copper catalyst
was performed and, also in this case, no poly-METAC was observed (see Table A.3.3.1 in the Appendix). The
absence of polymer was confirmed via GPC analysis where only molecular weights lower than 200 g-mol?
were detected.

To further confirm the linearity of the relationship between the monomer concentration and the irradiation
time, a kinetic study was conducted also under Vis light. As can be seen in Figure 3.3.5, a first order kinetic
was observed indicating once again an almost constant concentration of free radicals during the
polymerization. The difference in the rate constant of the ATRP under UV irradiation (k = 0.031 min™?) and
visible one (k =0.023 min!) underlined the higher speed of the polymerization at 365 nm, confirming a major
activity of the carbon nanoparticles at that wavelength.
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Figure 3.3.5. Kinetic plot of the polymerization system using N-cit-CDs Under Vis irradiation and relative rate constant.
Conditions reported in Table 2, entry 2.

Polymer characterization

The characterization of the obtained polymer has been conducted using gel permeation chromatography
(Table 3.3.1 and 3.3.2), thermogravimetric analysis, differential scanning calorimetry and NMR (see
Appendix, Figure A.3.3.1-2). The product resulted as a thermoplastic, amorphous and transparent polymer
with a glass transition temperature (Tg) of 100 °C (see Figure A.3.3.3 in the Appendix), similar to
polymethylmethacrylate (T = 110 °C). The thermogravimetric analysis of the polymer (Figure A.3.3.4,
Appendix) showed a first small weight loss (circa 2.5%) at 100 °C due to the dehydration of water in the
polymer and elimination of residual humidity.’% The second stage, at circa 280-300 °C, corresponds to the
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thermal decomposition of the groups that protruded from the polymer chain,® while, the third weight loss
at 390-400 °C, corresponds to exothermic reactions due to the decomposition of the ammonium salts.?’

“On-off” experiments

Light “on-off” experiments were performed both under UV (conditions in Table 3.3.1, entry 2) and Vis light
(conditions in Table 3.3.2, entry 2). The polymerization mixtures were subjected to repeated light exposure
by irradiating the sample for 20 min and then kept in dark for 10 min. The obtained results (Figure 3.3.6)
highlighted the dependence of the polymerization on the irradiation: no polymerization occurred when the
solutions were kept in a dark environment. During the light exposure time, light induced ATRP were carried
out showing also the different polymerization rates under UV and visible light.
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Figure 3.3.6. Monomer conversion (%) versus time using CDs to determine the dependency on irradiation (UV = black
line, Vis = red line). Yellow regions refer to light on, blue regions to light off. The UV irradiated experiment was
performed following the conditions reported in Table 3.3.1, entry 2; the Vis irradiated following the conditions in
Table 3.3.2, entry 2.

3.3.3 Conclusions

We herein report an efficient photoinduced atom transfer radical polymerization (ATRP) protocol activated
by citric acid-derived CDs. In particular, nitrogen doped carbon nanoparticles were synthesized and used as
photosensitizer for the preparation of poly-METAC (2-(methacryloyloxy)ethyl]trimethylammonium chloride)
with a greener and sustainable synthetic procedure. The reaction, indeed, was found to be efficient in water-
based solvent, in particular in water/methanol (1:1) solution, and the presence of a photosensitizer allowed
to use small amounts of metal catalyst (1:100 in respect to the monomer). It was highlighted that N-cit-CDs
are able to activate the polymerization under both UV and visible light paving the way towards an eco-
friendly, cheap and affordable synthetic procedure for the obtainment of polymethacrylates. After only 1 h
of irradiation it was possible to retrieve the polymer with 89% conversion and 1.4 dispersity under UV light
and with 70% conversion and 1.5 dispersity under visible one. A first order kinetic was observed in both cases,
confirming an almost constant concentration of radicals, typical of ATRP mechanisms. “On-off” experiments
and blank tests confirmed the necessity of all the reagents (light, CDs, initiator and catalyst) in order to obtain
the polymer. In comparison with the only other example in the literature,® the present procedure was more
effective in terms of polymer conversion (70-89% in 1 h versus 30% in 2.5 h) and it allowed to perform ATRP
avoiding hazardous solvents (dimethyl sulfoxide was previously used). In conclusion, a new, cheap and
effective photosensitizer for ATR polymerization has been herein studied demonstrating the possibility to
achieve greener and efficient processes in polymer preparation.
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3.3.4 Experimental

Materials and Methods. All the reagents were purchased from Merck Life Science S.r.l. (Milano, Italy), were
of analytical grade and used without further purification. MilliQ water, used as a solvent throughout the
experiment, was obtained with a Merck Millipore C79625 system. CHNS analysis was performed on an
Elemental Unicube (Elementar Italia Srl, Lomazzo, Italy). For the optical characterization of CDs, an UV—-Vis
spectrophotometer Agilent 8456 (Agilent Technologies Italia, Milano, Italy) has been used. *H and 3C{*H}
NMR spectra were recorded on a Bruker AV 400 (*H: 400 MHz; 3C: 100 MHz; 51V: 78.28 MHz) spectrometer
(Bruker GmbH, Mannheim, Germany). The chemical shifts (3) were reported in parts per million (ppm)
relative to the residual undeuterated solvent as an internal reference. Gel permeation chromatography (GPC)
was performed on an Agilent Infinity 1260 system equipped with refractive index detector and using an
injection volume of 20 pL and a flow rate of 1 mL/min. A Phenomenex PolySep linear was used as column
maintaining a constant temperature of 40 °C during the analysis. An aqueous solution of LiCl 0.1 M was used
as eluent and polyethylene glycol was used as standard. DSC analyses were performed on a DSC 3 analyser
(Mettler Toledo, USA). The temperature of the instrument was calibrated using indium as standard. Poly-
METAC (about 10.0 mg) was weighed into aluminium oxidized melting pots, sealed, and heated from room
temperature to 300 °C at 10 °C/min. An empty sealed melting pot was used as reference. Thermogravimetric
analyses were performed using a Perkin EImer TGA 4000 instrument. The analyses were carried out weighting
10 mg of poly-METAC in a ceramic crucible, in a temperature range from 30 °C to 600 °C with a heating rate
of 10 °C/min and under a nitrogen flow of 20 mL/min.

Synthesis of Cit-CDs. The non-doped nanoparticles were hydrothermally synthesized, as already reported.>
In detail, 2 g of citric acid were dissolved in 20 mL of MilliQ; the solution was heated in a sealed autoclave for
24 h at 180 °C. The mixture was then neutralized to neutral pH with an aqueous NaOH solution, filtered on
paper and evaporated to dryness leading to a dark yellow luminescent oil (25% wt yield) which was used
without any further purifications. The obtained nanoparticles have been characterized via NMR, UV-Vis and
CHNS elemental analysis.

Synthesis of N-cit-CDs. The nitrogen doped CDs were hydrothermally synthesized by heating an aqueous
solution of citric acid (2 g in 20 mL of MilliQ water) and diethylenetriamine (0.67 g) in a sealed autoclave for
6 h at 180 °C.'°> The mixture was then filtered and evaporated to dryness leading to a brown solid (72% wt
yield) which was used without any further purifications. The obtained nanoparticles have been characterized
via NMR, UV-Vis and CHNS elemental analysis.

Synthesis of 2-hydroxyethyl-2-brom-2-methylpropanoate (HEBIB). For the synthesis of the initiator, 1.5 mol
of ethylene glycol and 60 mmol of triethylamine were dissolved in 30 mL of anhydrous tetrahydrofuran and
placed in a round bottom flask. The reaction flask was put under inert atmosphere and kept under stirring in
an ice bath while adding dropwise (in 30 min) 30 mmol of a-bromoisobutyryl bromide. After stirring at room
temperature for 16 h, 200 mL of deionized water were added to the flask and the product has been extracted
with dichloromethane (3 x 30 mL). The organic fraction has been washed with 30 mL of an aqueous solution
of HCI (1M). The solvent has been removed by rotary evaporation leading to HEBIB as a yellow oil in 94.5%
yield. H NMR (400 MHz, CDCI3): 1.96(s, 6H), 3.87 (t, 2H), 4.31 (t, 2H). 3C NMR (100 MHz, CDCI3): 30.7, 55.8,
60.7,63.3,67.4,171.8

ATRP experiments. In a Schlenk reactor, 10 mmol of [2-(methacryloyloxy)ethyl]trimethylammoniumchloride
(METAC), 0.1 mmol of 2-hydroxyethyl-2-brom-2-methylpropanoate (HEBIB), 6.3 mg of CDs (N-cit-CDs or Cit-
CDs) and 1 mL of an aqueous solution of CuBr;and e N,N’,N”,N” pentamethyldiethylenetriamine (CuBr; 0.1
mmol : PMDTA 0.3 mmol) were added. The chosen solvent was added in quantity equal to the volume of
monomer and CuBr,/PMDTA solution. After 5 vacuum/nitrogen cycles the reactor was kept under continuous
stirring and irradiation (UV = 365 nm or Vis = 5400 K LEDs) for 1h. The polymer was precipitated using acetone
as counter solvent. After remotion of the solvent, the product was dissolved in methanol subsequently
removed by rotary evaporation. The polymer was kept in vacuum oven at 70 °C (80 mbar) overnight. The
product was obtained as a glassy, transparent solid and characterized via NMR, DSC and TGA.
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3.4 Biobased Carbon Dots: from Fish scales to Photocatalysis

Luminescen

Metal-free
PHOTOREDUCTION

The knowledge obtained from the investigations conducted on the synthesis, properties and photocatalytic
activity of CDs prepared from biobased molecules, in particular citric acid (see Chapters 3.2 and 3.3),
prompted us to explore the possibility to use waste biomass as carbon precursor to synthesize CDs. This study
paved the way to a more sustainable approach to obtain CDs in the view of circular economy and their
application in photocatalysis. The results reported in this chapter are published in C. Campalani, E. Cattaruzza,
S. Zorzi, A. Vomiero, S. You, L. Matthews, M. Capron, C. Mondelli, M. Selva and A. Perosa, Nanomaterials,
2021, 11, 524. doi:10.3390/nan011020524.%

In this chapter the synthesis, characterization and photoelectron transfer ability of a new type of CDs prepared
from fish scales is reported. Fish scales are an abundant biowaste that contain valuable materials among
which chitin and collagen are the most present. The chemical composition of these two biopolymers make the
scales rich, not only in carbon, oxygen and hydrogen, but also in nitrogen, making this biomass suitable for
the preparation of CDs naturally nitrogen-doped. The self-nitrogen-doped nanomaterials were then
synthesized from sea bass scales with a hydrothermal method in absence of any external doping agent: the
morphology, structure and optical properties of bass-CDs were investigated. Their photocatalytic activity was
compared with the one of conventional nitrogen doped-CDs prepared from citric acid and diethylenetriamine
for the photoreduction of methyl viologen (MV?*).

3.4.1 Introduction
The recovery and the conversion of waste into useable materials, chemicals and products is nowadays one
of the goals for research in chemistry and it is one of the pillars of circular economy. As stated in Chapter
1.2, fish industry is a big source of valuable biowaste: in 2016 the global production of fish amounted to 171
million tons with China as the major productor.® The increase in fish production led also to an increase in
the average fish consumption that grew from 12.6 to 19.8 kg per person in the past forty years.!® As a
consequence, also the quantity of fish biowaste is increasing more and more: the exact amount of this waste
is still a matter of debate but it is estimated to be in the order of dozens of million tons every year.1°
Common fish residues are composed by fish heads, skin, viscera, bones and scale but their composition is
widely variable depending on the specie, age, sex, geographic area and time of the year. Despite the possible
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differences, all fishery waste contains a plethora of valuable and interesting molecules such as collagen,
chitin, oils and pigments representing a resource of sustainable chemical richness (Figure 3.4.1).11%112
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Figure 3.4.1. a) Chemical structure of chitin and b) pictorial representation of collagen.'° Two of the major
components of fishery biowaste.

To date, the most common options for the treatment of such waste are low-tech solutions for the obtainment
of fertilizers and fishmeal (a product used for animal feed)!? but various processes have also been reported
for the preparation of high added-value products.!** In this chapter, an investigation about the exploitation
of sea bass scales for the production of carbon dots (CDs): luminescent carbon nanomaterials (see Section
3.1). Bass (Dicentrarchus labrax) is a fish that is easily found in sea and brackish water of Northern Adriatic
Sea and in the Mediterranean Sea but is widely spread worldwide (Figure 3.4.2). Its fishing and aquaculture
are very common, especially in the Mediterranean area where sea bass is one of the most important species.
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Figure 3.4.2. Relative probability of occurrence of sea bass worldwide. In bottom right insert, a picture of sea bass.

Along with the growing global awareness for the creation of sustainability via waste minimization, the choice
of recycling and reusing waste for the generation of efficient materials for nanotechnology is preferred. The
choice of using fish scales as the carbon source for the preparation of CDs was made also based on their
chemical composition. In fact, they represent an inexpensive, accessible source of nitrogen-containing
biomass that does not directly impact the food chain. The principal components of fish scales are collagen,
chitin, minerals, lipids and pigments. Chitin is the main organic component and is a natural nitrogen
containing polysaccharide (poly-B(1/4)-N-acetyl-D-glucosamine, see Chapter 4.3) that provides an efficient
precursor for the N-doped CDs.!'® To date, CDs are inspiring intensive research efforts thanks to their
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superiority in water solubility, low toxicity, resistance to photobleaching, chemical inertness and ease of
functionalization.!®!7 As stated in Section 3.1, these carbon nanoparticles are showing high adaptability in
a wide range of applications, ranging from energy-related®>!'® to biomedical fields.’®%* Among them, CDs
appeared to be promising also as photocatalysts thanks to their remarkable light harvesting properties and
excellent electron donor/acceptor capabilities but, to date, their photocatalytic activity is still under-
explored. In addition, the majority of the reported photosystems are limited by the co-presence of enzymes
or metal complexes as redox mediators.>*>*11% A precise design of CDs together with the possibility of tuning
their photoelectric properties is one of the major concerns faced to achieve a real breakthrough in this field.
Many efforts have been, so, focused on the nitrogen doping of CDs demonstrating that it can significantly
enhance the properties of the nanoparticles and thus expand their applicability.??>2? As reported in Chapter
3.2, one of our previous works demonstrated how the choice of the carbon source and synthetic pathway
can affect optical and structural properties of CDs, influencing in turn their photoelectron transfer ability.>?
Among the six types of CDs tested in that study (amorphous or graphitic made from glucose, fructose and
citric acid), citric acid-CDs were found to provide the best photocatalytic performances toward the
photoreduction of methyl viologen. For this reason, citric acid-based CDs were further investigated in our
group: four different CDs were synthesized by using two different methods (hydrothermal and pyrolytic) and
two sets of reagents (neat citric acid and a mixture of citric acid and diethylenetriamine). The most active
CDs, for the photoreduction of MV?* was shown the amorphous N-doped one (a-N-CDs, obtained with a
hydrothermal treatment from citric acid and diethylenetriamine).5?

This evidence led us to compare the new CDs synthesized from fish scales (bass-CDs) with a-N-CDs for the
photoreduction of MV?',

Thanks to the wide availability, inexpensiveness, greenness and safety of biomass, in recent years a lot of
studies about the possibility to use it as starting material for the preparation of CDs have been reported.
Compared with classical molecular carbon sources, biomass, and specifically waste biomass, can therefore
have many advantages.? For example, biomass naturally contains heteroatoms in contrast with man-made
carbon sources that require external addition.'?3 Recently, a large number of different biomasses have thus
been used to synthesize CDs, such as goose feather,** bee pollen,* papaya juice®® or walnut peel,**” and
they have been applied in different fields: bioimaging, drug delivery, sensors and others. Fish scales have also
been employed recently for the synthesis of fluorescent NPs. An example is reported from Zhang et al. who
reported a synthetic route for the obtainment of CDs from grass carp scales, used then for the detection of
hypochlorite.'®™ Other researches demonstrated the suitability of fish scales-derived CDs for the
determination of the presence of ferric ions in real water samples and human serum,'® but also for the
detection of pharmaceuticals molecules as lidocaine hydrochloride.'?® Another spread application of fish-CDs
is in the biomedical field. Alshatwi et al., for example, used Lethrinus lentjan scales to produce simultaneously
CDs and hydroxyapatite and employed the NPs for bio-imaging and bone-tissue engineering applications.°
In this frame, however, the photocatalytic activity and application of this type of CDs is still underexplored.

3.4.2 Synthesis and Characterization

All the carbonaceous NPs were prepared with a hydrothermal method as previously reported.>>®? The unit
operations for the synthesis of CDs from fish scales are summarized in Figure 3.4.3. Briefly, fresh sea bass
scales were washed and dried in a vacuum oven. The dry scales were put in a Teflon lined autoclave together
with water and heated at 200 °C for 24 h under continuous stirring. After filtration and water removal crude
bass-CDs were obtained in 30-50% yields. Bass-CDs were then purified via dialysis using dialysis membrane
with a cut-off of 1 KDa yielding 2-6% of pure fish-derived CDs (further details are provided in experimental
section 3.4.5).
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Figure 3.4.3. Diagram with unit operations for the synthesis of bass-CDs.

The variability in bass-CDs’ yields was probably due to the differences in the composition of the scales
depending on fish age and sex, season of fishing, habitat etc. On the other hand, for a-N-CDs higher yields
were obtained (72%). The lower vyields for bass-CDs clearly indicate that a high fraction of the selected
biomass is not convertible into CDs. Indeed, sea bass scales contain also a large fraction of minerals, like
CaCOs, that can vary from 27 to 47%.131132133 |n Table 3.4.1 the proximate composition of seabass scales
reported in three literature works is shown.

Table 3.4.1. Proximate composition of seabass scales in different studies.

Composition (g/100 g wet weight) Razumovskaya et al.'3! Bayram et al.'*? Kishimura et al.'33
Moisture 38.61 40.95 26.72
Protein 29.44 28.47 24.32
Fat 0.20 0.10 0.68
Ash 30.92 27.86 47.31
Carbohydrate 0.83 0.80 -

An average elemental composition of the scales used for the synthesis of CDs is reported, instead, in Table
3.4.2. An exploratory test for the removal of minerals from scales was also performed: bass scales were pre-
treated by stirring in 0.25 M HCI for 30 min at room temperature followed by rinsing to neutral pH and drying.
The demineralized scales were then used as the starting material for the synthesis of CDs by hydrothermal
treatment (200 °C, 24 h). The nanoparticles obtained from the demineralized scales were analysed by CHNS
analysis and showed a C:N ratio of 3.2, the same as for bass-CDs prepared from non-treated scales (see Table
3.4.2). This evidence implies that the minerals present in the scales are not involved in the formation of the
nanoparticles. For this reason, all the following CDs syntheses were performed without demineralizing the
scales. As stated above, bass-CDs were then dialyzed for 24 h in milliQ water (cut-off 1KDa) and the purified
dots obtained in 2-6% vyields. The resulting materials were predominantly carbonaceous solids as confirmed
by silent H, *C{*H} and two dimensional (2D) DOSY NMR spectra (see Appendix, Figure A.3.4.1-A.3.4.3).
With NMR experiments it was possible to exclude the presence of soluble molecular and/or oligomeric
species in the final products. However, the photocatalytic ability of the CDs obtained after dialysis and of the
demineralized ones has been compared with that of the CDs made by simple treatment of the scales and no
significant differences were observed. This evidence highlighted that both the molecular/oligomeric
impurities present in the reaction mixture before purification and the minerals in the starting material are
not involved in the photoactivity of CDs. On the other hand, a-N-CDs resulted to be sufficiently small to totally
permeate the dialysis membrane. This is probably indicative of a significant formation of molecular-like
fluorophores. As reported in Chapter 3.2, hydrothermal treatment - used in the present case - yields
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predominantly amorphous CDs. To better understand the morphology, composition and surface properties
of the fish derived-nanoparticles, they were analysed by Small Angle X-ray Scattering (SAXS), Static Light
Scattering (SLS), Fourier Transform InfraRed spectroscopy (FT-IR), X-ray Photoelectron Spectroscopy (XPS),
Atomic Force Microscopy (SFM) and elemental analysis. The elemental composition of the nanoparticles
indicated a C:N ratio of 3.2 for both bass-CDs and the CDs derived from citric acid and diethylenetriamine (a-
N-CDs) used for comparison (Table 3.4.2). This result allowed to conclude that the carbon NPs obtained from
bass scales have the same amount of nitrogen as the classic a-N-CDs, without the need of any doping agent.

Table 3.4.2. Elemental percentage composition of bass scales, bass-CDs and amorphous nitrogen doped CDs from
citric acid (a-N-CDs).

%N %C %H %S C/N

Bass scales 9.00 25.00 4.50 0.20 2.78
Bass-CDs 13.78 44 .24 7.05 0.77 3.21

a-N-CDs 16.50 53.30 5.84 0.17 3.23

To evaluate the surface morphology of the nanoparticles FT-IR and XPS analyses have been performed
(summary in Table 3.4.3 and XPS in Figure 3.4.4). FT-IR spectra (see Appendix, Figure A.3.4.4) showed a broad
absorption band around 3400 cm™ corresponding to the O-H vibrations and a peak around 3300 cm™ due to
the N—H stretching. The strong absorption bands around 1700-1600 cm™ reflected the presence of carboxylic
acid, ketone and amide groups. Multiple signals in the region between 1600—-1400 cm™ were assigned to
both C—C stretching of aromatic or conjugated double bonds and to the N-H bending of the N-containing
groups. The XPS wide range spectrum of bass-CDs evidenced bands related to the presence of carbon,
oxygen, and nitrogen. The quantitative analysis obtained by the intensity of Cls, Ol1s and N1s single spectra
gave a relative composition of 66% carbon, 26% oxygen and 8% nitrogen (for a-N-CDs, the ratio was 70:20:10
of C:0:N). XPS analysis gave a different C/N ratio in respect to CHNS, because this technique refers only to
the surface of the nanoparticles, whereas elemental analysis is related to the whole composition of the
material. With this in mind, it can be highlighted that for both bass-CDs and a-N-CDs the nitrogen
concentration is lower at the surface than in the bulk. In Figure 3.4.4 a, the Cls band, recorded in high-
resolution mode, evidences three different contributions centered at 284.6 eV (related to C=C bonds, 60% of
total area), at 285.8 eV (related to C=0 and/or C=N bonds, 25% of total area) and at 288.0 eV (related to C—
0 and/or C-N bonds, 15% of total area) %2. The O1s band is centered around 531.6 eV, in agreement with the
presence of carbon-oxygen bonds. As far as nitrogen is concerned, the N1s band (Figure 3.4.4 b) can be well-
fitted only by assuming the overlap of two different components, having approximately the same intensity,
centered at 399.8 and at 401.1 eV of binding energy. The first component is in agreement with the presence
of nitrogen involved in amine functional groups, the second one in amide compounds.'3*

Table 3.4.3. Comparison of morphology, composition and surface properties of bass-CDs and a-N-CDs.

Elemental Analysis FT-IR XPS
-C-C
-OH -C-Oor C-N
-CH
. . -C=0 or C=N
Bass-CDs C/N=3.21 -NH (amines/amides) “NH
-Carbonyls N
-Aromatic C=C -Amides
" C/O/N = 66/26/8
-OH -C-C
-CH -C-OorC-N
a-N-CDs C/N=323 -NH (amlnes/falmldes) -C=0 or C=N
-Ammonium -NH:
-Carbonyls -C-N-C

-Aromatic C=C

C/O/N =70/20/10
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Figure 3.4.4. a) Cls and b) N1s XPS spectra of bass-CDs.

Concerning the shape and dimension of the carbon nanoparticles, SAXS measurements showed the presence
of clusters of hundreds of nanometers, from the upturn in intensity in the low Q region of the scattering
curves of both samples (see Appendix, Figure A.3.4.5). The surface fractal dimensions (Ds), extracted from
the fitting procedures (described in the Appendix), informs about the roughness of the clusters surface. The
D; values are 2.29 for the a-N-CDs sample and 2.14 for the bass-CDs, describing quite smooth surfaces. The
low roughness of the clusters’ surface indicates that they consist of small primary particles, with low porosity
and a smooth surface. Furthermore, SAXS measurements showed that the bass-CDs sample is characterized
by the presence of smaller aggregates with a mass fractal behaviour, evidenced by the characteristic power
law behaviour in the middle Q region (from approx. 0.0045 to 0.045 A!) (more details in Appendix). The best
fit, with a specific fractal model, confirmed their mass fractal behaviour, indicating the presence of
aggregates with size of (127 + 8) nm. The presence of these agglomerates was confirmed also by SLS
measurement, which revealed the presence of clusters with an average diameter of (120 = 30) nm (see
Appendix, Figure A.3.4.6). The used model for SAXS measurements gives also the radius of the primary
particles composing the aggregates, that is (4 + 1) nm. For a-N-CDs, SLS turned out to be an unsuitable
technique. In fact, they absorb the majority of the incident radiation and no intensity is able to reach the
detector. AFM measurements highlight the spherical shape of both bass-CDs and a-N-CDs. The bass-CDs
sample showed nanoparticles and clusters of different sizes. In Figure 3.4.5 a, visible clusters of hundreds of
nanometers (center and bottom of the image) and agglomerates with a diameter around 120 nm (top left of
the image) can be seen. In Figure 3.4.5 b, c single smaller spherical nanoparticles with a diameter around 10
nm are shown. The nanoparticle diameters estimated by AFM are in accordance with the ones measured by
SAXS and SLS. It appears that the a-N-CDs have a more homogeneous size distribution compared to the bass-
CDs, with nanoparticles having a diameter of 13 nm (Figure 3.4.5 d, e).
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Figure 3.4.5. AFM images of bass-CDs (a-c) and a-N-CDS (d-e).

Ultraviolet-Visible (UV-Vis) spectroscopy, photoluminescence (PL) and time-resolved PL measurements were
performed to investigate the optical properties of CDs. UV-Vis absorption spectroscopy of aqueous solution
(0.25 mg/mL) of bass-CDs exhibits a characteristic absorption peak around 250 nm, which is mainly derived
from the mt-1t * transition of aromatic carbons. The other peak around 350 nm could be ascribable to the n-n
* transition of double bonds containing groups such as C=0 and C=N.'* As seen in Figure 3.4.6, both bass-

CDs and a-N-CDs have the same absorption peaks but the absorbances are far more intense in citric acid-
derived nanoparticles.
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Figure 3.4.6. UV-Vis spectra of bass-CDs (black line) and a-N-CDs (red line).
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The PL-PLE analysis of the bass-CDs revealed an excitation-dependent emission around 450 nm (see
Appendix, Figure A.3.4.7), with a decrease in the emission wavelength decreasing the excitation wavelength,
highlighting that the emission is probably due to surface defects and not from well-defined electronic levels.
On the other hand, for a-N-CDs, the strong presence of one fluorophore gave a very stable and excitation-
independent emission peak at 450 nm. In addition, time-resolved photoluminescence (PL) was applied to
evaluate the PL lifetime of the excited states of the carbon nanoparticles (Figure 3.4.7 a). The average lifetime
(t) for bass-CDs was 7.0 ns, while for a-N-CDs a T = 13.5 ns was observed. The t of the dialyzed sample of
bass-CDs was 6.5 ns, similar to the one of non-dialyzed bass-CDs, confirming the close similarity between the
purified and non-purified samples. To fit the emission of bass-CDs, three constants were needed, while for
a-N-CDs, only two were needed bot showing a multiexponential decay that underline the coexistence of
different emission pathways; the behaviours of the PL decays and the parameters are reported in Table
A.3.4.2 in the Appendix chapter. The more linear character of a-N-CDs was consonant with a molecular-like
emission, explained by the presence in its structure of molecular fluorophores.®? Quantum yields (QYs, based
on quinine sulphate) were also measured for the three types of CDs (a-N-CDs, bass-CDs and dialyzed bass-
CDs). In Figure 3.4.7 b, the spectra collected in the integration sphere are reported (Aex = 372 nm). The curves
refer to: the scattering from a blank reference (Sr, blue line), the scattering from the sample (Ss, red line),
the emission from the reference (Er, green line) and the emission from the sample (Es, yellow line). The
respective QY were then calculated using the following equation:

(Es —Er)

QY(m) = Gr=ss)

Equation 3.4.1. Calculation of the quantum yield.

The QYs for a-N-CDs, bass-CDs and dialyzed bass-CDs resulted to be, respectively, 17.3%, 6.0% and 3.1%. The
larger QY observed for the a-N-CDs was attributed to the presence of molecular fluorophores, while the
purified bass-CDs have a = 48% lower QY, probably due to the loss of fluorophores occurred during the
dialysis step. Another parameter that was taken into account was the mass absorption coefficient €. From a
previous work it was demonstrated that ¢ is dependent on the presence of nitrogen;®? however, in this study
£=10.93 L-g*-cm™ for a-N-CDs and £ = 0.37 L-g>:cm™ for bass-CDs were observed. These experimental data
highlighted that € was independent from the N-doping of the CDs: even if the C/N ratio is almost the same
(3.23 for a-N-CDs and 3.21 bass-CD), the mass absorption coefficient is very different. For easier comparison,
in Table 3.4.4 the average lifetime (1) of the excited state, the QY, and ¢ for the CDs, together with the
photocatalytic activities (initial rate and conversion), are summarized. The observed trend indicates that
higher QY of a-N-CDs (17.3%) with respect to the bass-CDs (6.0%) does not strictly correlate with the kinetics
(4.9 M-s7* for a-N-CDs and 7.5 M-s™! for a-N-CDs). This apparent inconsistency was explained because QY, ¢
and t are helpful in understanding PET but not strictly correlated with the catalytic activity that depends on
multiple variables.
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Figure 3.4.7. a) Time-resolved PL measurements of a-N-CDs (green), bass-CDs (black) and dialyzed bass-CDs (red); b)
PL spectra collected in the integration sphere.

3.4.3 Photocatalytic experiments
Based on the assumption that the photocatalytic activity of CDs (e.g. their photoelectron transfer (PET)
ability) is affected by their structure, morphology and optical properties, we decided to investigate it by
studying the photoreduction of methyl viologen MV?* to its radical cation MV*". In this reaction, an electron
is transferred from the photo-excited state of the CDs to the MV?* that acts as acceptor molecule and is an
established reactivity-test to prove the PET efficiency of CDs (Figure 3.4.8 a).>*'1%13¢ To understand the
photoredox activity and correlate it with the structure of the bass-CDs, we measured the photoreduction
rates of MV?* (-0.45 V vs NHE) in aqueous solution in the presence of ethylenediaminetetraacetate (EDTA)
as a sacrificial electron donor under light-emitting diode (LED) irradiation at 365 nm (time resolved UV-Vis
spectra are shown in Figure 3.4.8 b) and compared with the one obtained with the already known a-N-CDs.%?
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Figure 3.4.8. a) Catalytic scheme for the single electron photoreduction of methyl viologen with carbon dots (CDs); b)
Time resolved UV-Vis spectra of bass-CDs (0.2 mg/mL) with methyl viologen (MV?*, 60uM) in aqueous EDTA (0.1 M)
under inert atmosphere (blue line after 30 minutes of reaction).

In order to compare the photocatalytic activity of the two prepared set of CDs, two different experiments
were carried on: one using a concentration of NPs normalized for absorption at 365 nm, and another one
using the same concentration of photocatalyst (mg of CDs/mL). Concerning the experiment with the
normalized absorption concentration of CDs, bass-CDs resulted to be far less luminescent, and a higher
concentration was needed to reach the same absorption as a-N-CDs (0.2 mg/mL of bass-CDs vs 0.005 mg/mL
a-N-CDs to have an absorbance of 0.13 a.u.). However, as can be seen in Figure 3.4.9 and Table 3.4.4, bass-
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CDs showed a higher initial photoreduction rate (7.5-10° vs 4.9-10°® M-s!) and a higher MV conversion
(34.0vs 21.8 uM). On the other hand, using the same concentration of photocatalyst, a-N-CDs resulted to be
far more luminescent (2.90 vs 0.13 a.u. at 365 nm) but only slightly more reactive toward PET to MV Indeed,
after 30 min, a-N-CDs gave a substrate conversion of 62.5% (37.5 uM) compared to the 56.6% of bass-CDs
(Figure 3.4.9 and Table 3.4.4). These results highlighted the strong PET ability of bass-CDs, without the need
of additional external nitrogen doping agent and despite their lower absorbance when compared to a-N-CDs.
A series of control reactions with a-N-CDs (tested in the absence of light, without CDs and without EDTA)
were already reported in a previous work® and demonstrated that, in the absence of irradiation, EDTA or
CDs, no MV? reduction was observed, implying that all three were indispensable. Two additional control
experiments, with the bass-CDs and in the absence of light (pink data in Figure 3.4.9) and with bass-CDS and
without EDTA (green datapoints in Figure 3.4.9), further confirmed these requirements for the
photochemical reduction of MV?%. Cyclic Voltammetry (CV) experiments were carried out on a-N-CDs in a
previous work of our group!®® to measure their redox activity and correlate the energy levels of the
nanomaterials with the relative band gap. a-N-CDs showed a negative potential (E onset red = -1.94 vs
Ag| AgCl), suggesting a good reducing capability. The energy gap of the nanomaterials resulted to be of 3 eV,
thanks to the presence of molecular-like fluorophores that ensure a high PET efficiency, implying a great
energy of the excited electron generated upon irradiation.

Table 3.4.4. Initial photoreduction rate (vo), quantum Yields (QY), mass absorption coefficient (g), average lifetime (1),
and MV?* conversion of the synthesized CDs.

CDs " MvZ
. Absorbance vo-10 1 1 .
concentration at 365 nm (M-s) QY (%) e(L-gtcm?) T (ns) conversion
(mg/mL) (%)
Bass-CDs 0.2 0.13 7.5 6.0 0.37 7.0 56.6
a-N-CDs 0.005 0.13 49 17.3 10.93 13.0 36.3
a-N-CDs 0.2 2.9 9.6 17.3 10.93 13.0 62.5
—=— bass-CDs (0.2 mg/mL; abs 0.13)
—+— a-N-CDs (0.2 mg/mL; abs 2.90)
—+— a-N-CDs (0.005 mg/mL; abs 0.13)
—v— blank (bass-CDs, no light)
409 | —+— blank (bass-CDs, no EDTA)
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Figure 3.4.9. Reaction kinetics of the formation of methyl viologen radical (MV*') using bass-CDs (black datapoints)
and a-N-CDs (red and blue datapoints). Blank tests in absence of light (pink datapoints) and of EDTA (green
datapoints).
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3.4.4 Conclusions
The valorisation of fishery biowaste, in particular bass scales, for the production of luminescent carbon NPs
with high photoelectron transfer ability, has been demonstrated in this study. The new class of prepared CDs
(bass-CDs) was characterized in-depth regarding their composition, morphology and surface properties: the
fish-derived dots showed a considerable nitrogen content (C/N = 3.2 from elemental analysis) without the
need of any external doping agent. Since nitrogen doping in CDs is known to enhance the photocatalytic
activity of the nanoparticles, bass-CDs were then compared with CDs obtained from citric acid and
diethylenetriamine (a-N-CDs) toward the single electron reduction of MV?*. Bass-CDs resulted to have lower
lifetime of the excited state (7.0 ns vs 13.0 ns of a-N-CDs), mass absorption coefficient (0.37 L-g™* cm™ vs
10.93) and QY (6.0% vs 17.3%), but higher initial photoreduction rate (7.5:10® M-s™* vs 4.9-10°® M-s™? for
absorption normalized experiment). This experimental evidence contributes to highlight the fact that 7, € and
QY are important parameters to understand the photoelectron transfer activity of CDs, but they are not
strictly correlated with the photocatalytic ability of the nanoparticles. However, a lower value of QY seems
to favour the photocatalytic activity of CDs, presumably because the absorbed photons are not immediately
re-emitted but can instead transfer their energy to perform the photoreduction. The fish scale-derived CDs
have similar morphology to that of the a-N-CDs, but less intense absorbance, lower QY, t and €. Despite this,
bass-CDs resulted to function as a valuable photocatalyst and to have a higher photoelectron transfer ability
toward methyl viologen.

3.4.5 Experimental
Materials. All the reagents were purchased from Merck Life Science S.r.l. (Milano, Italy), were of analytical
grade and used without further purification. MilliQ water, obtained with a Merck Millipore C79625 system,
was used as a solvent throughout the experiment. The scales were of sea bass (Dicentrarchus labrax) and
were purchased from a local market. Before use, the scales were washed thoroughly with water and dried in
a vacuum oven at 70 °C overnight.

Synthesis of CDs from Fish Scales. In a typical experiment 2 g of dried and grounded fish scales were putin a
Teflon-lined autoclave with 20 mL of MilliQ water. The system was heated at 200 °C for 24 h. The obtained
brownish suspension was filtered, and the water was removed by rotary evaporation to obtain a brown solid
with 30-50% yield. For some studies the CDs were further purified via dialysis: A total of 200 mg was
dispersed in 3 mL of milliQ water and dialyzed for 24 h using a 1KDa dialysis membrane in 2 L milliQ water.
The resulted purified CDs were obtained with 2—6% yield.

Characterization of CDs. The physical characterization of the nanoparticles was determined by CHNS
elemental analysis, Fourier-Transform Infrared (FT-IR) spectroscopy, X-Ray Photoelectron Spectroscopy
(XPS), Small Angle X-Ray Scattering (SAXS) and Static Light Scattering (SLS). CHNS analysis was performed on
an Elemental Unicube (Elementar Italia Srl, Lomazzo, Italy) and FT-IR spectra have been recorded on a Perkin-
Elmer Spectrum One FT-IR spectrometer (PerkinElmer Italia, Milano, Italy) at wavenumbers ranging from 400
to 4000 cm™. XPS was performed with a Perkin Elmer ® 5600ci spectrometer (PerkinElmer Italia, Milano,
Italy) in the 1077 Pa pressure range, by using nonmonochromatic Al Ka radiation (1486.6 eV). The binding
energy (BE) values are referred to the Fermi level. BE scale calibration was confirmed by the position of both
Au4f 7/2 and Cu2p 3/2 bands in pure metal samples, falling, respectively, at 84.0 and 932.6 eV. Wide range
survey spectra were recorded for all the sample. Single spectra were recorded for C1s, O1s and N1s regions.
The recorded XPS bands were fitted using a non-linear least-square fitting procedure adopting a Shirley-type
background and Gaussian—Lorentzian peak shapes for all the peaks (XPSPEAK41 free software, 4.1, Raymund
W.M. Kwok, Hong Kong, China). The BE correction from the surface charging evidenced during analysis
(around 2-3 eV) was done by using as internal reference, with the position at 284.6 eV of the C1s band related
to C=C bonds 2, checking, in addition, the consistency of the BE positions of all the other bands evidenced in
the different XPS peaks. The BE values final uncertainty was not larger than 0.2 eV. The atomic composition
of the analyzed region (about 5-10 nm of thickness from the surface) was estimated by using sensitivity
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factors provided by @ V5.4A software (Perkin Elmer, Physical Electronics, Eden Prairie, MN, USA): the relative
uncertainty of the atomic fraction of the different elements was lower than 0.1. SAXS measurements were
performed at the European Synchrotron Radiation Facility (ESRF; Grenoble, France) on the ID02 beamline ¥,
using an X-ray wavelength of ~ 0.1 nm. Two sample-to-detector distances (SDD) were used (1 and 8 m) to
obtain a Q-range of 0.0008-0.74 A~ (Q = scattering angle). Scattering patterns were collected by taking 10
successive exposures of 0.05 s to reduce radiation damage. The measured two-dimensional scattering
patterns were normalized to an absolute intensity scale and azimuthally averaged to obtain the one-
dimensional scattering profiles. The corresponding background was then subtracted before the profiles,
from different SDDs, were merged. The one-dimensional SAXS profiles were analyzed using the SasView
software 38, Static Light Scattering (SLS) measurements were performed using a Malvern Zetasizer (Malvern
Products, Palaiseau, France) with a He-Ne laser light source (633 nm). The measurements were carried out
at 25.0 °C for a duration of 30 s for each one, and the samples were dispersed in water, filtered at 0.22 mm
and placed in 1 mL cuvettes. The high-resolution Atomic Force Microscopy (AFM, Oxford Instruments Cypher
Asylum Research, available at the AFM platform of the PSCM at Grenoble) was used in tapping mode to
investigate dimensions and morphology of the obtained nanoparticles or of their aggregates. The samples
were prepared in accordance with the standard procedures using a spin coater. For the optical
characterization of CDs, an UV-Vis spectrophotometer Agilent 8456 (Agilent Technologies Italia, Milano,
Italy) and photoluminescence excitation (PLE) were used and emission (PL) spectra were recorded by a Perkin
Elmer LS 55 fluorescence spectrophotometer (PerkinElmer lItalia, Milano, Italy). H, ¥ C{*H}, DOSY NMR
spectra were recorded on a Bruker AV 300 (*H: 300 MHz; 3C: 75.5 MHz; 51V: 78.28 MHz) spectrometer
(Bruker GmbH, Mannheim, Germany). For *H and *C{*H} NMR, the chemical shifts (8) were reported in parts
per million (ppm) relative to the residual undeuterated solvent as an internal reference.

Photoreduction of Methyl Viologen (MV). A solution composed by 0.1 M of EDTA, 60 uM of MV with an
absorbance normalized amount of CDs (a.b.s. = 0.13 a.u.; 0.005 mg/mL a-N-CDs, 0.2 mg/mL bass-CDs) were
placed under inert atmosphere in a quartz cuvette. The solutions were then irradiated at 365 nm fixed
wavelength emission (Hangar s.r.l.; ATON LED-UV 365; 80 W/m? of irradiance in the UVA spectral range 315—
400 cm™). The progress of the reactions was monitored using an UV spectrophotometer following the
formation of the typical absorption band of the reduced MV* radical cation form centered at 605 nm, and
its concentration was estimated using € = 13700 M cm™. The same experiment was conducted also using
the same concentration of bass-CDs and a-N-CDs (0.2 mg/mL). A series of blank reaction were also performed
to assess the effectiveness of the CDs in catalyzing the reduction of MV (E = -0.45V vs NHE). All the blank
tests performed reveal that CDs is essential to guarantee the effectiveness of the photochemical reduction
of the MV.
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3.5Continuous flow Photooxidative degradation of Azo Dyes with Biomass-derived
Carbon Dots

CONTINUOUS FLOW

LOXIDATIVE
Degradation

The investigation conducted on the preparation of fish based-CDs (see Chapter 3.4) prompted us to explore
other photocatalytic applications. In this chapter the advantages of CDs as photocatalysts have been merged
with the one of flow-chemistry for the continuous flow degradation of azo-dyes. This study has been
conducted in the laboratories of Prof. Jean-Christophe Monbaliu in the Université de Liége, Belgium and the
results have been published in C. Campalani, G. Petit, J.C.-M. Monbaliu, M. Selva and A. Perosa,
ChemPhotoChem, 2022, €202200234. doi: 10.1002/cptc.202200234.13°

The presence of persistent organic pollutants in industrial wastewaters is becoming a problem of major
concern. In the present study we explored the degradation of azo dyes, well-known common hazardous
contaminants, by a green and efficient procedure using continuous flow photooxidative degradation. In
particular, carbon dots synthesized from fishery waste (bass-CDs) were used as a cheap and readily available
photocatalyst in combination with oxygen and UV light. Methyl orange, acid red 18, amaranth, sunset yellow
and chromotrope were chosen as model substrates and their degradation was studied both in batch and in
continuous flow conditions. All the azo dyes were fully degraded with both techniques highlighting the
suitability of bass-CDs for the decontamination of wastewater. The main advantages are of using a
“disposable” photocatalyst, in aqueous solvent and in continuous flow. In particular, continuous flow
operation allowed faster decompositions: ca. 2 min versus 1-3 hours needed in batch.

3.5.1 Introduction
In recent years the release of toxic and persistent pollutants in the aquatic environment is becoming a topic
of major concern. Synthetic dyes, in particular, form the largest group of chemicals that are produced
worldwide and are among the most serious source of environmental contaminants. The global market
relative to dyes and pigments is expected to rise to USD 37 billion by 2023 with an estimated annual growth
rate of 5.46% (years 2018-2023).1%° Concerning the type, volume and complexity, the textile sector occupies
a major role in the dyes market.'** About 10,000 different dyes are used in the textile industry,*? with 60-
70% constituted by azo dyes!**1* that can be toxic and nonbiodegradable. The release of these dyes into
water bodies has been posing severe threats to humans and aquatic organisms due to their carcinogenic
effects on liver, kidney and on the cardiovascular system.#%14> Reactive azo dyes are characterized by one or
more azo chromophores in the molecular structure.’*® Their structure and synthetic origin make them
difficult to degrade even at low concentrations because of their resistance to light, heat, chemicals and

microbial action, rendering their removal by conventional wastewater treatment very difficult.147/148149,150
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In order to minimize the impact of these dyes on the environment, different approaches are currently used.
These common processes include adsorption by activated carbon,’® precipitation,*®? coagulation,>
membrane ultrafiltration'* and reverse osmosis.'>> However classical methods are inefficient because they
merely transfer the dye from one phase to another producing secondary waste. Photocatalysis, on the other
hand, is an advanced oxidation process (AOP), considered as an effective technique to purify wastewater by
chemical degradation of the dyes.’®” Upon excitation, the formation of electron-hole pairs on
semiconductors leads to the production of chemically active free radicals in the reaction media, in particular
in water. These radicals, in particular hydroxyl (¢OH), superoxide (¢O0O") and hydroperoxyl (¢OOH), are able
to attack specific bonds of organic compounds and to decompose them, resulting in less harmful by products
such as carbon dioxide, water and mineral acids.*® The photocatalytic activity of various semiconductor
materials has been investigated over the years to degrade aqueous organic pollutants’®® with a major
attention towards titanium dioxide,6%161,162,163,164,165,166,167,168 7inc oxjde®®17? or other metal oxides.!”*

As a new class of semiconductor nanomaterials, Carbon Dots (CDs) are gaining attention also in the field of
wastewater treatment for the removal of dyes.?”? CDs are, in fact, luminescent, biodegradable and bio-based
carbon material that are promising for photocatalytic applications®? but even with the immense progress in
their synthesis, there are still few reports where bare CDs were directly used as active photocatalytic material
for the degradation of dyes,® and in particular azo dyes. For this application, in fact, CDs are used mainly as
synthetic hybrid composites with other wide bandgap semiconductors.’317417>

In one of our previous work we demonstrated the possibility to hydrothermally synthesize CDs with high
ability in photoelectron transfer starting from fishery waste.*® These carbon nanomaterials are fully biobased
and biodegradable and, in the present work, the idea to exploit their photocatalytic behaviour in order to
degrade azo dyes was developed. One of the main advantages is that such CD photocatalysts are cheap,
easily available and biocompatible, all features that make these materials disposable along with the treated
effluent. In particular, the decomposition of five azo dyes, namely methyl orange (MO), acid red 18 (AR),
amaranth (AM), sunset yellow (SY) and chromotrope (CH) (Figure 3.5.1), was studied in batch and with a
continuous flow (CF) microfluidic reactor.
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Figure 3.5.1. Azo dyes studied in the present work.
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In 2019, indeed, the International Union of Pure and Applied Chemistry (IUPAC) has nominated flow
chemistry as one of the top ten emerging technologies in chemistry with high potential for sustainable
processes.’5177.178179 Batch reactors, despite being versatile, easy to operate and able to process most
chemicals, are characterized by low surface/volume ratio while flow systems offer an alternative to improve
the reaction efficiency by enhancing both mass and heat transfers and by allowing a precise control of the
reaction parameters.?”® Thanks to their outstanding advantages, in the past decades, CF technologies started
to have a crucial role for process intensification: they permit to decrease equipment size/production ratio,
energy consumption and waste production leading to cheaper and more sustainable pathways.® Flow
chemistry allows chemical reactions in a continuous manner within a well-defined micro- or mesometric
environment. A continuous flow reactor is typically made of narrow channels through which streams of
chemicals are pumped and set to react for a definite time at given temperature and pressure. Their
dimensions can range from sub-millimetric (microfluidic reactors) to sub-centimetric (mesofluidic
reactors),’”” allowing better reaction rates. This is achievable thanks to the possibility to easily pressurize and
heat above their normal boiling point the reagents: from a general point of view, CF permits a quick variation
of reaction conditions (T, p, flow rate, molar ratio, concentration, etc.) together with a rapid reaction
optimization and scale-up. Another unique aspect of flow systems compared to batch ones is the option to
carry out multistep syntheses by designing a set-up comprised of several flow reactors.’®! The small size of
microreactors (<1 mm in at least one dimension) offers additional multiple advantages in minimizing the
reagent consumption and energy waste, and in improving safety during handling of hazardous chemicals
and/or the conduction of exothermic reactions.'® In addition, an almost instantaneous mixing can be
achieved in micro-structured devices.!® Lately, as stated above, many conventional batch plants have been
replaced by CF technologies as witnessed by the fact that the top 30 petrochemicals and most of the top 300
chemicals produced worldwide are obtained through flow reactions that have proved to be more efficient
and sustainable than batchwise counterparts.’® In a lab configuration, different kinds of pumps (HPLC,
syringe, etc.) are used to deliver liquid reactants (or their solutions) at the desired flow rate, into the reactor.
If gases are necessary, the relative amounts are set and checked by a mass-flow controller. Four main types
of reactors can be employed: continuous flow stirred tank reactors; packed-bed reactors; coil reactors; and
chip reactors. Continuous flow stirred tank reactors are the most conventional ones in which the reactants
are continuously delivered and stirred at the desired conditions. A packed bed reactor is a tubular reactor
filled with a catalytic bed where, very often, the active phase (metal, ionic liquid, etc.) is dispersed/grafted
in/on a support (carbon, alumina, silica, etc.) or even a simple inert matrix (Raschig rings or sand).'® Coiled
reactors are also tubular reactors, but in the form of coils with outer diameters of 1/8” - 1/16” and inner
diameters >1mm. Microfluidic reactors belong to this subclass, and they have been demonstrated to suit
catalyst-free high T/p applications, photochemical reactions, and processes where the catalyst is deposed at
a molecular level. Finally, despite the significant cost, chip reactors systems offer extremely high surface-to-
volume ratios and high accuracy in heat transfer. For instance, glass chip reactors are a thin pane of glass
with a micro-channel in between, allowing for reagents to travel through. A CF-apparatus is then completed
by a back-pressure regulator (BPR) which allows to operate at a constant upstream system pressure, and one
or more samplers to withdraw and analyse the products mixture without affecting the reactions conditions.
The photodegradation of azo dyes in continuous flow conditions is still an underexplored topic even if
inherent advantages of the microreactor system, such as the high surface-to-volume ratio, short diffusion
distances, and rapid mass transfer, can improve the photocatalytic performance degrading organic
contaminants.18%187.188189 Qnly few works reported this kind of approach by using more conventional
photocatalysts such as titanium dioxide, zinc oxide, metal nanoparticles or hydrogen
peroxide.140'190'191'192'193’194’195'1%

We herein report an efficient and sustainable process for the degradation of azo dyes using a continuous
flow microfluidic photoreactor, exploiting oxygen and fish waste-derived CDs as photocatalyst.
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3.5.2 Results and Discussion

CDs derived from fish waste were selected as photocatalyst for the degradation of five azo dyes (MO, AR,
AM, SY and CH). These nanoparticles were obtained by hydrothermal synthesis using bass scales as carbon
precursor resulting in nitrogen self-doped spherical dots with diameter around 10 nm. Bass-CDs exhibited
two UV-Vis absorptions at 250 and 350 nm ascribable to the n-n* transition of aromatic carbons and n-r*
transition of double bonds containing groups respectively. An excitation-dependent emission around 450 nm
was observed, highlighting the role of defects in the emission mechanism.%®

The photooxidative degradation of dyes induced by CDs can be described as follows (Figure 3.5.2). When CDs
absorb light at the proper wavelength, electrons in the valence band are excited to the conduction band
creating holes in the valence band (Equation 3.5.1). The electrons in the conduction band (e'cg) and the holes
in the valence band (h*vs) can undergo recombination releasing heat (Equation 3.5.2) or can react with water
or oxygen dissolved in the aqueous medium. In particular, the holes in the valence band can react with water
to produce hydroxyl radicals (Equation 3.5.3) or can directly convert the organic dye to highly reactive
intermediates leading to subsequent oxidation (Equation 3.5.4). On the other hand, the electrons in the
conduction band can react with oxygen to form superoxide radicals (Equation 3.5.5) and, further,
hydroperoxyl radicals (Equation 3.5.6). All these radicals play a crucial role in degrading the organic dye,
finally leading to mineralization (Equations 3.5.7 and 3.5.8).1%®

(3.5.1) CDs+hv —> CDs (ecg+ h*vs)

(3.5.2) e+ h*yg—=> heat

(3.5.3) h*yg+ H,0 -> eOH + H*

(3.5.4) h*yg + organic pollutants - degraded products
(3.5.5) e+ 0,—> «00

(3.5.6) «O0™ + H* > «OO0OH

(3.5.7) *OH + organic pollutant > degraded products
(3.5.8) *OOH + organic pollutant - degraded products

Equations 3.5.1-8. Possible degradation mechanism of azo dyes in presence of CDs and oxygen.

By looking at the mechanism the crucial role of oxygen in the degradation of organic pollutants is evident. A
hypothetical mineralization pathway for methyl orange is reported in the Appendix in Scheme A.3.5.1. The
investigation started with batch experiments for the decomposition of the selected azo dyes to further
continue with the implementation in continuous flow.

uonepeibsp

‘OH —= Dyes

Figure 3.5.2. Schematic representation of the photooxidative degradation mechanism of azo dyes.
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Batch experiments

The investigation started in batch, using UV light, bass-CDs as photocatalyst and by bubbling oxygen inside
the reaction flask. Using these conditions all the five selected azo dyes were completely degraded in 1 to 3
hours (entries 1, 4, 7, 10 and 13 Table 3.5.1) demonstrating the ability of CDs to produce the oxygenated
radicals necessary to initiate the reaction pathway that leads to the decomposition.

To further confirm the importance of all the components, control tests without CDs or oxygen were
performed. Using only the carbon nanoparticles it was possible to degrade consistent portions of the dyes
(86% for MO, 73% for AR, 75% for AM, 67% for SY and 100% for CH) but in longer reaction times (24h, entries
2,5, 8,11 and 14 Table 3.5.1). This is probably due to the ability of CDs either to produce radicals directly
from water (Equation 3.5.3) to photoactivate the dissolved oxygen (Equation 3.5.5), or to degrade directly
the dye (Equation 3.5.4). In any case, following these pathways, the degradation resulted to be slower
confirming the need of external oxygen. On the other hand, using only oxygen it was possible to observe
some degradation but again the degradation rate resulted to be slower than all the other cases (entries 3, 6,
9, 12 and 15 Table 3.5.1). In fact, degradation yields of 24% (for SY) up to a maximum of 62% (for CH) in 24
hours were reached using only oxygen in absence of bass-CDs. In these cases, probably the direct photolysis
of the dyes under irradiation can result in partial mineralization. As reported from Wang et al.,’*” indeed, the
dye can be excited to produce singlet and triplet states dyes (Equation 3.5.9) and it can be consequently
involved in the generation of the hydrated electron (e.q) rather than the injection of an electron in the
conduction band of the semiconductor (Equations 3.5.10-12). The reaction pathways described then in
Equations 3.5.13-15 can then take place to produce hydrogen peroxide that is easily decomposed to hydroxyl
radicals by irradiation (Equation 3.5.16). As already showed in Equation 3.5.7, the hydroxyl radicals have a
major role in the degradation of pollutants (Equation 3.5.17). However, this degradation pathway resulted
to be far way less efficient than the one with the addition of a semiconductor, CDs in our case.

(3.5.9) Azo dye + hv > Azo dye *

(3.5.10) Azo dye* > *Azo dye* + e

(3.5.11) *Azo dye* + e > *Azo dye* + e,y
(3.5.12) Azo dye *+ hv = eAzo dye* + e
(3.5.13) eaq + 02 > «00~

(3.5.14) 00" + H* - «OO0OH

(3.5.15) *OOH + 00+ H* = 0, + H,0>
(3.5.16) H,0, + hv > 2 «OH

(3.5.17) Azo dye + *OH - degraded products

Equations 3.5.9-17. Possible degradation mechanism of azo dyes in presence of oxygen and under irradiation (in
absence of CDs).

Other control experiments in the absence of light were also performed for 24 hours: almost no degradation
was observed for all the five dyes confirming the need of the combination of oxygen/CDs/irradiation (see
Appendix Figure A.3.5.2).

The observed trend for MO is reported as an example in Figure 3.5.3 (for the AR, AM, SY and CH, see Appendix
Figure A.3.5.1). The UV-Vis spectra are reported in the Appendix in Figures A.3.5.13-22.
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Figure 3.5.3. Observed trend for the photooxidative degradation of methyl orange in batch conditions. a) trends in 1
hour: b) trends in 24 hours. Black = using CDs and Oxygen, red = no oxygen, blue = no CDs, pink = no CDs no oxygen,
green = no oxygen no light, dark blue = no CDs no light.

As can be seen in Table 3.5.1 and in Figure A.3.5.1 the trend is similar for all the azo dyes except for CH. In
that case, in fact, also the test performed using CDs without oxygen was effective and managed to reach
100% of degradation in 24 h. The chemical structure is similar for all the dyes but, reasonably, in CH the
hydroxyl group in para to the sulfonic group allows an easier oxidation leading to a quinone intermediate.

Table 3.5.1. Best degradation percentage reached for MO, AR, AM, SY and CH in batch conditions.

- Degradation (%), k
Entry Azo dye Conditions (time) (M-min)
1 Oxygen + CDs quant. (1 h) 1.4-10*
2 MO Only CDs 86 (24 h) 2.7-10°
3 Only Oxygen 45 (24 h) 2.5-10°
4 Oxygen + CDs quant. (1 h) 1.4-10*
5 AR Only CDs 73 (24 h) 8.0-10°
6 Only Oxygen 59 (24 h) 3.3-10°
7 Oxygen + CDs quant. (2.5 h) 6.1-10°
8 AM Only CDs 75 (24 h) 7.1-10°
9 Only Oxygen 30 (24 h) 6.9-10°
10 Oxygen + CDs quant. (2 h) 1.5-10*
11 Sy Only CDs 67 (24 h) 1.3-10°
12 Only Oxygen 24 (24 h) 1.4-10°
13 Oxygen + CDs quant. (3 h) 5.5-10°
14 CH Only CDs quant. (24 h) 3.410°
15 Only Oxygen 62 (24 h) 6.7-10°

To further confirm the complete mineralization of the dyes *H NMR experiment were conducted on the
reaction mixtures. As can be seen in the spectra reported in Figures A.3.5.3-12 (Appendix), all the peaks
related to the azo dye molecules disappeared and silent NMR spectra were recorded. This evidence highlights
the absence of organic molecules: the starting material disappeared, and no other organic compound was
detected. As already observed in the literature,819:1% 3|| the degradation plots can be approximated to a
straight line suggesting a zero-order reaction kinetic (see Appendix, Figures A.3.5.23-37). The rate constants
(see Table 3.5.1) were obtained by the slope of the degradation plots and calculated using Equation 3.5.18,
where [dye] is the molar concentration of the dye, t is the time (min), r is the degradation rate and k the rate
constant (M-min?).2%°
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Equation 3.5.18. Zero-order kinetic model.

d[dye]

= =k
ac

Analysis of the rate constants confirmed the higher degradation rate in the tests performed using CDs and
oxygen together: for all the five dyes tested, k was one or two orders of magnitude higher respect to the
experiments with only the CDs or only oxygen. It must be noted that for SY the calculations were performed
disregarding the first three experimental points indicative of an induction period. In addition, for SY the rate
constants with only CDs or with only oxygen were comparable in the first 2 h, while the final degradation
percentage (after 24 h of irradiation) resulted to be higher when using the CDs.

Continuous-flow experiments

The encouraging results obtained investigating the degradation of azo dyes in batch mode prompted us to
extend the protocol under continuous flow (CF) conditions to have faster and more efficient processes.
First, the CF experiments were conducted without the addition of oxygen; the setup was composed of an
HPLC pump to convey the feed (5ppm azo dye and 2 mg/mL of bass-CDs in D.l. water) to a PFA reactor
(internal volume 2.6 mL). The reactor was homogeneously irradiated using four LEDs at a wavelength of 365
nm and the pressure of the system was controlled downstream using a backpressure regulator at 7 bar
(Figure 3.5.4 a and c).

Azo Dye (1-5)
a) + bass-CDs

AN
X
Degradation
products
Azo Dye (1-5) |
b) + bass-CDs

X

L Degradation OUTLET
products

Figure 3.5.4. Simplified flowchart of a) continuous flow set up for the degradation of azo dyes without oxygen and b)
continuous flow set up for the degradation of azo dyes with oxygen. c) photograph of the photoreactor.

To determine the best conditions in term of flow rate (@), and consequently of residence/irradiation time
(Rt), MO was chosen as a model substrate and some preliminary tests were conducted (see Table 3.5.2). As
expected, decreasing the flow from 1.5 to 0.5 mL/min (and therefore increasing the R:) the degradation
percentage increased. To avoid excessively long residence times, a flow equal to 0.5 mL/min was selected.
With these conditions, the degradation percentage reached a satisfactory 49% of degradation in 5.2 min,
while in batch conditions without oxygen almost 5 hours were necessary to reach the same result (see Figure
3.5.3 b).
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Table 3.5.2. Flow conditions tests performed on MO and relative MO degradation percentages. Feed: [MO] = 5ppm,
[bass-CDs] = 2 mg/mL; A=365 nm.

Entry ® (mL/min) Rt (min) MO degradation (%)
1 1.5 1.7 34
2 1.0 2.6 39
3 0.5 5.2 49

The same conditions were then applied to the other four azo dyes. For AR, 37% degradation was reached in
5.2 min (entry 3, Table 3.5.3) compared to 7 h in batch; for AM 23% (entry 5, Table 3.5.3) compared to 2
hours in batch. For SY, 5.2 min allowed to reach 59% degradation percentage compared to 17 hours in batch
(entry 7, Table 3.5.3); while for CH, 66% was obtained (entry 9, Table 3.5.3), same as in the batch experiment
in 5 hours.

Control experiments without CDs were also performed demonstrating the need to use a photocatalyst for
the decomposition of these type of pollutants. As can be seen in Table 3.5.3 (entries 2, 4, 6, 8 and 10) without
the addition of bass-CDs the degradation hardly proceeded reaching a maximum value of only 4% in the case
of CH.

Table 3.5.3. Dye degradation percentages for continuous flow experiments performed without oxygen. Feed: [dye] =
5ppm, [bass-CDs] = 2 mg/mL; A=365 nm; ® = 0.5 mL/min; Rt = 5.2 min.

Entry Azo dye CDs Dye degradation %
1 Yes 49
2 MO No 0
3 AR Yes 37
4 No 0
5 Yes 23
6 AM No 0
7 Sy Yes 59
8 No 1
9 Yes 66
10 CH No 4

The continuous-flow investigation continued then with the addition of oxygen. A new continuous flow setup
was then assembled using an oxygen supply and a mass flow controller to regulate the oxygen flow rate. The
feed and the oxygen were conveyed through an arrowhead mixer and successively to the same reactor used
for the experiments without oxygen (Figure 3.5.4 b and c). The residence times calculations were done
following Equations A.3.5.1-2-3 in the Appendix.

As in the previous case, MO was chosen as a model dye to define the best conditions. As can be seen in Table
3.5.4, the flow rate of the feed was kept constant (0.5 mL/min) while the oxygen flow was changed to obtain
the best degradation percentage. With MO, using an oxygen flow of 5.5 mLy/min, and a residence time of ca.
2 min, complete degradation was observed. The complete decomposition of this azo dye was obtained in
batch conditions bubbling oxygen for 1 hour, demonstrating the major effectiveness of continuous flow for
this type of wastewater treatment.
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Table 3.5.4. Oxygen flow conditions tests performed on MO and relative MO degradation percentages. Feed: [MO] =
5ppm, [bass-CDs] = 2 mg/mL; A=365 nm; dfeed = 0.5 mL/min.

(Doxygen on MFC (Doxygen real (DTOT . .
Entry (my/min) (mL/min) (mL/min) Rt (min) MO degradation (%)
1 5.5 0.78 1.28 2.03 quant.
2 7.5 1.07 1.57 1.65 51
3 10.0 1.43 1.93 1.35 46

For these tests the feed was always composed by an aqueous solution containing 5 ppm of the dye and 2
mg/mL of bass-CDs. Considering the high efficiency of the continuous flow degradation using oxygen, the
amount of CDs in the feed was decreased to see if it was possible to obtain the same result with lower
amounts of photocatalyst. However, using 1 mg/mL of CDs, lower degradation percentages were observed:
with a total residence time of 2.03 min (®Dfeed = 0.5 Min, Doxygen on Mec = 5.5 MLy/min) only 29% of MO was
decomposed, and increasing the residence time to 2.71 min (®feed = 0.5 Min, Doxygen on mrc = 3.5 mLy/min) only
31% (see UV spectra in Appendix, Figure A.3.5.14).

The optimal conditions for the decomposition tests of the other four azo dyes were set as follows: 2 mg/mL
of bass-CDs, Dfeed = 0.5 ML/min, Doxygen on mrc = 5.5 mLy/min and Rt = 2.03 min. AR, AM, SY and CH were fully
degraded under these conditions (Table 3.5.5, entries 3, 5, 7 and 9) highlighting the high efficiency of this
process. In control experiments preformed without the bass-CDs, none or very low degradation percentages
were observed reaching a maximum of 9% with CH (entry 10, Table 3.5.5).

Table 3.5.5. Dye degradation percentages for continuous flow experiments performed with oxygen. Feed: [dye] =
5ppm, [bass-CDs] = 2 mg/mL; A=365 nm; Dreed = 0.5 mL/min, Poxygen = 5.5 mLn/min, Doxygen real = 0.78 mL/min, Dror =
1.28 mL/min, Rt = 2.03 min.

Entry Azo dye CDs Dye degradation %
1 Yes 100
2 MO No 0
3 Yes 100
4 AR No 5
5 AM Yes 100
6 No 0
7 Sy Yes 100
8 No 1
9 Yes 100
10 CH No 9

From these experiments the importance of both oxygen and carbon dots for the degradation process of azo
dyes was highlighted. It was demonstrated that bass-CDs acted like an efficient photocatalyst for the
formation of oxygenated radicals responsible for the decomposition of water pollutants, and that the
addition of oxygen increased the degradation rate both in batch and in continuous flow. Using the batch
setup bubbling oxygen with a frit it was possible to completely degrade the pollutant in times varying from 1
to 3 hours depending on the azo dye. In continuous flow, on the other hand, in only 2 minutes of residence
time all the five selected azo dyes reached 100% degradation (Table 3.5.6).
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Table 3.5.6. Comparison of the time necessary to have complete degradation of the five azo dyes in batch or in
continuous flow. Batch conditions: Feed: [dye] = 5ppm, [bass-CDs] = 2 mg/mL; A=365 nm; oxygen bubbled with a frit.
Continuous flow conditions: Feed: [dye] = 5ppm, [bass-CDs] = 2 mg/mL; A=365 nm; Dfeed = 0.5 mL/min, Poxygen = 5.5
mLn/min, @oxygen real = 0.78 mL/min, @t = 1.28 mL/min, Rt = 2.03 min.

Entry Azo dye Conditions Time to have: 100%
degradation
1 Batch 1h
2 MO Continuous flow 2 min
3 AR Batch 1h
4 Continuous flow 2 min
5 AM ‘Batch 2.5 ‘h
6 Continuous flow 2 min
7 Sy Batch 2h
8 Continuous flow 2 min
9 CH Batch 3h
10 Continuous flow 2 min

3.5.3 Conclusions

In the present work, a method for the complete degradation of azo dyes pollutants in a fast and eco-
sustainable way is reported. A continuous flow photoreactor was used taking advantage of the photocatalytic
behaviour of carbon dots to perform the photooxidations of azo contaminants. The employed CDs derived,
in addition, from fish waste sources fitting in the idea of Circular Economy. These nanoparticles are readily
available, biodegradable and biocompatible, as opposed to the majority of common semiconductor
photocatalyst, leading to a green, sustainable and non-harmful photocatalytic process. Thanks to the
advantages of flow chemistry, such as high surface-to-volume ratio, short diffusion distances, and rapid mass
transfer, it was possible to fully degrade five different azo dyes (methyl orange, acid red 18, amaranth, sunset
yellow and chromotrope) in only 2 minutes. Using the combination of bass-CDs, oxygen and UV irradiation
(A =365 nm), it was possible to totally decompose the dyes also in batch conditions, but longer reaction
times were needed (from 1 to 3 hours depending on the azo dye). The tested flow methodology should be
easy to apply to the purification of industrial wastewaters in a continuous, cheap and affordable way. The
bass-derived CDs did not require dialysis because they were free from other soluble molecular species,
making the photoactivity of the dialyzed bass-CDs identical to the non-dialyzed CDs. We wish to stress that
one of the advantages of our system is that it uses CDs without the need for purification. A second advantage
is that the simple synthesis, wide availability, full biodegradability and biocompatibility of these CDs
eliminates the need to recover them after the reaction and allows to use them as “disposable” catalysts that
can be discarded together with the dye decomposition products without creating new harmful contaminants.
In conclusion, the photocatalytic application of fish waste derived CDs, in combination with the benefits of
flow chemistry, for the degradation of pollutant and resistant azo dyes is reported.
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3.5.4 Experimental
General. All the reagents were purchased from Merck Life Science S.r.l. (Milano, Italy). Oxygen was industrial
grade (99.99%, ALPHAGAZ 1, Air Liquide).
UV-Vis absorbance spectra were recorded with an AvaSpec-ULS2048XL EV spectrometer using a deuterium—
halogen light source. The absorbances were measured at the characteristic absorption wavelength for every
azo dye: 464 nm for MO, 506 nm for AR, 520 nm for AM, 482 nm for SY and 516 nm for CH.
The degradation percentage was calculated using Equation 3.5.19, where Gy is the initial concentration of
the dye and C; is the dye concentration at the selected time. The concentrations were calculated by
calibration curve at UV-Vis.
Lo G 100
Co

degradation% =

Equation 3.5.19. Calculation for the azo dyes degradation percentage.

IH NMR spectra were collected at 25 °C on a Bruker Ascend 400 operating at 400 MHz using D,0 as solvent;
The chemical shifts (6) have been reported in parts per million (ppm) relative to the residual non-deuterated
solvent as an internal reference and are given in § values downfield from TMS.

Synthesis of fish derived carbon dots (bass-CDs). Bass-CDs were synthesized and characterized according to
our previously reported work.?® Briefly 2 g of dried and grounded sea bass (Dicentrarchus labrax) scales were
put in a Teflon-lined autoclave with 20 mL of MilliQ water. The system was heated at 200 °C for 24 h. The
obtained brownish suspension was filtered, and the water was removed by rotary evaporation to obtain a
brown solid with 30-50% vyield.

Sea bass Dry Hydrothermal Bass- 30-50%
scales scales Synthesis CDs yields
70°C, under Autoclave Filtration,
vacuum, overnight 200°C, 24h Water removal

Figure 3.5.5. Simplified flowchart of the synthetic procedure for the preparation of carbon dots from bass scales.

Feed Preparation.The feed solutions were composed of azo-dyes 1-5 (Figure 3.5.1) 5 ppm and 2 mg/mL of
bass-CDs in D.I. water.

Batch Experiments. The solution of the selected dye (5 ppm) and bass-CDs was irradiated with four LEDs
pillars containing each 6 high power LEDs (A = 365 nm, 1100 mW) while oxygen was bubbled inside using a
frit. For the experiments without oxygen the solution was continuously stirred. Samplings were performed
at different time intervals and analysed via UV-Vis spectroscopy.

Control experiments in absence of light and of photocatalyst were also performed.

Continuous Flow Experiments

Continuous-Flow Setup for experiments without oxygen. The continuous-flow setup for the experiments
without oxygen involved an HPLC pump (Knauer Azura P41S equipped with a 10 mL stainless steel head)
conveying the feed to the reactor that consisted in a perfluoroalkoxyalkane (PFA) tubing (1/16”, internal
volume = 2.6 mL) coiled on a stainless-steel cylinder and irradiated with four LEDs pillars containing each 6
high power LEDs (A = 365 nm, 1100 mW). The pressure of the system was controlled with a Zaiput dome-
type back pressure regulator (BPR) inserted downstream (set point: 7 bar). Further details on the continuous
flow setup are reported in the Appendix and in Figure 3.5.4 a.

Typical Run. The HPLC pump used to deliver the aqueous solution of the selected azo dye (5 ppm) and CDs
(2 mg/mL) was set to 0.5 mL/min. The feed was conveyed to the photoreactor through PFA tubing (1/16").
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Irradiation occurred along the entire reaction channel (2.6 mLinternal volume, 5.2 min residence time) under
7 bar of pressure.
Control experiments in absence of light and of photocatalyst were also performed.

Continuous Flow setup for experiments with oxygen. The continuous-flow setup for the experiments with
oxygen involved an HPLC pump (Knauer Azura P41S equipped with a 10 mL stainless steel head) connected
to an arrowhead mixer with PFA tubing (1/16”). The oxygen flow rate was controlled through a Bronkhorst
mass flow controller (MFC) and conveyed to the arrow head mixer using a 1/16” PFA tubing too. The reactor
consisted in a PFA tubing (1/16”, internal volume = 2.6 mL) coiled on a metal cylinder and irradiated with
four LEDs pillars containing each 6 high power LEDs (A = 365 nm, 1100 mW). The pressure of the system was
controlled with a Zaiput dome-type back pressure regulator (BPR) inserted downstream (set point: 7 bar).
Further details on the continuous flow setup are reported in the Appendix and in Figure 3.5.4 b.

Typical run. The HPLC pump used to deliver the aqueous solution of the selected azo dye (5 ppm) and CDs (2
mg/mL) was set to 0.5 mL/min and the oxygen flow was set to 5.5 mLy/min with MFC. Both fluids were
conveyed to the photoreactor through PFA tubing (1/16”). Irradiation occurred along the entire reaction
channel (2.6 mL internal volume, 5.2 min residence time) under 7 bar of counterpressure.

Control experiments in absence of light and of photocatalyst were also performed.
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4. Biopolymers

In this chapter, an investigation on the extraction of biopolymers from fishery waste is described.
Biopolymers are natural polymers produced by living organisms and they have great importance and
interest in a wide range of applications from biomedical (e.g. tissue engineering) to pharmaceutical and
materials production. In particular, focus was placed on the extraction of collagen from fish scales for the
production of UV-shielding materials and on the possibility to obtain chitin from crab shells using a more
sustainable pathway with ionic liquids.

4.1 Introduction: biopolymers from fishery waste

Biopolymers are polymers produced by living organisms and they are the most widespread organic
compounds in the ecosphere.! Depending on the type of monomer and on the structure of the
biopolymer itself, they can be divided in three main classes: polynucleotides (made by nucleotide units,
like DNA and RNA), polysaccharides (or polycarbohydrates, made by repetitive monosaccharide or sugar
units) and polypeptides (composed by amino acids sequences). Other classes can also be considered as
biopolymers, such as lipids, polyphenols and also synthetic polymers deriving from biobased monomers
(Figure 4.1.1) 2
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Figure 4.1.1. General classification of biopolymers.

The terms “biopolymers” or “bioplastics” have been generally applied to a large number of plastics with
different properties and applications with a variety of different meanings.? Bio-based plastics, indeed, can
be produced from a plethora of different renewable sources, such as cellulose and starch, but some of
them can also be non-biodegradable, such as bio-based polyethylene.* The potential great contribution
of biodegradable plastic to the reduction of pollution in the environment, especially in the marine one, is
evident. Plastic litter is, indeed, one of the most impacting environmental problems, causing a great
number of ecologically negative consequences, like the presence of micro and nanoplastics in the aquatic
habitat.> Around 320 MT-y? of plastic for different applications are currently produced from petroleum
resources and production rates are expected to increase in the near future, exceeding 500 MT-y? by
2050.% Over 150 MT of plastic solid waste are produced globally every year.” Most plastic wastes take
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hundreds of years to degrade naturally under ambient conditions, and thus they accumulate in nature.
Wildlife habitat and its biodiversity are endangered due to the contamination of plastic wastes, especially
in the marine ecosystem.® Burning municipal solid waste containing plastic in the open field also releases
toxic gases, including dioxins, furans, mercury, and polychlorinated biphenyls.® For this and other reasons,
the production of bioplastics has largely increased during the last decade, with the aim of decreasing the
negative impact of synthetic polymers on the environment. In fact, biopolymers are fully or partially bio-
based and can be biodegradable and/or biocompatible.'® However, they still represent a small portion of
the market being roughly 1% of the yearly plastic supply. In 2020 the bioplastic production worldwide was
estimated to be around 2.11 million tons, and it is expected to rise to about 2.87 million tons in 2025.!
Nevertheless, since the demand is continually growing, the market for biopolymers is incessantly
expanding and differentiating, including more advanced materials, applications and innovations.
Packaging is the major sector for bioplastic use with 47% of the total bioplastic market in 2020 (0.99
million tons) with a particular increasing interest in the production of green edible/biodegradable films
for food packaging. In addition, biopolymers have the potential to be used in medical applications, water
treatment, cosmetics, food additives, absorbent and biosensors among others. Due to their considerable
biocompatibility and biodegradability, they have, in particular, an important role in biomedical
applications for drug delivery systems, tissue engineering and wound treatment, dialysis membrane and
biosensors.'? A biopolymer, indeed, should be non-toxic, non-antigenic, non-irritant, non-carcinogenic,
sterilisable and available for widespread applications.®

As stated in the introduction, fish waste represents a growing issue that can be solved with innovative
approaches. The need for an implementation of more sustainable practices in fishery sectors, indeed,
involves the valorisation of by-products and discards:!* this could contribute to reduce the costs of a safe
waste disposal and to generate additional value arising from the recovery of several potentially interesting
molecules (e.g. oils, proteins, pigments, bio-active peptides, chitin, gelatin...).»>® Of particular interest
nowadays is the production of biopolymers starting from discarded fish materials. In particular, as
illustrated in Figure 4.1.2, different types of fishery waste can be advantageously converted into natural
polymers: muscles, skin, fins, scales and shells.

BIOPOLYMERS
from fish
waste

Figure 4.1.2. Types of fishery waste possibly used for biopolymers production.!!

Polymers derived from fishery waste, indeed, are a particularly promising substitute for synthetic plastics
thanks to their greener characteristics.!” The main biopolymers that can be obtained from this type of
waste are collagen and chitin/chitosan. Proteins, like collagen, are among the most used biomaterials in
the food industry, thanks to their nutritional values, biodegradability, ability to form gels and non-toxicity.
In addition, the materials produced from proteins have several advantages, such as good barrier
properties, transparency and potential to produce active packaging. ¥'° A more detailed description of
collagen and its properties is reported in Section 4.2.1. On the other hand, chitin is a widespread
biopolymer: it is a polysaccharide with a crystalline structure that led to an intrinsic high resistance and
insolubility of the polymer.?° Chitosan is easily prepared from chitin, being its deacetylated form, and
present a higher solubility that allows its conversion into hydrogels, membrane and films that are known
to possess antimicrobial activity. A detailed description of chitin and chitosan is reported in Section 4.3.
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4.2 Biopolymers-based UV-blocking Films

BIOPOLYMERS-BASED UV-BLOCKING FILMS

|Biomass __ |Biopolymers 1 Additives ? UV-SHIELDS
Cellulose C‘);ga‘ni;‘ T -
Starch Inorganic

Gelatin
Chitosan

Among the different portions of the electromagnetic spectrum, UV emissions (100-400 nm) are known to
be harmful for human health and damaging for organic matter, including commercially and industrially
relevant molecules and polymers, such as foodstuff, pharmaceuticals, cosmetics and coatings. To avoid
undesired/uncontrolled organic matter degradation upon UV light exposure, the development of UV-
blocking materials has gained increasing interest in the past few years. Commercially available UV-
blocking polymers are currently derived from petrochemicals, which are associated to well-known end-of-
life issues including non-biodegradability and environmental pollution problems. It is therefore necessary
to produce new bioderived and biocompatible polymers with UV barrier properties. This chapter
summarizes the recent progress made in the field of biopolymer-based UV-blocking films, focusing mainly
on chitosan and gelatin as matrices combined with UV absorbing organic and/or inorganic fillers. This
chapter is part of an extensive review that is currently under preparation and its submission for publication
is expected by the end of this year.

Introduction

Earth’s stratospheric ozone layer depletion over the southern hemisphere has become an alarming
problem in the last 40 years, due to the accumulation of volatile halogenated ozone depleting substances
(ODS). A significant reduction in ODS consumption has been achieved globally since 1986, thanks to
government driven global actions such as the 1987 United Nations Environment Programme (UNEP)
Montreal Protocol. Although the ozone hole is currently under control and slowly reducing its size, its UV
shielding effect is somewhat reduced, and the amount of UV radiation levels at Earth’s surface has
increased. UV radiation is commonly divided into three main types: UV-A (400 nm — 315 nm), UV-B (315
nm — 280 nm) and UV-C (280 nm — 100 nm). The Earth’s ozone layer blocks the UV-C portion and part of
the UV-B, but the remaining fraction of UV-B and all UV-A are transmitted through the atmosphere and
reach the Earth’s surface. Therefore, recent applied research on materials’ development is focused on
creating UV-shielding materials.?! Direct and prolonged exposure to UV light can lead to harmful effects
on human health, ranging from skin aging and eye damage to melanoma?? and other diseases of the
immune system.? UV light irradiation promotes the generation of free radicals with detrimental effects
on the short- and long-term stability of organic materials. Indeed, by UV irradiation singlet oxygen is
produced, a short lived radical species which is the main cause of lipid oxidation, antioxidants
decomposition and irreversible damage of vitamins and proteins.?* Limiting and/or preventing UV light
exposure is a major concern within the food industry sector, as oxidation reactions can alter the flavour
and appearance of food and decrease its nutritional quality, eventually producing toxic compounds.?® UV
radiation has a photodegradation effect also on polymers: 2 for this reason industries producing paints,
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plastics and cosmetics are constantly facing the challenge of developing and producing materials capable
of retaining their physical and optical properties even after prolonged exposure to solar radiation. These
issues have led to the addition of UV blocking agents to various commercial formulations, in particular for
food and pharmaceutical packaging,?” biomedical,?® construction and cosmetics applications.?® So far,
fossil-derived materials, such as polystyrene, polyurethanes or polymethylmethacrilates, have been used
as matrixes for UV-shields. However, due to increasing environmental and health concerns, it is crucial to
shift towards the development of materials derived from renewable resources with a clear and
controllable end-of-life cycle. Recently, biopolymer-based nanocomposites reinforced with a low fraction
of functional fillers have been considered owing to their distinctive and characteristic properties. In this
context, several environmentally friendly and biodegradable biopolymers, like chitin, starch, gelatin and
cellulose, have come to be extensively used.

Nowadays, a wide number of different additives have been used to impart UV-shielding properties to
biopolymers-based materials. The purpose of this chapter is to review the state-of-the-art on bio-based
UV blocking materials, derived mainly from gelatin and chitosan, doped with different UV absorbers.

Additives

Most renewable-based polymers are UV transparent, therefore one of the most commonly employed
strategies to include UV-shielding abilities in such bio-based materials relies on the incorporation of
organic and/or inorganic UV absorbers.

Organic UV blockers (benzophenone and its derivatives) have been widely applied in industrial products,
e.g., textiles, personal care and packaging products, thanks to their significant UV shielding power.
Aromatic compounds, indeed, exerts a protective effect via n > ©* and © > ©* electronic transitions
involving the benzene ring structure and other intramolecular charge-transfer transitions of carbonyl and
hydroxyl groups respectively.?® However, it is reported that such benzophenone-type UV absorber are
unstable and prone to photodegrade to generate toxic adducts that can easily permeate and be released
into the environment, inhibiting the practical application of those additives.3! On the other hand,
inorganic nanomaterials, in particular metal oxides NPs, are regarded as more effective UV blockers and
have been widely introduced into coating systems to absorb wavelengths in the range of 200-400 nm.
This type of nanomaterials can rapidly convert the photon energy into heat and, in addition they lead to
light scattering. However, absorbing UV light, free radical formation takes place causing possible attack
on the polymer structure with consequent photo-oxidative degradation.3?3® In fact, the majority of
inorganic metal oxides shows photocatalytic actions resulting in the depletion of some of the intrinsic
properties of nanocomposite materials, such as their physical, mechanical and chemical properties. In
addition, most of them can be used only for opaque and coloured products limiting the field of application.
The characteristics of the more currently used inorganic and organic additives for the preparation of UV-
blocking materials will be here discussed.

Organic UV-blockers

Organic UV absorbers based on benzophenone, but also triazine and benzotriazole (Figure 4.2.1) are
widely used 34 but, due to the risks related to human health and the environment,*>*¢ current challenges
to replace them are developing.

[

Figure 4.2.1. Chemical structure of (from left to right) benzophenone, triazine and benzotriazole.

84



Natural extracts, polyphenols, tannins and lignin can be valuable alternatives thanks to the n-conjugated
system that can absorb efficiently UV light.’ Among the most promising candidates to replace
conventional organic UV absorbers, lignin and carbon dots are gaining more and more interest.

Lignin is the most abundant natural aromatic polymer worldwide with an estimated annual production of
50 million tons.?® It is an amorphous polyphenolic branched structure formed from enzyme-assisted
dehydrogenative polymerization of the phenyl propanoid units. Only 2% of all industrial lignin and 100
000 tons of kraft lignin available are valorised per year.>® Lignin can be used as a natural broad-spectrum
UV blocker thanks to its functional groups, namely phenolic units, ketones and other chromophores.® In
addition, the aromatic structure of lignin can increase the stability of polymers in blend towards oxidation
and heat, thanks also to the free radical scavenging ability of its phenolic groups.** On account of these
extraordinary properties, this natural polymer has been extensively blended as an active material with
other biopolymers to achieve films with UV protection capabilities.*> However, the poor water solubility
and highly branched structure of lignin present challenges in regard to the compatibility with other
biopolymers. In addition, products with the presence of lignin can turn brown over time due to the
oxidative degradation of aromatic rings induced by the light.*®

As stated in the previous chapter, CDs are a new class of carbon nanomaterials with spherical shape,
diameter lower than 10 nm and broad and strong UV absorbance * that have drawn considerable
attention in a wide range of applications. CDs have distinct electronic and optical properties that can be
controlled through size, structure and surface chemistry: all these parameters can be easily tailored with
different synthetic approaches and a wide variety of possible carbon precursors.***4” |In addition,
different studies have demonstrated the low cytotoxicity and high biocompatibility of these carbon
nanostructures.®® Bio-nanocomposites based on CDs with superior properties on UV-shielding, together
with low permeability, thermal and mechanical properties and so on, have been prepared with different
polymers such as chitosan %, cellulose *° and others.”*> However, a precise control over the structural
aspects of CDs is needed since the wide variety of functional groups on their surface can heavily influence
their chemical and photophysical properties. In addition, the optoelectronic properties of these carbon
nanomaterials are not yet fully understood.

Inorganic UV-blockers

Inorganic materials are good UV-light screens and have high ability to absorb/scatter the light. Particular
attention is given to nanomaterials; nanotechnology has become, indeed, the leading technology for the
improvement of advanced materials in the last decade.>® In fact, extensive research has been carried out
in the sector of nanocomposite films containing nanofillers to improve barrier, mechanical, thermal and
physico-chemical properties,®>>° with particular attention to titanium dioxide (TiO2), zinc oxide (ZnO)
and graphene. Nonetheless, some drawbacks, like aggregation after a certain concentration and
nonbiodegradability, must be taken into account.

Titanium dioxide, especially in its nano size, is one of the most used materials nowadays: it is generally
recognized as stable, biocompatible and cheap. In addition TiO; has intrinsic chemical-inertness, non-
toxicity, antimicrobial ability, high photocatalytic activity and UV-blocking properties.>”*®>° TiO, NPs have
been extensively used in a plethora of different fields, such as pollution treatment, wound repairing and
biosensors but also for food preservation and for the development of active packaging films.>*® Titanium
dioxide exists in three crystalline forms (anatase, rutile and brookite) and can be obtained in different
sizes, shapes and surface feature allowing a tailorable and customizable preparation of the NPs. Thanks
to its small size and high surface area, TiO> NPs possess unique physical and chemical properties and are
able to interact with polymer matrixes enhancing their mechanical and physical properties.®>%2

Zinc oxide NPs are used in many applications from food to cosmetics®¥%* thanks to its wide band-gap, low-
toxicity and optical transparency. In particular, its UV absorbing behaviour made it an interesting
functional filler in pharmaceutical materials, pigments, cosmetics and coating materials.®® Indeed, ZnO is
a well-known nanofiller that can improve the properties of the material with its outstanding antimicrobial

85



action, non-cytotoxicity and high stability.®® The size, morphology, composition, crystallinity and shape of
Zn0 particles are some important parameters; for example, it has been demonstrated that ZnO nanorods
exhibit an optimal UV absorption activity and that can be a suitable candidate as nanofiller for UV-
shields.®” Indeed, the incorporation of ZnO in biopolymers enhance their mechanical and barrier
properties providing materials with improved behaviours. Both ZnO and TiO;, however, undergoes the
classical inconvenient of inorganic fillers, such as aggregation, production of coloured/opaque and non-
degradable materials and the possibility to start radical photocatalytic reactions detrimental for the
polymer matrix.

Graphene is two-dimensional sheet of sp? carbon one atom thick, that has a great potential in a huge
range of applications including UV-protection.?®® Thanks to the extent of the = domain, graphene has a
large variety of promising physical properties: ultrahigh specific area, mobility of charge carrier, quantum
hall effects at room temperature, high flexibility, mechanical, thermal, electrical properties, and excellent
optical transmittance.”®”! All these exceptional features contribute to the enhancement of the intrinsic
characteristics of polymers after incorporation of graphene. In addition, the optical band gap of graphene
oxide (1.5 eV) indicates its strong UV absorption and weak visible light absorption, making it a promising
candidate as a UV absorber with noncatalytic activity, overcoming the deficiencies of conventional organic
and inorganic additives.”?

Biopolymers

In this section an excursus on the production of UV-shields starting from gelatin and chitin, two well-
known biopolymers that can be obtained from fishery waste, is presented. It is important to remark that,
besides the UV-blocking capability, the visible light transmittance is an important parameter for films
applications because it affects the appearance and the acceptability of the material. Transparency is,
indeed, the physical property of allowing light to pass through the film.”>”* Finding a good balance
between UV barrier properties and Vis light transparency is one of the main challenges in the field of
biopolymers-based materials.

Gelatin

Collagen is the main protein present in the extracellular matrix of human tissues and it constitutes up to
the 30% of the dry weight of the body.”® The structure of collagen is in form of triple helix constituted of
three a-chains formed by an aminoacidic sequence of glycine-X-Y where X and Y are mostly occupied by
proline and hydroxyproline.”® A more detailed description of collagen is reported in Chapter 4.2.1. The
common procedure to obtain collagen is its extraction from animal connective tissues using acidic, basic,
or neutral solubilization or enzymatic treatments. The as obtained material shows non-immunogenicity,
low antigenicity, and biocompatibility.”” From the denaturation of collagen it is possible to obtain gelatin,
a protein-based biopolymer that is gaining attention for the preparation of active materials thanks to its
film-forming ability and worldwide abundance.”® Gelatin is renewable and classified as a “generally
recognized as safe” substance by the U.S. Food and Drug Administration becoming a candidate to
substitute fossil-based plastics in food packaging. Beyond their biocompatible and biodegradable nature,
gelatin-based films showed to have adequate gas permeability, thermo-reversible sol-gel transition, high
elasticity in a dry state and satisfactory mechanical properties’>® and, due to its high content of aromatic
amino acids, UV-shielding properties.®-82 However, gelatin is highly sensitive to moisture and might
undergo post-processing changes when stored at high relative humidity.®® In order to enhance their
physicochemical properties, in particular UV-blocking ability, gelatin-based biofilms are usually reinforced
with an enormous number of functional fillers varying from organic compounds to nanostructured
materials. In this regard gelatin contains many suspended functional groups that can facilitate the
chemical cross-linking and derivatization. In Table 4.2.1 some of the UV-blockers used for the production
of UV-shields from gelatin are reported: for brevity only the most significant examples are herein
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discussed. It is not here examined, but it is worth to mention, that in the majority of cases the high UV
blocking percentage implies also a scarce transparency towards visible light.

Table 4.2.1. Gelatin-based UV shields, type of additive and UV-blocking percentage reported in recent literature.

Entry Gelatin Additives UV-blocking % Ref
1 Gelatin/chitosan Capsaicine encapsulated in MOFs 90 84
2 Commercial gelatin Copper sulfide NPs 89-99% 8
3 Commercial gelatin Ag NPs 91.9% 86
4 Commercial gelatin Ag NPs 100 87
5 Collagen hydrolysate TiO2 NPs 55.5-100 88
6 Fish scale gelatin/chitosan CaCOs NPs 70 8
7 Commercial gelatin Melanin NPs 100 %0
8 Commercial (bloom fish) Zn0 nanorods 100 o1
9 Commercial bovine gelatin ZnO nanorods 100 67
10 Gelatin from yellow stripe trevally fish ZnO nanoparticles 50-100 92
11 Commercial gelatin Choline salicylate 100 %3
12 Gelatin/chitosan Tannic acid 100 94
13 Commercial gelatin Tannic acid 88-100 %
14 Commercial gelatin Tannic acid—m(z;jli;‘lijtle:):ls?icrofibriIaIted 85-98 %
15 Fish gelatin Gallic acid 97-99 7
16 Commercial gelatin Choline citrate/lignin 95 82
17 Fish gelatin/pectin Resveratrol 100 %8
18 Bovine gelatin Epoxidized soybean oil/glyoxal 99.9 9
19 Commercial gelatin Dialdehyde starch crystals 100 100

Roy et al. 8, for example used different amounts of copper sulfide NPs (CuSNPs) to reinforce gelatin-based
films (entry 2, Table 4.2.1). Improved UV blocking properties of gelatin/CuSNPs nanocomposite was
observed increasing the percentage of additive and it was primarily due to the UV absorption capacity of
the used NPs. In particular the transmittance at 280 (T280) nm was demonstrated to be equal to 1.0%
after the addition of 2.0% of CuSNPs. On the other hand, also the transmittance in the visible region
decreased increasing the amount of nanofiller (transmittance at 660 nm T660 = 39.5% with 2.0% of
CuSNPs). However, the reduction in the transmittance for visible and ultraviolet light was different: T660
decreased linearly with increasing CuSNPs concentration, while T280 decreased exponentially. These
results imply that the UV-blocking property of the film improved significantly whilst transparency could
be partially maintained. Numerous other types of inorganic nanomaterials were used as UV absorbers in
gelatin matrices: Ag NPs, TiO, NPs, CaCOs NPs or ZnO nanorods to cite a few. Among the organic additives
both nanomaterials, like melanin NPs, and a plethora of aromatic compounds have been employed. For
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example, the high content of aromatic moieties present in polyphenols was exploited to impart UV
shielding ability to gelatin biofilms. Zhang and co-workers* developed a composite film using gelatin,
chitosan and tannic acid for the preservation of fresh-cut apples (entry 12, Table 4.2.1). With the addition
of 0.5 wt% of tannic acid the materials showed the ability to block almost all of UV-B and UV-C portions
and most of UV-A maintaining a high transparency to visible light. In their work, Kriechbaum et al.*®
reported the preparation of multifunctional materials based on the tannin-induced precipitation of gelatin
grafted onto cellulose nanofibrils (entry 13, Table 4.2.1). The tannin-containing films displayed excellent
UV-blocking properties: almost 100% of UV-B and UV-C and 88% of UV-A were absorbed. Interestingly,
the transmittance of visible light was not significantly affected by the introduction of tannin and was
around 30% for all films.

Chitosan

Chitosan is an important resource to produce eco-friendly alternatives to common petroleum-based
plastics. This biopolymer is predominantly obtained from crustacean waste in the form of raw chitin and
it has attracted the attention of many researchers due to its “waste to wealth” prospects.’”® Chitosan is,
indeed, obtained from the partial deacetylation of chitin that is widely spread in nature being a
constituent of the exoskeletons of marine arthropods, molluscs and fungal cell walls. A more detailed
description of chitin and chitosan is reported in Chapter 4.3. The cationic nature of chitosan imparts to
this natural polymer the ability to form complex structures with other negatively charged polymers
(natural or synthetic) and gives chitosan an excellent film-forming capacity.'°*1%? Together with this
behaviour it is able to inhibit the growth of a wide variety of fungi, bacteria and yeast, it is biocompatible,
biodegradable and non-toxic.'®® For these reasons it is widely used for biological and biomedical
applications!®#1% but also for the production of packaging and coating materials.’® However, several
disadvantages of pristine chitosan film, which include low UV blocking properties and poor mechanical
barrier, have limited its use.l”1%® Therefore, researchers have been focused on the development of
methodologies to improve the properties of these biopolymer-based materials ® by combining it with
appropriate reinforcement fillers.!1°

A wide number of chitosan-based biofilm with UV-blocking properties have been produced thanks to the
addition of different compounds varying from organic substances to inorganic NPs to natural extracts
(Table 4.2.2).

Concerning organic molecules, a variety of aromatics (like alizarin, curcumin, anthocyanins, ellagic acid
among others) has been used. Gasti et al. 12, for example, exploited the light-absorption properties of
ripe Phyllanthus reticulatus fruit anthocyanins to obtain smart chitosan/methyl cellulose films (entry 3,
Table 4.2.2). Thanks to the n>7* electronic transition that occurs in anthocyanins, the materials were
able to block almost all the UV radiation between 250-300 nm while maintaining a transparency towards
visible light of 66.6%. Anthocyanins derived from red cabbage were also used with this purpose by Chen
et al. (entry 4, Table 4.2.2).113 Anthocyanins were added to chitosan and oxidized chitin nanocrystals to
obtain halochromic smart films that managed to block almost 100% of the UV radiation (250-300 nm) but
with quite high values of opacity (from 6.02 to 11.04 a.u./mm depending on the amount of anthocyanins
loaded). Nano-additives, both inorganic and organic, are also widespread in the production of chitosan-
based light shields. In the work reported from Krishnan et al.}?!, for example, ZnO nanostructures have
been synthesized starting from orange peel oil and then used as UV absorber into chitosan matrix (entry
12, Table 4.2.2). The chitosan-ZnO nanocomposite was able to block 60% of UV-A region, 75% of UV-B
and up to 90% of the UV-C range while maintaining a transparency in the visible of 80%.
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Table 4.2.2. Chitosan-based UV shields, type of additive and UV-blocking percentage reported in recent literature.

Entry Polymer Additives UV-blocking % Ref
1 Chitosan Alizarin 97 11
2 Chitosan Cellulose nanofibers/curcumin 77 108
3 Chitosan/methyl cellulose Anthocyanins 100 112
4 Chitosan Anthocyanins/oxidized chitin nanocrystals 100 13
5 Chitosan Ellagic acid 20-100 114
6 Chitosan Quercetin 100 15
7 Chitosan/gelatin Rutin/cinnamon essential oil 90 116
8 Chitosan Teatree essential oil 56-96 17
9 Chitosan Black soybean extract 42 118
10 Chitosan Poplar extract/bentonite 100 115
11 Chitosan Black plum peel extract/ nano TiO: 100 120
12 Chitosan Nano ZnO from orange oil 60-90 121
13 Chitosan Melanin NPs 90 122
14 Chitosan Cellulose nanocrystals 50-60 123
15 Chitosan/gelatin Hollow metal organic frameworks/capsaicin 57 84
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4.2.1 Fish-Waste-Derived Gelatin and Carbon Dots for Biobased UV-Blocking Films

‘Biobased .
UV-Blocking

L

Films

A

After the production of luminescent nanoparticles for photocatalysis (see Chapter 3.4), we decided to
exploit the fishery biowaste for the obtainment of biopolymers to produce materials with a high added
value. The experimental investigation on fishery waste-derived biopolymers started with a study on the
production of UV-blocking materials. These UV-shields were prepared using collagen extracted from mullet
scales and using bass scales-derived CDs as additive to impart the blocking properties. The results of this
chapter were published in C. Campalani, V. Causin, M. Selva and A. Perosa, ACS Appl. Mater. Interfaces,
2022, 14, 35148-35146. https://doi.org/10.1021/acsami.2c11749.12*

The huge amount of waste produced by the fish industry represents an underexploited source of chemical
richness. In this chapter, type | collagen has been extracted from Mugil cephalus scales and CDs were
synthesized from Dicentrarchus labrax scales. By casting a mixture of gelatin, glycerol (15%), and CDs (0,
1, 3 and 5%) hybrid films with UV-blocking ability were produced. The films were fully characterized from
the morphological, mechanical, and optical point of view. 40 um thick materials with a high water-
solubility (70%) were obtained; in addition, the presence of the carbon nanoparticles enhanced the
mechanical properties increasing the elongation at break (EAB) up to 40% and tensile strength (TS) up to
17 MPa. The addition of CDs also modified the thermal stability and water vapour permeability of the
films. From the optical point of view, by adding just 5% of CDs the materials blocked almost 70% of the UV
radiation with negligible change in opacity (1.32 for non-loaded vs 1.61 for 5% CDs) and in transparency
(88.6% for the non-loaded vs 84.4% for 5% CDs). These types of hybrid biobased films hold promise for the
production of sustainable UV-shields both for human health and for prolonging the shelf life of food.

4.2.1.1 Introduction

Our ongoing studies on the valorisation of fish waste with a view towards the circular economy, along
with the need to develop transparent UV-shielding materials with high environmental- and bio-
compatibility inspired us to develop functional films from fish-waste derived photoactive CDs embedded
in a fish gelatin matrix. In literature, there are some instances of UV-blocking CD-based films, including a
few made from biobased materials, but never in an integrated bio-waste-to-product approach such as in
the present case.SO, 125, 126, 127, 128, 129, 130, 131, 132

Using discarded fish scales to produce high added-value materials addresses the need to recover waste
and convert it into new materials, chemicals and products towards a more circular economy. In this
context the fishery industry can provide dozens of million tons per year’ of biowaste that represents a

90


https://doi.org/10.1021/acsami.2c11749

virtually inexhaustible source of sustainable chemical richness.® In particular, fish waste can be used as a
natural source for oils, collagen, chitin, pigments and gelatin.”

Gelatin is a biodegradable protein derived from the partial hydrolysis of collagen that is gaining increasing
interest in a large variety of fields such as photography, pharma and cosmetic. This is due to its favourable
properties like high water-solubility, non-toxicity, thermo-reversible sol-gel transition, high mechanical
strength and elasticity in the dry state.® Collagen exists in a great number of different forms classified as
fibril forming and non-fibril forming collagen; among the fibrous collagen the most studied and present
worldwide are type |, Il and Il and, in particular, type | collagen is the most abundant accounting for 80-
85% of the total.’33134 Indeed, type | collagen plays a crucial role in the cellular architecture, shape and
mechanical properties of animal tissues. Collagen has a triple helix structure formed by amino acids chains
bounded by hydrogen bonds. Concerning type | collagen (Figure 4.2.1.1) the fibers have a diameters
around 1.4-1.5 nm, length about 280-300 nm with circa 1000 amino acids per chain.®®
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Figure 4.2.1.1. a) the triple helix of type | collagen and b) hydrogen bonds network.

These fibers show a quaternary structure involving three polypeptides (a chains) left-handed o helixes,
organized in a coiled-coil right-handed helix. This structure is stabilized by the presence of a hydrogen
bonds network both perpendicularly between the chains and with water molecules that can bridge two
chains (Figure 4.2.1.1 b). The primary sequence of type | collagen is constituted by a repetition of a
tripeptide Gly-X-Y, where Gly is Glycine and X and Y can be Proline (Pro) or Hydroxyproline (Hyp), two
amino acids with a rigid pyrrolidine ring and high steric hindrance (Figure 4.2.1.2).
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Figure 4.2.1.2. a) Common amino acids of type | collagen. Gly = glycine, Pro = proline and Hyp = hydroxyproline. b)
Collagen primary structure.
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The presence of Gly allows the three polypeptide chains to pack closer while Pro and Hyp have a structural
role enhancing the stiffness of the chains.’*® Moreover, Hyp reinforces the structure and improve the
thermal stability of the protein thanks to its ability to form hydrogen bonds. Type | collagen is a
heterotrimer of two different a. chains (a1 and a.2) in the structure (a1),a2. Conventionally the dimer is
called B chain while the trimer y chain. The triple helical structure comprises the 96% of the length of the
fiber and at the two extremities two non-helical domains are present (N and C-telopeptides) (Figure
4.2.1.3).13

AN «N-terminal C-terminal §
i) N itelopeptide telopeptide}

Figure 4.2.1.3. Collagen | trimeric structure and two telopeptides regions.

Traditionally gelatin is produced from collagen derived from bovines and swine and the annual world
output is around 326000 tons. However, mammalian and swine gelatin has some problems mainly due to
the transmission of bovine spongiform encephalopathy disease, commonly known as mad cow disease,
as well as to religious and social issues. For these reasons, fish gelatin is gaining prominence in recent
years, especially when derived from the by-products of the fish processing industries (Figure 4.2.1.4).%%
The majority of the studies performed gelatin extraction from skin and bones of different fish
species, 37138139 \while the production from scales was reported using black tilapia,’*® bass and mullet,'#
Labeo rohita,® sea bream,'*? deep-sea redfish ** and some others.
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Figure 4.2.1.4. Advantages in the use of fish derived collagen instead of mammalian gelatin.

Gelatin has been extensively studied for its film-forming ability and applicability for protecting foods,***
but also as carrier of bioactive compounds!® suggesting the possibility to use it as an alternative to
synthetic plastics. Protein-based biopolymers generally show a good film-forming ability, oxygen
permeability and mechanical properties better than those of polysaccharides and lipids films but lower
than those of synthetic biopolymers (e.g low or high density polyethylene).!*® In particular, to overcome
the brittleness of collagen-based materials plasticizers must be added. One of the most used plasticizers
is glycerol that is able to create hydrogen bonds increasing the free volume between the polymer’s chain
and, as a consequence, improving flexibility, elasticity, workability and distensibility of the films.1#’
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Table 4.2.1.1. Different additives and applications for gelatin-based biofilms.

Entry Gelatin Source Additives Applications Ref.
Natural Additives
1 Sole skin Borage extract Antioxidant 139
2 Tilapia skin Basil ar;?llcl':;zslfn(:sssential Active packaging 144
3 Tuna fish skin Murta leaves extracts Edible films 145
4 Commercial Curcumin Food packaging 148
5 Rohu swim bladder Brown seaweed fucoidan Biodegradable edible films 149
6 Commercial Pomegranate peel powder Packaging 150
7 Commercial (warm-water fish) Lignin Antioxidant 151
8 Cod Sunflower oil - 152
9 Squid Gelatin hydrolysates Antioxidant packaging 153
10 Catfish skin Triacetin Edible film 154
1 Cuttlefish skin Cinnamgn, clove and star ) 155
anise extracts
12 Commercial Sugars Food applications 156
13 Commercial (cold water fish skin) Chitosan Packaging 157
14 Commercial (cold water fish skin) Beeswax and carnauba wax Food packaging 158
Nanomaterials

15 Commercial (bloom fish) ZnO nanorods Pa;@ii;ii’lg?:;szz,::;gjg’ a1
16 Shark skin TiO, nanoparticles Food packaging 159
17 Blackchin guitarfish skin TiO,-Ag nanoparticles Food packaging 160
18 Commercial TiOy-Ag Food packaging 161
19 Commercial ZnO nanoparticles Medicine applications 162
20 Commercial (bovine skin) Nano hydroxyapatite Food packaging 163
21 Commercial (cold water fish skin) Chci:r?;:: zs:eon‘i:ltigilles’ Antimicrobial 164
22 Fish scales Ag nanowires Flexible elzcetvric;:ausminescent 165
23 Commercial (bovine) ZnO nanorods Pharr’r;)zcci:tgiic:gl, food 67
24 Yellow stripe trevally fish ZnO nanoparticles Active food packaging 2
25 Commercial (bovine skin) CDs from citric acid Drug delivery 166
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Nowadays gelatin films are made mostly to be antibacterial and protective against oxidation. For example,
Rhim et. al® made fish gelatin films with added curcumin that provided excellent antioxidant activity.
Other researchers added natural extracts, such as borage,'* basil and citronella,*** that showed
antioxidant and antibacterial behaviour. Other types of additives, such as fucoidan from seaweeds,*
pomegranate peel powder®® and lignin,>! were used to enhance the antioxidant and antimicrobial
properties of fish gelatin films. Also a variety of nanomaterials, such as TiO,,*° TiO,-Ag,*! Zn0,*? nano
hydroxyapatite,'®® chitosan nanoparticles!® and others, were added to gelatin film for a plethora of
different purposes. Few works exploited nanoparticles to obtain gelatin films with electroluminescent and
UV-shielding properties using inorganic nanofillers such as Ag nanowires!®® or ZnO nanorods®”*! or ZnO
nanoparticles.? Only Banerjee et al.'®® used CDs as an additive for gelatin films. In their work CDs were
synthesized from citric acid with a pyrolytic treatment and then used as nano-additives in a bovine gelatin
matrix to obtain hydrogels for intestinal drug delivery and near-neutral pH sensing. In Table 4.2.1.1
different applications and additives used for gelatin films are summarized.

Among the wide variety of applications of CDs, they seem to be a promising candidate for UV-shields
preparation. These carbon nanomaterials, indeed, were exploited for the preparation of UV-blocking films
using them as additives in polyvinyl alcohol, 2127128129 nanocellulose,3%1%7  starch!®® or
carboxymethylcellulose.*®? In summary, UV-shielding materials made with gelatin do not contain CDs, and
vice versa if they contain CDs the films are not made from gelatin. Instead, gelatin is commonly used to
obtain films with a large variety of different additives and applications, but only few works reported the
addition of carbon nanoparticle inside this type of matrix (Table 4.2.1.1). In this framework the absence
of completely renewable UV barriers made using fish-derived gelatin and carbon dots clearly emerges,
especially from waste sources (Figure 4.2.1.5).

As stated in Chapter 3.4, we demonstrated the possibility to obtain luminescent CDs from bass scales
(bass-CDs) with high photoelectron transfer properties.*® This new class of CDs was characterized in-depth
regarding their morphology, composition, optical and surface properties, showing a considerable nitrogen
content without the need of any external doping agent.

Therefore, the purpose of this work was to demonstrate that the abundance and chemical richness of
fishery waste (namely mullet and bass scales) can be exploited to produce high-tech and high added-value
materials and go a step towards the concept of Circular Economy. In particular, gelatin was obtained from
mullet scales with a three steps chemical extraction, and it was used to produce bioderived films with UV-
shielding properties thanks to the addition of bass-CDs as UV absorbers.

ZnO nanorods

lonic Liquids R IS

CuO nanocomposite ZnO nanoparticles

THIS e
Lignin WO.RI(
(fish gelatin + CDs)
Zn0 CeO:z nanoparticles
nanoparticles/nanorods
CDs Organic fillers

Natural extracts

TiOz2 nanoparticles
TiO2 nanoparticles

Figure 4.2.1.5. Contextualization of this work in the literature framework.
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4.2.1.2 Gelatin Extraction and Characterization
Gelatin was obtained from mullet scales in a 14% vyield using a three-step chemical protocol
(deproteinization, demineralization and hydrothermal extraction).

Bradford Protein Assay and Molecular Weight Distribution by Gel Electrophoresis

The effective protein content in the gelatin obtained from mullet scales were equal to 52% (measured by
the Bradford protein assay), indicative of the presence of residual water bound to the protein network
and/or of impurities like minerals or chitin. However, as will be shown later, thermogravimetric analysis
showed that both the pristine gelatin and the CDs-containing films had similar contents of inorganic
impurities and water; therefore, no composition effect was expected to jeopardize the reproducibility.
Gel electrophoresis was consistent with a typical pattern of type | collagen: four bands related to a1, a2,
B and y chains were identified in each sample (Figure 4.2.1.6). In detail, at 135 kDa is visible the a1 chain,
at 118 kDa the a2, the B at 245 kDa and the y bands at higher molecular weights. The less intense bands
at lower molecular weights (around 70 kDa) were attributed to the hydrolysis of collagen in smaller
fragments. The average contribution of al, a2, 3, and y (total y 1 + y 2) chains further confirmed the type
| nature of the extracted collagen. In fact, as in type | collagen, the content of the al chains is usually
twice the a2.

MW marker 1 2 3 4
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245
180
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100
75
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Figure 4.2.1.6. Gel electrophoresis of the gelatin extracted from mullet scales.

Gel Permeation Chromatography

The molecular weight distribution of the extracted collagen was further confirmed by GPC. From this
analysis only a broad peak was observed, comprehensive of all the molecular weight observed from the
electrophoretic evaluation. This evidence was an additional proof that the latter is a more suitable
technique for the determination of the MW of collagen. In any case, the results obtained with GPC were
consistent and complementary to electrophoresis: the peak observed via GPC was centered at 124 kDa, a
MW value close to the ones found for the a chains (135 and 118 kDa) confirming that the most abundant
form of collagen in the sample was the a chain.
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Viscoelastic Properties

The elastic modulus (G’) and the viscous modulus (G”) were determined during heating of an aqueous
gelatin solution in order to determine its viscoelastic properties. The measurement was performed at 2
different frequencies, viz. 0.3 and 1 Hz, obtaining similar results. An initial profile with values of G’ > G”
indicated an elastic and solid-like behaviour that was maintained up to circa 26° C; at this temperature
was then identified the crossover point that corresponds to the gel-point of the solution, after which the
gelatin showed a liquid-like behaviour (G’ = G” and & = 45°) as can be seen in Figure 4.2.1.7. The observed
temperature can be ascribable to the denaturation temperature (Td) of collagen; this result, indeed, is
similar to those reported for collagen obtained from carp scales.®® Td of collagen deriving from marine
fish scales is usually about 26-29° C 13 resulting to be generally less thermally stable than the common
mammalian one (Td = 41° C).Y7° This difference is probably due to the low imino acid content (Hyp and
Pro) in marine fish collagen'’!: these two amino acids, indeed, are known to increase the heat resistance
of the protein. In the works reported by Cao et al.'** and Thuy et al.,*** the imino acid content for grey
mullet scales gelatin is around 171-197/1000 residues. However, the low Td of mullet scales collagen
highlights the possibility to extract it at lower temperatures compared to the mammalian one, leading to
economic advantages for the use of the scales as a raw material.
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Figure 4.2.1.7. Rheological profile a) from -5 to 40° C, at 1 Hz (heating ramp: 5° C/min); b) zoom on the crossover
point; c) from 12 to 90°C, at 0.3 Hz (heating ramp: 5° C/min).

4.2.1.3 Film Formation and Characterization
CDs, used as additives for the preparation of the films, were obtained as described in Chapter 3.4. Briefly,
10 nm NPs were produced via hydrothermal synthesis in autoclave (200°C, 24h) using sea bass scales as
the carbon source.*® The film forming solution was then prepared by mixing fish gelatin, glycerol (15%) as
plasticizer and CDs in different loading percentages (0, 1, 3 and 5%); casting of this mixture yielded the
films.

Film Thickness and Mechanical Properties

Table 4.2.1.3 shows the mechanical properties and the thickness of the gelatin films with different
percentages of CDs. The control film (fish gelatin + 15% glycerol) was rather ductile (elongation at break,
EAB =27.5%) and exhibited a tensile strength, TS=12.5 MPa in accordance with fish gelatin films produced
by Hanani et al.™®® The addition of small amounts of CDs (1- 3%) produced a slight increase in the tensile
strength (t test p value = 0.039) of the material, with rather constant elongation at break and Young
modulus. However, the addition of 5% of CDs produced an evident plasticizing effect, as can be seen from
the significant decreases in both tensile strength (p < 0.003 in a t test comparing 1 or 3%CD-containing
films with 5%CD-containing sample) and Young’s modulus (p value < 0.00001), together with a noticeable
increase in elongation at break (p value = 0.0262 in a comparison with the 1% CD-containing sample).
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Therefore, CDs seem to have a double role. When particles are small, they have a reinforcing effect,
analogous to that of other nanofillers. When agglomeration of the nanoparticles in the matrix becomes
significant, such as in the case of 5% CD-containing materials (see Appendix Section A-4.2, for TEM and
SEM micrographs) they no longer stiffen the structure, but they rather act as plasticizers.

Table 4.2.1.3. Thickness, tensile strength (TS), elongation at break (EAB) and Young modulus (YM) of gelatin films
at different CDs %. Values are given as mean * standard deviation.

%CDs Thickness (mm) TS(MPa) EAB% YM (MPa)
0 40+3 12+2 274 160 + 13
1 414 17+3 324 171+ 14
3 414 173 284 185+ 15
5 4212 10+2 406 806

Water Solubility and Water Vapor Permeability

Water solubility (WS) and water vapor permeability (WVP) are important measures of water resistance
and integrity of a film. The control film without CDs exhibited a normally high WS of 70.06% but still lower
than the one reported for gelatin films made from rohu (91.49%),'*° cod (88%),*>? squid (>90%),>3 catfish
(83.3%),** and cuttlefish (96.02%).>> The formation of low molecular weight monomers and small
peptides during film formation is probably the main reason for the high water-solubility. These low
molecular weight components immobilized in the film, account for the water-soluble protein component
of the film.1"2 Despite the water-soluble nature of CDs due to the abundance of polar groups on their
surface, the solubility of gelatin films was reduced by adding small amounts (1% and 3%) of carbonaceous
nanoparticles. This trend was ascribed to the cross-linking effect of the hydroxyl groups present on the
surface of the CDs % that initiate the formation of a network which incorporates low molecular fractions
leading to the decreased water solubility of gelatin.’>>>¢ On the other hand, adding higher concentrations
of nanoparticles (5%, entry 4 in Table 4.2.1.4) the WS returned to the value of the control film (ca. 70%),
probably because the hydrophilic nature of CDs prevailed making the films more water-soluble. Another
argument is that the crystal structure of fish gelatin protein can be disrupted by the nanoparticles,
resulting in increased water solubility of the film 1*°. As shown in Table 4.2.1.4, WVP decreased when CDs
were added to the gelatin meaning that the films behaved as a stronger barrier against water vapor. Also
this behaviour can be explained by considering that CDs can cause a decrease in the diffusion rate of water
molecules through the films, resulting in lower WVP values 173 by their ability to enhance the cross-linking
of gelatin, and as a consequence, to decrease the free volume of the polymeric matrix. Nanoparticles, in
fact, can lead to a long and tortuous transport path of water vapor in thin films, which is one of the main
reasons for the reduction of WvP.16!

Table 4.2.1.4. Water Solubility (WS%) and Water Vapour permeability (WVP) of the composite gelatin/CDs films at
different CDs%. Values are given as mean * standard deviation.

Entry CDs%w/w WS% WVP 10 7gh*m1pa
1 0 70.1+£0.2 1.05+£0.05
2 1 549+04 0.776 £ 0.006
3 3 60.0+£0.3 0.75+£0.01
4 5 69.9+0.3 0.75+0.01
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Optical Properties

A crucial insight into both structure and optical properties of the films was obtained by UV-vis
spectroscopy. In Figure 4.2.1.8, the spectra in transmittance of the films with different percentage of CDs
are shown (absorbance spectra are reported in the Appendix, Figure A.4.2.1). The thickness of the
analysed samples was ~40 um. The dependence of the film’s optical transparency in the visible region
(light transmittance at 550 nm?*?’) against different CDs content is reported in Table 4.2.1.5. The loading
of CDs affects the visible transparency of the film limitedly (p value = 0.004): it decreases from 89% (non-
loaded film) to 84% (5% of CDs). The decrease in the transparency of the material is probably related to
the agglomeration of the nanoparticles inside the gelatin matrix (see Appendix Section 4.2 for Sem and
TEM micrographs). The addition of the carbon nanoparticles marginally increases (p value = 0.0005) the
opacity of the films, causing a maximum increase from 1.3 (0% CDs) to 1.6 (5% CDs). Concerning the UV-
blocking ability of the gelatin-CDs films it can be easily seen from the transmittance UV-vis spectra that
the addition of the carbon nanoparticles caused an increase in their shielding properties. Three different
wavelengths were chosen to represent the three portions of the UV spectrum: 365 nm for UV-A, 300 nm
for UV-B, and 275 nm for UV-C. The transmittance percentage values at these wavelengths are reported
in Table 4.2.1.5 versus the CDs content. These data highlight how higher percentages of CDs lead to a
higher UV-shielding behaviour, reaching the ability to block almost 70% of the UV light. Colorimetric
parameters were assessed to obtain essential information regarding the optical properties of the films. In
Table 4.2.1.5, the colorimetric data are reported. L* values (lightness), that vary from 0 (black) to 100
(white), were >88% for all the measured samples. Increasing the percentage of CDs, indeed, the b* values
increased, indicating a predominance of more yellow. This is clearly highlighted also from the growing
yellow index values and the consequent decrease of the whiteness index (AE, Yl, and WI calculated with
Equations 4.2.1.4, 5, and 6 in experimental section).

100
80
=
o 60
Q
C
]
£
g 40
7 ]
—
0% CDs
0
- 1% CDs
3% CDs
5% CDs
o S e —
100 200 300 400 500 600 700 800

Wavelength (nm)

Figure 4.2.1.8. UV-Visible transmittance spectrum of gelatin films with different concentrations of CDs (0% black
line, 1% red line, 3% blue line and 5% pink line).
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Table 4.2.1.5. Colorimetric data and shielding behaviour (transmittance % at 275, 300, 365 and 550 nm) of fish
gelatin-CDs films at different %w/w of CDs.

Transmittance (%)

C;S L* a* b* AE YI Wi Opacity —7c 300 368 550
nm nm nm nm

0 9856 012 049 089 074 9847 13 606 819 864 886
1 9677 -058 647 701 995 9274 14 428 739 8.1 875
3 8875 004 2540 27.55  42.60  72.22 15 336 653 767 848
5 888 -007 3034 3212 5080 67.68 16 289 507 706 844

The results were expressed as L* (lightness), a* (redness/greeness) and b*(yellowness/blueness). The total
colour difference (AE), yellow index (Y1) and white index (WI) where calculated using Equation 4.2.1.4, 5 and 6 (in
Experimental section).

Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA)

Differential scanning calorimetry (DSC) was used to determine the thermal properties of the gelatin—CDs
films and the corresponding glass transition temperature (Tg). The Tg is defined as the temperature at
which the polymer relaxes and changes from the glassy state to the elastic one, for a given heating rate
due to the onset of long-range coordinated molecular motion of the amorphous structure. The
measurement of Tg was complicated by the onset of the wide endothermal peak due to water
evaporation. However, an estimation could still be made. The fish gelatin film without the addition of CDs
resulted to have a Tg of about 25 °C, in accord with the transition from solid-like to liquid-like behaviour
observed by rheology. Upon addition of the CDs, an increase in the Tg value was observed. In fact, the
glass transition temperature increased to about 50 °C, independent of CDs content (see Appendix, Figure
A.4.2.2). This trend evinced the ability of CDs to form additional intermolecular forces inside the gelatin
matrix, as reflected also by the changes in the mechanical properties of the materials. Thermogravimetric
analysis was used to evaluate the thermal stability of the materials and the results are shown in Figure
4.2.1.9. A three-step weight loss was observed for all the samples. The first weight change occurred at
45-110 °C due to loss of water. The onset of the second step was at 125 °C and ended around 325 °C, and
it was attributed to the breakdown of glycerol and of the gelatin chains. The last thermal degradation step
started around 350 °C and it is consistent with the decomposition of gelatin. The addition of CDs caused
no significant variation in the thermal stability of the materials.®
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Figure 4.2.1.9. Thermogravimetric analysis of fish gelatin film with 0% of CDs (left) and 5% of CDs (right).
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Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM)

The size of the CDs and their dispersion inside the gelatin matrix were investigated by transmission
electron microscopy (TEM). The carbon nanoparticles obtained from fish scales have near-spherical shape
and a diameter of 10 nm, as already shown in our previous work (see Appendix, Figure A.4.2.3-5).%¢ The
micrographs of the films indicate that the CDs tend to aggregate resulting in relatively large clusters. With
just 1% loading of nanoparticles, it is already possible to observe agglomerates with diameters in the order
of 40 nm (see Appendix, Figure A.4.2.9-11). Increasing the loading of CDs, the clusters became bigger (see
Appendix, Figure A.4.2.12-17) leading to a change in mechanical properties and in the decrease in optical
transparency of the material (see Film Thickness and Mechanical Properties and Optical Properties). The
pristine film, however, showed darker spots as well (see Appendix, Figure A.4.2.6-8) attributed to air
bubbles due to the casting technique. In addition, scanning electron microscopy (SEM) on the pristine film
(15% glycerol, 0% CDs) was performed to observe the structure of the gelatin in the matrix. A dense and
filamentous like structure was highlighted due to the organization of the renaturated gelatin (see
Appendix, Figure A.4.2.18-23).

4.2.1.4 Conclusions

In this section, new hybrid completely biobased gelatin—-CDs films with UV-shielding ability starting from
fishery waste were described. Gelatin was extracted from mullet scales using a chemical protocol yielding
type | collagen. The denaturation temperature was found to be lower than that of common mammalian
gelatin making extraction possible under milder conditions. The carbon dots used to dope the films were
obtained as 10 nm nanoparticles using a hydrothermal treatment starting from bass scales as a natural
carbon and nitrogen source.* The films were prepared by mixing fish gelatin, glycerol (15%), and CDs in
different percentages (0, 1, 3, and 5%) by the casting technique. Here, 40 um thick materials were
obtained and improved mechanical properties were observed upon addition of the CDs: the EAB%
increased from 27% (non-loaded film) to 40% (5% CDs) showing a clear plasticizing effect while, on the
other hand, the stiffness decreased, probably due to the aggregation of the nanoparticles in the gelatin
matrix. The films exhibited high water-solubility and decreasing WVP upon addition of the nano-additive,
indicating that the hybrid materials are less permeable to water. From the optical point of view, the
addition of CDs has only a limited effect on transparency (88.6% for the non-loaded vs 84.4% for 5% CDs)
and on opacity (1.32 for non-loaded vs 1.61 for 5% CDs); while the material loaded with 5% CDs blocked
almost the 70% of the UV radiation. These results can pave the way toward the production of innovative
films from waste with a view on the circular economy.
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4.2.1.5 Experimental
Materials. All the reagents, of analytical grade and used without further purification, were purchased from
Merck Life Science S.r.l. (Milano, Italy). Milli-Q water (obtained with a Merck Millipore C79625 system)
was used as a solvent throughout the experiment. The fish scales were from sea bass and mullet and were
sourced from a local market. Prior to use, the scales were thoroughly washed with water and dried
overnight in a vacuum oven at 70 °C before storage at -18 °C.

CDs Synthesis. Bass-scale CDs were synthesized according to our previously reported work.*® In summary,
a Teflon-lined autoclave was charged with 2 g of dried and ground sea bass scales and 20 mL of Milli-Q
water. After heating at 200 °C for 24 h, the obtained suspension was filtered. Residual water was removed
by rotary evaporation and CDs were obtained as a brown solid (30-50% vyield).

Fish Gelatin Extraction. Gelatin was extracted from mullet scales by adapting the method described by
Niu et al.?’* The scales were first rinsed and dried, then immersed in aqueous NaOH 0.3 M (1:6 w/v) for
1.5 h at room temperature for the removal of non-collagenous proteins. The scales were then filtered and
rinsed until neutral pH. Next, the biomass was soaked in aqueous HCI 0.2 M (1:6 w/v) for 1.5 h at room
temperature for the removal of minerals and then filtered and rinsed to neutral pH. The scales were then
immersed in acidic Milli-Q water (pH = 5 with HCl, 1:4 w/v) at 78 °C for 1 h to extract collagen, the solid
was filtered off, and the resulting liquid was centrifuged at 6000 rpm for 30 min to remove impurities. The
solution was then cast in plexiglass molds and water was allowed to evaporate at room temperature for
20 h. Gelatin gave a transparent solid film in 14% vyield.

Fish Gelatin Characterization

Bradford Protein Assay. The Bradford method'’® was used to determine the protein content in the
extracted gelatin. The protein standard used to obtain the calibration curve was bovine serum albumin.
The mixture of gelatin solution (2.5, 4, 5.5, 7, and 9 pg/mL) and Coomassie Blue dye (200 plL) was
incubated for 30 min before the absorbance at 595 nm was recorded with a UV-vis spectrophotometer
(Shimadzu UV-1800). Two different batches of mullet scales were used for gelatin extraction, and the
assay was run in duplicate.

Molecular Weight Distributions by Gel Electrophoresis. Gelatin solutions were prepared at two different
concentrations (1 and 2 mg/mL) by dissolving gelatin into Milli-Q water (60 °C for 10 min) and adding
dithiothreitol (350 mM final concentration). SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel
electrophoresis) was conducted using as the standard a molecular weight marker with 5-245 kDa
(Sharpmass VI-protein MW marker). The samples were denaturated at 90 °C for 10 min and the loading
volume was 10 pL. Stacking gel and running gel used were 4% and 6% respectively and the instrument
was set at 20 mA current. Following the separation, the separating gel was stained with Coomassie Blue
dye (2.5 pL) to identify the bands. After the process, the electrophoresis gel was stained in a methanol
solution to remove residual buffer and dye. The percentage proportion of each band was estimated using
Imagej software. All samples were analysed in duplicate.

Gel Permeation Chromatography. Gel permeation chromatography (GPC) was performed on an Agilent
Infinity 1260 system equipped with refractive index detector and using an injection volume of 20 puL and
a flow rate of 1 mL/min. A Phenomenex PolySep linear was used as column maintaining a constant
temperature of 40 °C during the analysis. An aqueous solution of LiCl 0.1 M was used as eluent and
polyethylene glycol was used as standard. The sample was prepared dissolving 2 mg/mL of mullet scales
collagen directly in the eluent solution at 50 °C.

Viscoelastic Properties. Gelatin was dissolved in Milli-Q water (60 °C for 10 min) to yield a 6.67% (w/v)

gelatin solution. Viscoelastic studies were carried out on a Rheometer Kinexus lab+ (Malvern Instruments)

by using a parallel plate with a diameter of 2 cm, a gap of 0.2 mm and a constant strain of 5 Pa. Analyses

were performed by heating the solution in two ways: from 5 to 40 °C at a scan rate of 5 °C/min and a
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frequency sweep of 1 Hz and from 12 to 90 °C at a scan rate of 5 °C/min and a frequency sweep of 0.3 Hz.
The elastic modulus (G’, Pa), viscosity modulus (G”, Pa), and angle phase (6 = G'/G", deg) were calculated
and plotted as a function of the temperature.

Gelatin—CDs Film Formation. The gelatin-CDs films were prepared by the casting technique. The film-
forming solution was obtained dissolving in Milli-Q water 2% (w/v) of fish gelatin at 45 °C for 30 min under
continuous stirring. Glycerol was added as plasticizer in 15% (W/Wgelatin) and CDs as additive at different
percentages (1, 3 and 5% W/Wgeiatin). Then, aliquots of 8 mL of film forming solution were poured in
Plexiglas molds (7 x 5 cm) and dried at room temperature (25 °C) for 20 h.

Gelatin—-CDs Film Characterization

Film Thickness and Mechanical Properties. Film thickness was measured using a handheld micrometer
(TESA, sensitivity of £0.01 mm) averaging nine different points. Tensile strength (TS, MPa), elongation at
break (EAB, %), and Young modulus (YM) were determined using an INSTRON3345 instrument following
ASTM standard method D882-97. Samples were cut into strips of 15 x 50 mm, which were fixed on the
grips of the device with an initial grip distance of 30 mm and a crosshead speed of 1.0 mm/min until the
films were broken. The samples were not conditioned before the measurements, which were, however,
performed all in a single session, at the same temperature and relative humidity. Five replicates were
acquired for each sample. Reproducibility of the measurements was checked preparing a new lot of 5%
CD containing film and of neat gelatin. Results confirmed those obtained on the pristine lots. Relative
errors were 20% for tensile strength, 8% for the Young modulus, and 14% for elongation at break.

Water Solubility. The method reported by Gomez-Estaca’ et al.’*® was applied with some modifications to
determine the water solubility (WS%) of the films. 4 cm? portions of the films were dried in a vacuum oven
(20 mbar) at 70 °C for 24 h (constant weight was achieved). The samples were then weighted, placed in
beakers with 15 mL of Milli-Q water, which was sealed, and stirred at 25 °C for 15h. The solution was then
filtered to recover the undissolved film that was then desiccated in a vacuum oven (20 mbar) at 70 °C for
24 h. Water solubility was then calculated using Equation 4.2.1.1, where Wy referred to the initial weight
of the film (as dry matter) and Ws was the undissolved desiccated film residue weight. All tests were
carried out in triplicate.

WSs% =

W, — W,
("Vvif)*loo

0

Equation 4.2.1.1. Water solubility % of gelatin films.

Water Vapor Permeability (WVP). WVP values were determined according to ASTM method E96 [ASTM
E96-95] using 5 mL cups. Every cup containing anhydrous CaCl, (RH% = 0%), was covered using a portion
of film sealed using silicone vacuum grease and was placed inside a desiccator that contained a saturated
solution of NaCl (RH = 75%) at 25 °C. Cups were weighted every hour for the first 7 h and finally after 24h.
The slope of the weight increase per hour (g/h) divided by the exposed film area (m?) yielded the water
vapor transmission rate (WVTR) 176, WVP was then calculated using Equation 4.2.1.2 where WVTR is the
water vapor transmission rate, t is the thickness of the films (m), P is the saturation vapor pressure at 25
°C (Pa), Ry is the RH in the desiccator (0.75), and R; is the RH in the cup (0). The difference between
desiccator RH and anhydrous calcium chloride corresponds to water vapor partial pressure (753 Pa'®*) and
is the driving force of water vapor transition.’” All tests were carried out in duplicate.

WVTR * t

WVP = ————
P(Ry —R3)

Equation 4.2.1.2. Water Vapor Permeability of gelatin films.
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Optical Properties (UV-Visible, Colour). UV-visible spectra of the films were recorded on a Shimadzu UV-
1800 spectrophotometer both in absorption and transmittance mode at wavelength from 800 to 190 nm.
All tests were carried out in triplicate. Opacity was then evaluated using Equation 4.2.1.3, where Aso is
the absorbance value at 600 nm wavelength and t is the film thickness (mm).

A
Opacity = %

Equation 4.2.1.3. Opacity of gelatin films.

Colour measurements were performed using a spectrophotometer Konica-Minolta Co Ltd. (Osaka, Japan),
model 2600d with an illuminant D65 and 10 degrees observer. All data were extracted using the
instrument software. Parameters such as L* (lightness), a* (redness/greeness) and b*
(yellowness/blueness) were used to express the results. A white plate was used as standard (Ls* = 99.27,
asta™ = —0.07 and bsg™ = -0.06). The total colour difference (AE), yellow index (Y1), and white index (WI)
were calculated using Equations 4.2.1.4, 5 and 6.

4) AE = \[(Lsrg — L2 + (afyq — a)? + (blry — b*)?
5) Yl = 148.8?* b*
L
6) wI =100 — J(loo —1) + a2+ b

Equations 4.2.1.4, 5, 6. Calculations for total colour difference (AE), yellow index (YI) and white index (WI).

Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA). The thermal properties
and stability of film samples were determined by differential scanning calorimetry and thermogravimetry.
For DSC measurements, a TA Instruments 2920 apparatus was used. The film samples (4-5 mg) were
weighted into aluminium pans and accurately sealed, then scanned over the range -20 to 200 °C at
heating rate of 10 °C/min. An empty aluminium pan was used as reference. Tg was measured with the
graphical construction shown in Figure A.4.2.2 in the Appendix.}”® TGA measurements were carried with
a TA Instruments 2960 apparatus in a temperature range from 20 to 800 °C with a heating rate of 5 °C/min
under a nitrogen flow of 1 mL/min. In order to quantify the repeatability of the measurements, three
replicates were recorded for two of the samples (1% and 5% CD). The standard deviation of Tg was +4 °C.
TGA curves for replicate measurements were superimposable, so an instrumental uncertainty of +1% for
weight loss and +0.5 °C were used.

Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM). Transmission electron
microscopy (TEM) observations of the CDs and fish gelatin/CDs composites were conducted at 120 kV. For
the TEM images of the films, small droplets of the film forming solutions were deposited on TEM grids
and dried at room temperature for 24 h to form ultrathin films transparent to the electron beam.
Dimensions of nanoparticles and aggregates were estimated using Imagej software. Morphology of the
surface of film samples were visualized using a scanning electron microscope (SEM-FEG Zeiss instrument)
operating at 10000 kV and at different magnifications. Samples were cut into small pieces and placed on
stub with double-sided carbon tape.

Statistical Tests. Two sample t tests, with pooled variance, using a 2-tailed distribution were applied at a
95% confidence level and were used to evaluate the statistical significance of comparisons between the
data regarding different samples.
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4.3 Chitin Pulping from Fishery Waste using lonic Liquids
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The investigation about the possibility to obtain valuable biopolymers from fishery waste continued then
with a study on the valorisation of crab shell for the production of chitin. In particular, a sustainable
pathway using ionic liquids was developed in contrast with the classical chemical extraction. The results
of this study are the object of a manuscript that is currently under preparation and its submission for
publication is expected by the end of this year.

We herein report a study on the valorisation of fishery waste biomass to obtain chitin with a sustainable
and green approach using ionic liquids (ILs). In particular, attention was focused on the development of a
pulping protocol of chitin from Spider Crab (Maja squinado) carapace, with a “waste to wealth” idea to
obtain chitin as high added-value product. The key step of this work was the improvement of a one-step
pulping procedure using ILs as opposed to the traditional chemical extraction which involves two steps
using strong and hazardous acids and bases. The one-pot pulping method was investigated, using simple,
readily available ILs such as ammonium acetate, ammonium formate and hydroxylammonium acetate.
Each reaction was performed both using the neat IL as solid salt or by synthesizing it in situ as an aqueous
solution. The as obtained chitin was fully characterized to define the acetylation degree, purity, molecular
weight and dispersity. All characterization data confirm that in the conditions tested, ammonium formate
prepared in situ seems to be the most promising IL for one-pot chitin pulping process, allowing quantitative
isolation, high purity and a high degree of acetylation (DA > 90%).

4.3.1 Introduction

Chitin was first reported in 1811 by Henri Braconnot, who carried out some reactions on raw material
isolated from different species of fungi, under the name of “fungine”.'’® After cellulose, chitin (poly B-(1-
4)-N-acetyl-D-glucosamine) is the second most abundant polysaccharide in nature.’8%8 |n chitin, the
degree of acetylation (DA), defined as the molar fraction of acetylated units in the polymer, varies typically
between 0.80 and 0.95 depending on the source,'® indicating the presence of a certain degree of free
amino groups (Figure 4.3.1). 18

Chitosan is known as the partially deacetylated derivative of chitin, and different definitions are available
in literature. Most sources mention a deacetylation degree (DD), representing molar fraction of de-N-
acetylated units in the polymer, of at least 50%'®* as a criterion for defining the molecule as chitosan (in
other studies this threshold is at least 60-75%%%).
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Figure 4.3.1. Repeating residues for chitin and chitosan. Chitin is composed predominantly of N-acetyl glucosamine
(GIcNAc, x) units; Chitosan is mainly composed of glucosamine (GIcN, y) units.

Marine organisms are the principal source of chitin that constitutes the exoskeleton of arthropods (crab,
lobsters and shrimps) and the endoskeleton of mollusks.*®® In addition, it is produced by several other
living organisms in the lower plant and animal kingdoms, serving as a reinforcing and support
constituent.® Arthropods are, in any case, the first source for chitin production (2.8 x 10'? kg/year for
freshwater ecosystems and 1.3 x 102 kg/year for marine ones'),

In living systems chitin chains aggregate to form microfibrils that are cross-linked with sugars, proteins,
glycoproteins and proteoglycans. In insects and other invertebrates, chitin is always associated with
specific proteins, with both covalent and noncovalent bonding, to produce ordered structures (Figure
4.3.2).

(@) (b) (c)

Figure 4.3.2. Hierarchical levels in the chitin-protein matrix in crustacean cuticles. (a) chitin crystals surrounded by
proteins. (b) Chitin-protein fibrils. (c) Schematic representation of fibrils lying horizontal and parallel in successive
planes.

Chitin exists in three polymorphic forms: a-, -, and y-chitin (Figure 4.3.3)."®° The most common form, a.-
chitin, derives from crustaceans and it is tightly compacted, characterized by a crystalline orthorhombic
form where the chains are arranged in an antiparallel conformation, allowing maximum hydrogen
bonding.'® B-chitin is associated with proteins in squid pens'®® or in tubes of pogonophoran worms** and
has a monoclinic form with a parallel disposition of the chains. Compared to the a- and - chitins, y-chitin
is less common: it is considered a mixture (or an intermediate) of the two other forms,**? where the chains
are randomly arranged in parallel and antiparallel directions.
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Figure 4.3.3. Polymorphic forms of chitin and relative disposition of chains.

In a- and B-chitin, the polymer chains are organized in sheets held together by a strong network of
intermolecular hydrogen bonds'®” between the amide groups (C(2:)NH---0=C(73)) approximately parallel
to the a-axis (Figure 4.3.4 d). In a-chitin, each chain also has a C(3’)OH---OC(5) intramolecular hydrogen
bond along the c-axis (Figure 4.3.4 a), like the one present in cellulose. On different chains the CH,OH
group can then form hydrogen bonds in two different ways. On one hand these groups can bond with the
oxygen of the amidic group of the adjacent monomer C(61")OH---0=C(7,) (Figure 4.3.4 b). On the other
hand, they can build a hydrogen bond with the CH,OH group of the adjacent chain C(6:')O---HOC(6,)
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approximately along b-c diagonal (Figure 4.3.4 c). The results indicate that a 50/50 statistical mixture of
CH,OH orientations is present, equivalent to half oxygens on each residue, forming inter-and
intramolecular hydrogen bonds.*®® B-Chitin is more prone to intra-crystalline swelling compared to -
chitin due to the fewer hydrogen bonds.
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Figure 4.3.4. Modes of hydrogen bonding in a-chitin: (a) intrachain C(3’)-OH---OC(5) bond; (b) intrachain
C(6’1)OH---0 = C(71) bond; (c) interchain C(6’1)0:--HOC(62) bond; (d) interchain C(21)NH---O = C(73) bond.

The evolution of marine organisms that rely on chitin as a structural material determines the structural
properties of this polymer, foremost water insolubility. Due to the high crystallinity and the strong
intermolecular hydrogen bonding, chitin is in fact insoluble in water, dilute acidic and basic solutions and
many common organic solvents. Indeed, despite its abundance, low cost and availability, its poor solubility
still limits product development and market access in large volumes. In addition, batch-to-batch
variability, non-precise characterization, and randomly distributed acetyl groups can result in bad
reproducibility of chitin solubility. Even if some solvent systems have been proposed, these solvents are
usually toxic, volatile, corrosive, or degradative (e.g. LiCl/dimethylacetamide, hexafluoroisopropyl
alcohol, hexafluoroacetone sesquihydrate, trichloroacetic acid).! For this reason, the transformation of
chitin into more soluble derivatives became an attractive topic. Various chemical modifications that can
disrupt inter- and intra-molecular hydrogen bonds without glycosidic linkages cleavage are effective in
making chitin soluble in water or other solvents. The most straightforward modification is the N-
deacetylation to transforms chitin to chitosan®® via alkaline treatment (Scheme 4.3.1). In any case, charge
density, pH, DD, and the distribution of acetylated monomers in chitosan strongly influence its solubility
and different reaction parameters (chitin source, time, temperature, alkali concentration) strongly affect
the characteristic of the final product (MW and DD).

0 % H 0 o o
)]\ o . on == X TGl )]\ o — > )]\ o * M2
H OH OH Glc (0] Glc

o)
OH Q( OH R OH OH R
< <
NH NH NH, NH
\o o HO o HO \o o HO o HO
o] o) —_— o o
HO d % o OH HO d % o OH
NH NH NH NH,
R OH o=< OH R OH OH

Scheme 4.3.1. Reaction mechanism of deacetylation promoted by strong alkali reagents (top) that convert chitin
to chitosan (bottom). Glc-NHa: glucosamine; R: amine or acetamide groups.
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The laborious isolation process has led to a limited attention toward chitin and its derivatives in contrast
to cellulose.’® In addition, it has long been regarded just as a structural material without notable
biological activities or functions while now its properties are becoming more and more studied and
appreciated. Chitin and chitosan, indeed, are demonstrated to be cytocompatibile and biodegradable, to
have analgesic and antimicrobial properties!®® but also to have antioxidant, anticholesterolemic and
antitumoral activity. Due to these properties, these biopolymers, especially chitosan, have been exploited
in many different applications such as in biomedicine, as food preservatives, as excipients in cosmetics, in
antimicrobial packaging, and in biocatalysis.!®

Conventional chemical chitin extraction. The process to isolate and purify chitin from biomass includes a
series of consecutive steps: biomass pre-treatment, deproteinization (DP), demineralization (DM),
decolouration and post-treatment processes. Depending on the biomass source and composition, the
order of these steps may change, or some can even not be required. In addition, the DA, degree of
crystallinity and MW of the final product may also vary with the source and be altered during the isolation
process.’ The pre-treatment process includes all the manipulation necessary to prepare the biomass
sample for chitin extraction like the removal of soft tissues by scraping or boiling. The substrate is then
dried and reduced in size. DM is generally performed by acid treatment using hydrochloric, nitric,
sulphuric, acetic or formic acid. It is important to highlight that as the acidic conditions for DM become
harsher, the molecular weight of the obtained product decreases.’®®%° Indeed, being chitin an acid-
sensitive material, it can be degraded by several pathways: hydrolytic depolymerization, deacetylation,
and heat degradation leading to a significant change of its physical properties(Scheme 4.3.2).1%
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Scheme 4.3.2. Reaction mechanism of acid-catalysed deacetylation (top) and depolymerization (bottom).
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The DP step, instead, is performed using alkali solutions, and the effectiveness depends on temperature,
alkali concentration, and the solution/biomass ratio.?®® Typically, raw biomass is treated with
approximately 1 M aqueous solutions of NaOH for 1-72 h at temperatures between 65 and 100 °C. When
necessary, a decolouration step can be introduced to remove pigment traces using oxidizing agents.2°% 202
Some post-treatment steps, (neutralization, drying and milling) may be required at the end of the
procedure. This extraction method is ecologically aggressive and energy-intensive?®® and it creates large
amounts of wastewater?®; anyway, it is still the most common procedure used on industrial and

commercial scale.

lonic Liquids chitin extraction. Given the peculiar properties of ILs, such as thermal stability, outstanding
solvation potential and negligible vapour pressure, they constitute a potentially valid alternative to
traditional volatile organic solvents and their use to isolate chitin from biomass has recently gained
interest. In this context, chitin can be either “extracted” or “pulped” from a specific source. Extraction
methods consist in complete or partial chitin dissolution in ILs, while in pulping methods minerals and
proteins are removed from the biomass obtaining chitin in the solid state. Hydroxylammonium acetate
and hydroxyethylammonium acetate have been reported for the isolation of chitin from shrimp shells
with a > 80% purity, high DA and high degree of crystallinity.?%
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To overcome the disadvantages and problems associated with chemical extraction, in this work we
studied a pulping method, where both the basic sites (responsible for DP) and the acidic ones (responsible
for DM) are incorporated into a single IL, starting from spider crab shells as the starting material.

The Mediterranean spider crab (Maja squinado) (Figure 4.3.5) is one of the biggest crabs of European
coasts spread from the north-eastern Atlantic to the Mediterranean Sea.?% The total annual catches of
spider crab ranged from a minimum of 5,168 tons registered in 2005 to a maximum of 6,982 in 20062%
with France as main producer (more than 67% of the total catch in 2011). Spider crab is characterized by
a reddish-brown to yellowish-brown carapace with an average length of 13 cm and a width of 18 cm,
though it can reach a maximum length of 25 cm.2%®

Figure 4.3.5. Photograph of Maja squinado species.

The main components of crustacean shells are proteins (30-40%), minerals (30-50%), chitin (13-42%) and
other minor components such as lipids, pigments and other metal salts (percentages refer to dry weight
and depend on species and season). The chemical composition of spider crab’s carapace has been scarcely
investigated and, to our knowledge, only Pires and co-workers®® in 2017 reported its chemical
composition (16% of chitin, 19-20% of proteins, 62.9% of ashes and <3% of carotenoids). The remaining
part is constituted by lipids, trace elements (rubidium, iron, copper, zinc and bromine) and contaminants
(cadmium, arsenic and lead). Spider crab was chosen as it is widely available, possesses a high content of
chitin, and because its tenacity and resistance to processing provides a benchmark for chitin extraction.

In this chapter, spider crab shells are exploited as starting material to extract chitin using an innovative
pulping process with ILs (ammonium acetate, ammonium formate and hydroxylammonium acetate)
(Figure 4.3.6).
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ﬁ‘,H \C/CH3 |_||,H \C/H " H \C/C 3
NS k NS [ N~ I
H™H H™ T H o H™H o
Ammonium Acetate Ammonium Formate Hydroxylammonium Acetate
(AA) (AF) (HA)

Figure 4.3.6. Structure of the ILs used for this study.
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4.3.2 Results and discussion
Crab shells composition

To establish the chemical composition of our initial substrate, ash, chitin, and protein content have been
evaluated (see Experimental section). The ash content, that is an approximate measure of the mineral
content and other inorganic matter in the shells, was calculated with Equation 4.3.1 where %ash is the
mass percent of ashes, mash the final mass of ash and container (g), mcont the mass of container (g), mar the
initial mass of biomass sample and container (g).

Masn — Meont

Mgy — Meont

% ash = x 100

Equation 4.3.1. Equation for ash content determination.

Ash content value of 57.5 % was highlighted, confirming that inorganic matter is the major component of
crab shells and underlining the importance of an effective DM to isolate chitin. Protein content was then
evaluated by performing chemical deproteinization on crab shells.?® Protein percentage was extrapolated
using Equation 4.3.2 where mresique is the total dry mass of residue free of proteins and mpiomass refers to
initial mass of dry shells. The amount of proteins resulted to be 21%.

m .
% proteins = 100 — (M X 100)

Mpiomass

Equation 4.3.2. Equation for protein content determination.

Chitin percentage of 17 % was estimated by applying the conventional chemical extraction method to
separate the totality of impurities from the starting material. To ensure the effectiveness of this method,
the extract was further characterized by H-NMR and FT-IR analysis (see Appendix). To perform a
guantitative estimation of calcium salts content, with relation principally to calcium carbonate, Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES) analysis were performed. It has been
highlighted that calcium salts are the major component of spider crab shells accounting for 51.50 wt% on
dry basis. This result is also consistent with ash content analysis and shows that almost 90% of ash residue
in the starting material is due to presence of calcium salts. Lipids, carotenoids and metal traces constitute
only a minor fraction of the matrix. The results of our compositional study are summarized in the pie chart
reported below (Figure 4.3.7). The results are in agreement with previous works, focused on spider crab
shells of Maja Squinado species.?*®
Lipids, carotenoids

and metal traces
Chitin 5% Proteins

Ashes
57%

Figure 4.3.7. Pie chart representing all major components of spider crab.
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Conventional chemical extraction

Chemical extraction was performed by adapting a procedure reported in literature (see Experimental
section).?”” The biomass was subjected to subsequent acidic and basic treatments and after every step
the product was washed until neutral pH and dried in a vacuum oven. Chitin was obtained as a white solid
and its purity and DA were confirmed by *H-NMR and FT-IR analysis. A comparison with commercial chitin
was performed. The two NMR spectra (see Appendix Figure A.4.3.10 and A.4.3.11) presented all the
characteristic signals, but the extracted sample resulted to be more prone to deacetylation under acidic
treatment (necessary for complete dissolution of the sample). In fact, signals associated with acetic acid
at 2.16 ppm and H-2 proton of de-N-acetylated units resulted to be more intense. DA values were
calculated from the NMR spectra using Equation 4.3.3 and 4.3.4 obtaining comparable results. DA% of
99% and 92% for commercial and extracted chitin respectively were obtained.

DAO/ _ (IaHlA + IBH1A+H1D + IHlA) - IHZD
0 —

100
lan1a + Igpra+uip + lnia

Equation 4.3.3. Equation for DA% calculation based on the integrals of H-1 and H-2 signals.

1

A
3 “'CH3
0L —
DA% = 1
§ACH3 + AGlCN

100

Equation 4.3.4. Equation for DA% calculation based on the area of the H-2 of the GIcN units and of the acetyl
protons of GIcNAc units.

The assignment of the resonances and their chemical shifts (ppm) are given in Table 4.3.1. Figure 4.3.8
represent the model structures of dimeric N-acetyl glucosamine (GIcNAc) and glucosamine (GIcN).

Figure 4.3.8. Chemical structure of N-acetyl glucosamine (GIcNAc, left) and glucosamine (GIcN, right).

Table 4.3.1. Assignments of resonances and relative chemical shifts of chitin signals.

H-1 H-1 of reducing ends H-2 H-2/6 Acetyl-H
GIcNACc 4.77 533 a 4.95 - 3.5-4.3 2.53
GIcN 4.98 5.55a 5.118 3.33 3.5-4.3 2.53

Also from FT-IR analyses (see Appendix Figure A.4.3.36 and A.4.3.37) it was possible to observe all the
characteristic peaks both in the commercial and in the extracted chitin.

Pulping with ILs

Each pulping procedure was performed in two ways: using the neat IL as solid salt or synthesizing it in situ,

by sequential addition of acid (acetic or formic) and base (ammonia or hydroxylamine) (A + B test) or vice

versa (B + A test). In all cases, a 10 wt % loading of biomass was used with respect to total mass of solution

(IL and biomass).?% All the experiments were conducted at the same reaction time (2 h) but the

temperatures varied with regard of the IL employed. Initial tests at 100°C were performed for all the

experiments. However, Ammonium Acetate (AA) and Ammonium Formate (AF) have a melting point >
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100°C and, for this reason, the experiments with the IL as solid salt were conducted at higher
temperatures (145 and 130°C for AA and AF respectively). To have a better comparison, then also the A +
B and B + A experiments were performed also at these temperatures, but no substantial differences were
highlighted in terms of chitin yields (Table 4.3.2, entries 2-5 and 7-10). Experimental conditions and
relative chitin yields are reported in Table 4.3.2. It must be noted that AA and AF were commercially
available, while hydroxylammonium acetate (HA) has been synthesized?®® and fully characterized by NMR
spectroscopy (see Appendix, Figure A.4.3.29-32).

Table 4.3.2. Experimental conditions tested. Reaction time always equal to 2h. A + B = sequential addition of acid
and base, B + A = sequential addition of base and acid.

Entry IL IL form Temperature (°C) Chitin Yield (%)
1 Solid salt 145 16.4
2 .

A 100 30.0
3 AA 145 271
4 100 26.5
5 B+A 145 229
6 Solid salt 130 203
7 100 17.2
8 AF A+B 130 17.2
9 100 17.6
10 B+A 130 18.8
11 Solid salt 100 29.3
12 HA A+B 100 19.9
13 B+A 100 20.7

From the calculation of yields, it was noticed that, in some cases, the values resulted to be higher than
the theoretical chitin content in crab shells (17%). This can be already a signal of the incomplete DM or
DP of the starting biomass. To further confirm the purity of the pulped chitin, the samples have been
characterized by TGA, NMR, ICP-OES and FT-IR spectroscopy.

Concerning the TGA analyses (Appendix, Figures A.4.3.1-9) it can be generally stated that two main weight
losses were observed in all samples. The first one, between 40-100°C circa, account for the 8-9%, due to
the evaporation of water molecules bound to chitin chains and the other one, between 345-415°C (42-69
wt%) probably caused by decomposition/depolymerization of the material through deacetylation and
cleavage of glycosidic linkages. In addition, at higher temperature (415-670 °C) a progressive weight-loss
can be observed probably due to the thermal destruction of pyranose ring and the decomposition of the
residual carbon. In some cases, a third and clearly visible weight loss imputable to the release of CO, due
to the presence of calcium carbonate residues was observed, indicative of an incomplete DM step. In
particular, the occurrence of CaCOs was highlighted in the sample obtained using AA in situ (both A + B
and B + A at 100 °C), using AF as solid salt and in all tests performed using HA. This evidence led us to the
conclusion that acetic acid, responsible for the DM in AA and HA, is too week to have complete removal
of minerals when working at 100°C. When using AF, instead, only the solid salt IL resulted to be inefficient
for DM: this may be due to the minor viscosity of aqueous reagents that allows better penetration of
chemicals in chitin chains domain.

The actual presence of calcium salts has been then confirmed by ICP-OES analyses (Table 4.3.3).
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Table 4.3.3. ICP-OES results for chitin pulped with IL solid salt or formed in situ.

Entry I IL form Tem;::e (:)a ture Ca (%) CaCOs (%) ® c.?g?(:/:;):‘ Othe(r%C)acsaIts
1 Solid salt 145 1.69 4.20 0 4.20
2 AA A+B 100 13.07 32.70 14.26 18.44
3 B+A 100 7.44 18.60 9.42 9.18
4 Solid salt 130 434 10.85 5.78 5.07
5 AF A+B 100 0.42 1.05 0 1.05
6 B+A 100 0.48 1.20 0 1.20
7 Solid salt 100 14.84 37.10 10.20 26.90
8 HA A+B 100 7.11 17.80 7.13 10.67
9 B+A 100 9.78 24.45 6.45 18.00
a) calculated with the hypothesis that all calcium is in form of carbonate salt; b) calcium carbonate content from

TGA analysis; c) obtained from subtraction of the two previous values (a-b).

ICP-OES analyses highlighted the presence of calcium salts in high percentages in samples obtained with
in situ preparation of AA at 100°C (32.7% for A+ B sample Table 4.3.3, entry 2 and 18.60% for B + A sample
Table 4.3.3, entry 2), probably underlining the major efficiency of higher temperatures (145°C) when using
this IL. For AF, instead, when using the in situ preparation (Table 4.3.3, entries 5 and 6), lower amount of
calcium salts were detected (also the experiments with the solid salt at 130°C revealed low percentages
Table 4.3.3 entry 4). All the experiments carried out using HA, on the other hand showed high amounts
of residual minerals: IL prepared in situ resulted to be more efficient in DM, as for AF, but, in this case,
also the order of addition of acid and base seems to play a crucial role. This is probably due to the fact
that previous treatment with acetic acid accomplishes partial DM facilitating the DP step performed by
aqueous hydroxylamine. However, if it was the case, it is not clear why this phenomenon was observed
only with this IL.

From 'H-NMR spectra (Appendix, Figures A.4.3.10-35), chitin structure and relative signals are clearly
present in all samples. Furthermore, between 1.0 and 1.5 ppm the resonances of methyl-proton from
proteins are always visible, although in small quantity. To verify that the resonances between 1.0 — 1.5
ppm were really ascribable to proteins, chemical deproteinization was performed on a representative
pulped chitin sample, in which signals between 1.0-1.5 ppm were clearly evident. NMR spectra of pulped
chitin before and after DP were registered, and the results are reported in Figure 4.3.9. NMR results
confirm that the signals under discussion are unambiguously attributable to methyl protons of proteins,
and that harsh DP conditions are efficient for their removal. We can conclude that all the studied
procedure were not able to perform complete DP, probably because of the limited basicity of the IL in
respect to the traditional bases used in the chemical extraction.
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Figure 4.3.9. 'H NMR spectra of a representative sample of pulped chitin before (top, blue) and after (bottom, red)
chemical deproteinization.
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From NMR spectra, and using both Equation 4.3.3 and 4.3.4, DA were calculated, and the two methods
resulted to be in good agreement (Table 4.3.4). Partial deacetylation occurred during dissolution of all
samples in the deuterated solvent causing an increase of the signals related to acetic acid and H-2 proton
of de-N-acetylated chitin. This was taken into account in all calculation methods in order to avoid
underestimation of DA. Concerning AA and AF, good DA values, higher than 88% and 86% for AA and AF
respectively, were always found. With HA values always > 92% were calculated (Table 4.3.4, entry 11-13).

Table 4.3.4. DA of all pulped samples.

0, 0,
Entry IL IL form Temperature (°C) DA (%) from eq DA (%) from

433 eq4.34
1 Solid salt 145 99 99
2 A+B 100 88 93
3 AA 145 96 92
4 B4 A 100 97 97
5 145 98 99
6 Solid salt 130 94 95
7 A+B 100 97 96
8 AF 130 95 96
9 B+ A 100 94 95
10 130 86 90
11 Solid salt 100 98 98
12 HA A+B 100 96 97
13 B+A 100 93 94

FT-IR spectra of all samples (see Appendix, Figure A.4.3.36-53) showed the characteristic signals
associated with chitin and are comparable to commercial sample. The presence of calcium carbonate
(1420-30 cm™ and 874 cm™) was further confirmed in the samples prepared with AA in situ at 100°C and
with HA. Once again it was confirmed that the best IL, in term of minerals removal was AF.

A comparison of all the conditions, yields, calcium carbonate percentages and DA is reported in Table
4.3.5.

Table 4.3.5. Experimental results obtained with all pulping methods tested in this work.

Entry IL IL form Temperature (°C) Yield (%) CaCOs (%) DA (%)?
1 Solid salt 145 16.4 0 99.0
2 A+B 100 30.0 14.26 91.0
3 AA 145 27.1 - 94.0
4 100 26.5 9.42 97.0

B+A
5 145 22.9 - 98.5
6 Solid salt 130 20.3 5.78 94,5
7 100 17.2 0 96.5
A+B
8 AF 130 17.2 - 95.5
9 B+ A 100 17.6 0 94.5
10 130 18.8 - 88.0
11 Solid salt 100 29.3 10.20 98.0
12 HA A+B 100 19.9 7.13 96.5
13 B+A 100 20.7 6.45 93.5

a) DA are reported as average between the two values obtained with Equations 4.3.3 and 4.3.4.

In all samples pulped chitins contained a small amount of protein residues, indicating that further
optimization is possible to obtain a purer biopolymer. Concerning the DM step, CaCO3 was completely
removed using AA as a solid salt and AF prepared in situ by sequential addition of acid and base or vice
versa. Although AA was employed in the solid form, easy to handle and ready to use, higher reaction
temperature of 145 °C was employed, which could cause more extensive depolymerization of the final
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product (resulting in lower MW). To minimize costs of pulping process and reduce energy demand, AF
formed in situ seems to be a promising choice. Concerning DA values extrapolated from *H-NMR analysis,
all methods proposed produced chitin with high DA in the range 88-99%.

Since AF was found to give best performances, further analysis on the chitin obtained using this IL have
been performed. In Figure 4.3.10, a comparison between the XRD diffractograms is reported. To
determine the actual degree of crystallinity, a quantitative X-ray phase analysis was performed. The
background signal was subtracted and the diffractogram corrected. Crystalline and amorphous domain
areas were properly deconvoluted and separated to provide Cl with good accuracies. Results showed that
commercial chitin sample possess the higher Cl (56.5%) while chitin pulped with the solid salt or by
sequential addition of formic acid followed by ammonia (A + B) had comparable Cl (39.3 and 38.9 %
respectively). When treating crab shells starting with ammonia followed by formic acid (B + A) the
resulting material had slightly higher Cl, equal to 46.0 %.
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Figure 4.3.10. XRD diffractograms of commercial (black) and AF pulped chitin. AF was used in the form of solid salt
(pink) or formed in situ by sequential addition of acid and base (blue) and base and acid (red) at 100 °C.

To evaluate the MW distribution of chitin by GPC avoiding the use of hazardous and toxic solvent systems
required to dissolve it, we decided to carry out an indirect measurement on the more soluble chitin
derivative, chitosan. Thus, chitin samples pulped with AF were further deacetylated to chitosan under
heterogeneous conditions (see Experimental section). Samplings were performed at different reaction
times. For each sample GPC measurements were executed: experimental results concerning MW
distribution and dispersity are summarized in Figure 4.3.11 and Table 4.3.6. At the beginning of the
reaction shorter chains of chitin are deacetylated more efficiently and the resulting chitosan dissolves in
the eluent phase, bringing to small MW and D. After 30 minutes, higher MW chitosan is formed, with
lower D. It is clear that during the first hour of the reaction, deacetylation occurred rapidly, bringing to
soluble chitosan samples. After the first hour, depolymerization occurred, competing with deacetylation
mechanism. This fact could be deduced by the progressive decrease in MW distribution of samples and
higher D. After two hours treatment, MW distribution levels off, and MW values between 2-3 hours are
very similar.
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Table 4.3.6. Values of My, Mn, Mw and D obtained from GPC analysis of chitosan samples.

Entry Time (h) Mp E+04 (Da) Mn E+04 (Da) Mw E+05 (Da) 1)
1 0.1 3.78 E+01 3.78 1.77 4.7
2 0.5 1.05 5.73 2.47 4.3
3 1 8.16 2.81 2.45 8.7
4 2 8.88 2.61 1.89 7.2
5 3 8.16 241 1.89 7.8
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Figure 4.3.11. Molecular weight (left) and dispersity (right) trend of chitosan during deacetylation time.

4.3.3 Conclusions, challenges and perspectives
In this study, we evaluated the efficiency of three different ILs (ammonium acetate, ammonium formate
and hydroxylammonium acetate) for chitin pulping from spider crab shells, as an alternative and green
method to conventional chemical extraction procedures. Firstly, the chemical composition of spider crab
shells was determined revealing 57% of ashes, 21% of proteins, 17% of chitin and a remaining 5% of lipids,
metals and pigments. Pulping procedures with ILs were then performed in two ways: by using the neat IL
as solid salt (with temperatures above its melting point) or by synthesizing it in situ as an aqueous solution.
All characterization data confirm that in the conditions tested, ammonium formate prepared in situ seems
to be the most promising IL for chitin one-pot pulping process, allowing the quantitative isolation (17-18%
yields) of chitin with high purity and a high degree of acetylation (DA > 86%). TGA and ICP-OES analyses
confirmed that all calcium minerals were efficiently removed. However, all *H-NMR spectra showed
signals associated with methyl protons of proteins between 1.0 and 1.5 ppm, demonstrating that in these
conditions, proteins were still present. In alternative, to assess pulping efficiency of all ILs, other
parameter such reaction time and biomass/solution ratio should be tested. Furthermore, it must be
highlighted the fact that in all procedure great amount of wastewaters were generated during washing
step of the pulped material. Further studies could be aimed at eliminating residual proteins and to
minimize water consumption in order to improve process intensification and ensure eco-sustainability. In
any case these procedures eliminate one washing step, combining DM and DP steps. Due to the low
solubility of chitin in almost all common organic solvents and water, the characterization of the product
resulted to be very challenging. To evaluate purity and DA of chitin samples, *H-NMR has been extensively
used in literature and was chosen in this work. However, the strong acidic conditions required for sample
dissolution caused in all cases competitive deacetylation and depolymerization, making interpretation
and signal identification elaborate. It was also noted that the same treatment used for dissolution, caused
different polymer degradations depending on the sample treated. From XRD analysis it was possible to
notice that the addition order of reactants played a crucial role in the crystallinity of the sample: higher
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Cl were obtained for samples treated with the in situ formed IL by sequential addition of base and then
acid.

In conclusion we proposed a preliminary study on the use of innovative and simple ILs for one-pot chitin
pulping. The IL can be used neat or made in situ by the sequential addition of acid and base. Though
pulping with ammonium formate is the more promising procedure, the varying production costs,
applicability on different fishing waste-derived substrates and safety issues are still unknown. This work
presents a step toward narrowing the choices for chitin isolation technologies that can lead to an
economically and environmentally sustainable process replacing the current hazardous, energy
consuming, and environmentally unsafe process.

4.3.4 Experimental

Ash content. Ash content was determined using the Standard Test Method for Ash in Biomass E1755-01.
For this purpose, 1.0 g of dried crab shells were placed in a porcelain crucible and put in a muffle furnace
at 600°C for 3 h. The crucible was then removed, set in a desiccator, and allowed to cool to room
temperature. The system was weighted to the nearest 0.1 mg. After weighting, the crucible was inserted
again into the furnace for 1 h at 600°C, cooled in the desiccator, and reweighed. This last step was
repeated until the mass of the crucible varied by less than 0.3 mg from the previous weighing. The
procedure was performed in duplicate, and a mean-value calculation determined ash content.

Protein content. Protein content was determined by chemical deproteinization of crab shells. 0.5 g of
ground spider crab shells were suspended in agueous NaOH (1 M; 20 mL/g of solid), at 70 °C for 3 hours
under continuous stirring. The solid product was centrifuged (6000 rpm for 10 minutes), washed with
water (5 x 50 mL) until neutral pH, and dried in oven under reduced pressure (15 mbar) overnight. Protein
percentage with respect to crude shell dry weight was then calculated.

Synthesis of hydroxylammonium acetate. Hydroxylammonium acetate was prepared according to a
reported procedure.’® Hydroxylamine solution 50 wt% (26.4 g, 0.4 mol) was stirred at 0 °C in a 250 mL
round-bottomed flask while acetic acid (26.4 g, 0.44 mol) was added dropwise over three hours. The
solution was then allowed to reach room temperature under continuous stirring. The mixture was then
gently purged with air and heated at 40 °C to concentrate the solution. The precipitate was washed with
methanol (100 mL) and diethyl ether (100 mL) to remove residual acetic acid and dried in oven under
reduced pressure (15 mbar) for 2 h. The final product was obtained as a white solid (11.9 g, yield 32%)
and was characterized by NMR spectroscopy (*H and 3C in DMSO-ds or D,0). Characterization data are
reported in the Appendix.

Chemical extraction protocol. In a typical procedure, a powdered sample (1 g) of spider crab shells was
suspended in aqueous HCI (0.5 M; 40 mL/g of waste) and stirred at room temperature for 15 min. The
residual solid was centrifuged (6000 rpm for 10 min), water was added (5 x 50 mL) to neutral pH, and the
resulting solid was dried in oven under reduced pressure (15 mbar) overnight. The demineralized powder
was then suspended in aqueous NaOH (1 M; 20 mL/g of solid), at 70 °C for 3 hours under continuous
stirring. The solid product was centrifuged (6000 rpm for 10 minutes), washed with water (5 x 50 mL) until
neutral pH, and dried in oven under reduced pressure (15 mbar) overnight. The final product was obtained
as a white solid (0.169 g, yield 17%).

Pulping of crab shells using IL as solid salt. Ground crab shells (0.5 g) were mixed with solid IL (4.5 g) in a
round-bottom flask equipped with a condenser. The solution was kept under magnetic stirring for 2 h at
the chosen temperature (145°C for AA, 130°C for AF and 100 °C for HA). After complete melting of the IL,
a vigorous bubbling/foaming could be observed. A yellowish solid precipitate after 2 h, while impurities
were confined in the aqueous phase. The mixture was diluted with 50 mL of DI water and centrifuged.
The solid was washed with water (5 x 50 mL) until neutral pH was reached and dried in oven under
reduced pressure (15 mbar) overnight. The final product was obtained as a yellow-white solid.
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Pulping of crab shells using IL prepared in situ at 100°C. 0.5 g of ground crab shells were put in a two-
necked round-bottom flask equipped with a condenser. The acidic function (acetic or formic acid) was
added, followed by dropwise addition of aqueous basic solution (ammonia or hydroxylamine). The
solution was kept under stirring for 2 hours at 100 °C. Purification and isolation was performed as
described in the pulping with solid salt. The same procedure was repeated by changing the addition order
of reactants (first the base, then the acid). Used quantities are reported in Table 4.3.7.

Pulping of crab shells using IL prepared in situ at T>100°C. 0.5 g of ground crab shells were put in a two-
necked round-bottom flask equipped with a condenser. The acidic function (acetic or formic acid) was
added, followed by dropwise addition of agueous ammonia solution over several minutes. The solution
was kept under magnetic stirring for ca. 0.5 h at ambient temperature until foaming and bubbling
occurred. The mixture was then placed in a stainless-steel autoclave equipped with a Teflon reactor and
kept under magnetic stirring for 2 h at the desired temperature (145° C with AA and 130 °C for AF). The
autoclave was then allowed to cool to room temperature. Purification and isolation were performed as
described in the pulping with solid salt. The same procedure was repeated by changing the addition order
of reactants (first the base, then the acid). Used quantities are reported in Table 4.3.7.

Table 4.3.7. Quantity of acidic and basic function used for chitin pulping with in situ formation of the IL.

Acid Base
g mol g mol
AA 3.6 0.06 3.9 0.06
AF 34 0.07 3.9 0.06
HA 2.9 0.05 3.2 0.05

Deacetylation of chitin. Deacetylation under heterogeneous conditions was performed according to a
reported procedure.?'® Crab shells were put in a two-neck bottom flask together with 70% (w/v) NaOH
aqueous solution in a solid:alkali ratio of 1:10. The flask was put under nitrogen atmosphere and stirred
at 110°C for 3h. The precipitate was washed with milliQ water (4 x 50 ml) until neutral pH and filtered.

IH-NMR and 3C-NMR. Chitin samples were dissolved in a deuterium chloride solution (DCI 35 wt % in D,0)
with vigorous stirring for 30 min at 50 °C. *H-NMR spectra were obtained using a Bruker UltraShield 300
operating at 300 MHz at ambient temperature. Chitin signals: *"H NMR (300 MHz, DCI 35% in D,0, 298 K)
& (ppm): 6.94 (d, H-1*, 5.33 (br, a-H1A), 4.95-4.98 (br, B-H1A + H1D), 4.87-4.88 (d, H-2*), 4.77 (br, H1A),
4.61 (d, H-3*), 3.5-4.3 (m, H2/H®6), 2.53 (s, H-Acetyl), 2.13 (s, H-acetic acid). Signals denoted with an
asterisk refers to glucofuranosyl oxazolinium ion existing in equilibrium with GIcNAc in concentrated DCI.

Fourier-transform infrared spectroscopy (FT-IR). The samples for FT-IR analysis were prepared by grinding
the dry blended powders with powdered KBr (ratio of 1:100 Sample: KBr) and then compressed to form
pellets of 5 mm-diameter using a hydraulic press at a pressure of 10 tons for one minute. Spectra were
recorded on a Perkin-Elmer Spectrum One FT-IR spectrometer from 4000 to 450 cm™.

Thermogravimetric Analysis. TGA were carried out in a TA instruments SDT 2960. About 5 mg of all
samples were placed in aluminium crucible and heated from ambient temperature to 800 °C with a
heating rate of 10 °C/min under a nitrogen atmosphere (flow rate 1 mL/min).

Inductively Coupled Plasma Optical Emission Spectrometry. ICP-OES measurements were performed on a
Perkin Elmer ICP-OES 5300 DV. All chitin samples were digested in nitric acid (3 mL) and hydrochloric acid
(2 mL), dilute to 10 mL of final volume, and heated at 150 °C for 20 minutes to ensure complete
dissolution.

X-Ray Diffraction. XRD measurements were performed employing a Philips diffractometer with a PW 1319
goniometer with Bragg-Brentano geometry, equipped with a focusing graphite monochromator and a

117



proportional counter with a pulse-height discriminator. Nickel-filtered CuKa radiation and a step-by-step
technique were employed (steps of 0.05° in 28), with a collection time of 30 s per step.

Gel Permeation Chromatography. GPC was performed using an Agilent Infinity 1260 GPC instrument
equipped with a viscosimetric and a refractometric detectors using an injection volume of 100 plL and a
flow rate of 0.5 mL/min. A Polysep-GFC-P linear column (1 kDa-10 MDa) was used maintaining a constant
temperature of 5°C during the analysis. An aqueous solution of acetic acid (0.3M) and sodium acetate
(0.2M) was used as eluent and PEQ/PEG standards with sample weights of 601-1020000 Da were used
for the calibration. Prior to analysis 2 mg of chitosan samples were dilute in 1 mL of eluent phase, and the
solution was filtered.
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5. Supercritical CO, Extractions

Supercritical Fluids Extractions (SFE) were developed in the mid-1980s for analytical applications with the aim
to reduce the use of organic solvents and, nowadays, they offer an alternative method to conventional
extraction techniques. Supercritical carbon dioxide (sc-CO;) is the most widely used thanks to its outstanding
properties. Indeed, sc-CO; is non-toxic, non-flammable, non-corrosive, recoverable and easy to handle. In
addition, CO; is cheap, readily available with high purity degree and easily removable from the final products.
This chapter presents the sc-CO; technique, its advantages and uses and reports two works developed by the
author: extraction of antibacterials and of fatty acids from two different types of agro-waste.

5.1 Introduction: technique, advantages and uses

Carbon dioxide (CO,) was firstly recognized as a distinct gas from Van Helmont only in the XVII century,
despite its existence has been known for over thousands of years. Even though the high natural occurrence
of CO; in the Earth’s lithosphere, hydrosphere and atmosphere, it is nowadays seen prevalently as an issue
due to its massive anthropogenic production for electricity, heat production, transport and industrial uses.
This reason led to progressive research and increased interest in using carbon dioxide: different studies are
now centred on its exploitation for the production of chemicals, fuels or construction materials. Another way
to give value to CO; is to use it as a solvent to perform extractions in opposition to classical extractive
techniques. The increase in the public awareness about health, environmental and safety hazards associated
with the use of organic solvents is, in fact, giving more and more importance in finding extractive techniques
that can replace the conventional ones. Indeed, the cost of organic solvents, new stringent environmental
regulations and the requirement of the food and medical industries for pure compounds are increasing the
need for the development of greener technologies.® Supercritical Fluids Extraction (SFE) is gaining
considerable attention as a valuable substitute for conventional solvent extractions and its great number of
potential applications is already part of the present scenery and continues to grow. For example, its use is
spread from the pharmaceutical to the food, cosmetical and materials industry but also in the field of
toxicology, chemistry, environment, textile and polymers among others.? The increase in the application of
this technology is mainly due to the selectivity and separation capacity that it allows leading to the
obtainment of a great number of organic compounds non-viable to extract with traditional processes.
Summing up, the great interest of both scientific community and industries must be directly related to the
restrictions to the use of organic solvents and a higher ecological consciousness but also to the high selectivity
of the technique and its short extraction times.>* SFE is based on the solvating properties of supercritical
fluid, which can be obtained by employing pressure and temperature above the critical point. Every fluid is,
in fact, characterized by a certain critical point defined in terms of critical temperature (T.) and critical
pressure (P.). A substance above its T, and P, is to be considered as a supercritical fluid. A supercritical fluid
exhibits physicochemical properties that lay in between those of a gas and a liquid, having density similar to
that of a liquid and viscosity similar to that of gas.> Some of the solvents most commonly used as SFs, their
Tc. and P. are reported in Table 5.1.1.
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Table 5.1.1. Most common solvents used as SFs, critical temperature and critical pressure.

Substance T (°C) P. (MPa)
Ethylene 9.4 5.04
Carbon dioxide 31.1 7.38
Ethane 32.3 4.87
Nitrous oxide 36.6 7.26
Propane 96.8 4.25
n-Hexane 234.5 3.01
Acetone 235.1 4.70
Methanol 239.6 8.09
Ethanol 240.9 6.14
Ethyl acetate 250.2 3.83
Water 374.1 22.06

By proper controlling of SFE parameters, the extractability of supercritical fluid can also be modified which
enable this process to be applied in a plethora of different fields. Supercritical fluids have an outstanding
ability to dissolve compounds that varies with the density of the fluid depending, so, on small changes in
pressure and/or temperature. Also transport properties have a strict correlation with density, leading to the
possibility to vary them easily, unlike liquid solvents.®” Together with the dissolving power, another
important parameter of supercritical fluids is their penetration ability. The low viscosity and high diffusivity
of this fluids enhance, indeed, this property allowing an efficient extraction of the compounds from raw
materials. The high-density values combined with the pressure dependent solvent power provides high
solubility and selectivity to the supercritical fluid. In addition, low viscosity and intermediate values of
diffusivity combined with the absence of surface tension allow the penetration of the SF into the cells and
particles of the sample matrix extracting their interior material,®° facilitating the extraction process of vegetal
such as plants or algae.’® Summarizing, the most important properties of SFs are density, viscosity, diffusivity,
heat capacity and thermal conductivity. On one hand the low viscosity enables penetration of the fluid into
solids and allow for flow with less friction, on the other hand the high densities of SFs contributes to greater
solubilisation of compounds.! The manipulation of temperature and pressure above the critical point
modifies the properties of SFs enhancing their ability to penetrate and extract targeted molecules from a
plethora of different matrixes.!? The SFE of targeted components from plant matrix undergoes, similarly to
conventional techniques, to several parameters like pre-treatment of the biomass, particle size, temperature,
pressure, time, solvent flow rate and solvent to feed ratio.:

Recently, SFE received particular attention specially in the fields of solid materials extractions and
fractionation of liquid mixtures. Indeed, SFs are easily adaptable to separation processes: thanks to their
characteristic they can be used to separate unstable materials (e.g. oils and polyunsaturated fatty acids,
vitamins, antioxidants...) at low temperatures. In addition, it is possible to perform separations even with
small variations of pressure, thanks to the exponential behaviour and high compressibility of the fluids.*
Nowadays, the possibility to extract and fractionate oils is receiving widespread interest thanks to the direct
application in industries, in particular food and pharmaceutical, for the generation of high added value
products. Moreover, the possibility to work at lower temperatures, that can be responsible for the
destruction of valuable substances, and the avoidance of product contamination with solvent residues?®® are
contributing to candidate SFEs as a promising alternative to conventional extraction techniques. Nowadays,
SFEs are used in different industrial applications including coffee decaffeination, fatty acid refining and
essential oils and flavours extraction from natural sources.’® One of the main disadvantages of SFE is the
initial investment cost of its implantation. However, since the 1970s, this cost was offset by the establishment
of several commercial plants for the decaffeination of coffee that is able to produce a valuable extract
(caffeine) together with a high-value raffinate product (decaffeinated coffee beans).
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Between the wide range of compounds that can be used as SFs, supercritical carbon dioxide (scCO3) has
gained considerable attention as a promising candidate to pave the way towards more sustainable
extractions 7. CO; is hon-toxic, non-flammable, non-polluting, completely recoverable, inert and cheap**#*°
and it is readily available in bulk quantities with high purity degrees.?® In addition, its critical conditions (T, =
31.1 °C and P. = 7.38 MPa, see Figure 5.1.1) are relatively safe and easy to reach, making it appropriate for
the extraction of volatile or heat sensitive compounds.?

CO; (sc)

P

73,8 bar

5,2 bar CO;, (@
1,013 bar
-
1947K 2166 K 304,1 K
(-78,5°C) (-56,6 °C) (+31,0 °C)
T

Figure 5.1.1. Phase diagram for carbon dioxide.

The solubility of a compound in scCO; is strictly dependent on temperature and pressure due to their
influence on density and, as consequence, on solvent power. An increase in the pressure value leads to liquid-
like density scCO, improving the probability of interactions between solute and solvent, thus leading to
notable increases in solubility. On the other hand, increasing the temperature would cause a decrease in the
SF density, while the vapor pressure of the solute would increase. The synergic effect of these two factors is
the key to understand and manipulate the changes in solubility. At pressures close to the critical value, the
decrease in density is so evident that an increase of the temperature would lead in a decrease in solubility,
whereas working at higher pressures the vapor pressure effect takes over (since the density drop is relatively
smaller) resulting in an enhanced solubility.?? The properties of the solute, in particular its molecular weight,
polarity and vapor pressure, strongly influence its solubility in scCO,. The solubility is, indeed, influenced both
by solute-solvent and solute-solute interactions. ScCO,, due to its non-polar nature, solubilize preferentially
apolar or weakly polar compounds such as lipids, cholesterol, aldehydes, esters and ketones. An increase in
the molecular size, moreover, causes a decrease in the solubility of a molecule in scCO,, so, high molecular
weight polar substances such as polysaccharides, amino acids and proteins, are relatively insoluble (Table
5.1.2). Thus, high selectivity can be obtained simply modifying temperature and pressure of the system,
which is one of the major advantages of scCO, extraction technology.
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Table 5.1.2. Solubility of different compounds in sc-COa2.

Highly soluble Moderately soluble Poorly soluble
- High volatile substances - Substances with low .
. . - Non-volatile substances
(e.g. aromas and flavouring) volatility . .
. . . - Highly polar organic
- Organic compounds with - Polar organic compounds compounds with MW > 400
low polarity and MW (< 250 with MW lower than 400 /mcF:I
g/mol) g/mol g
Name T P So(lr:l:;lll:y Name T P so(lr:lt))lll:y Name T P so(lr::II:ty
Q) (bar) fraction) Q) (bar) fraction) Q) (bar) fraction)
B- 40 | 260 | 55-105 | water® | 50 | 200 | 102-10° | Far3€@ | gy | 50 | 15.10%
carotene? mol2s
Squalene | g5 | 50 | as-100 | Y| 6o | 280 | 0.08-100 | VAWM | 35 | 200 | 91.10¢
one

Anyway, it is possible to modify the solubility of these compounds in carbon dioxide also by the use of co-
solvents that are able to increase the polarity of the SF.?% A co-solvent is a solvent that has an intermediate
volatility between the supercritical fluid and the target compound. Usually, co-solvents are liquids at ambient
conditions, but gases can also be used, they must be miscible with the SF and compose only a small
percentage of the total fluid composition. Co-solvents can enhance the solubility of the compound of interest
by specific chemical interaction with the solute (by hydrogen bonds) as well as by interactions with the
solvent (by increasing the density).?® Between the most used co-solvents we can enumerate ethanol,
methanol, isopropanol and acetonitrile.>® One of the main problems in the use of co-solvents can be,
however, the difficulty in separating it from the product after the extraction while sc-CO, become gaseous
after depressurization and is easily removed from the system.3!
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5.2 Supercritical CO; extraction of natural antibacterials from low-value weeds and agro-
waste

Supercritical CO,
extraction
"" Gop 200 m- Natural
antibacterial

»

~ Humulus Lupulus y
hDatura Stramonium \

In this chapter, another way of valorising waste biomass was explored. The idea of circularity, indeed,
prompted us to widen the possibilities of recycling different type of waste to give them an additional value.
In particular agro-waste was used for the scCO; extraction of natural preservatives and the results herein
reported are published in C. Campalani, F. Chioggia, E. Amadio, M. Gallo, F. Rizzolio, M. Selva and A. Perosa,
J. CO, Util., 2020, 40, 101198. doi: 10.1016/j.jcou.2020.101198.3?

The suitability of two different types of agro-waste, namely Datura stramonium and Humulus lupulus, were
investigated for the extraction of preservatives using supercritical carbon dioxide (scCO;). The antibacterial
activity was evaluated against Escherichia coli with the perspective of using the extracts in cosmetic
formulations. Both leaves and flowers were used as the starting materials and the essential oils obtained from
scCO; extractions have been compared, in terms of composition and antibacterial activity, to the one obtained
using a classical method: Soxhlet extraction using ethanol. The two techniques resulted to be very different in
yields, selectivity, composition and antibacterial properties. In general, scCO; led to the selective extraction
of volatile compounds, such as terpenes, terpenoids, bitter acids and fatty acids, resulting in a better recovery
for preservatives.

5.2.1 Introduction
The majority of cosmetics and personal-care formulations are produced on organic- and water-base and, for
this reason, are easily attacked and degraded by a plethora of microorganisms. In order to prevent microbial
proliferation, prolong shelf-life and avoid health related issues, cosmetics must contain a certain amount of
preservatives. Indeed, the microbial contamination can cause the spoilage of the product, ultimately leading
to consumers being infected by the microorganism.?® Anyway, the regulations about cosmetic products are
becoming more and more stringent during the last years as can be seen in the last version (01-03-2022) of
the “Regulation of the European Parliament on cosmetic products”3* were a notable list of prohibited and
restricted substances is present. In addition, environmental problems and a growing demand for improved
biocompatibility are prompting replacement of the commonly used synthetic preservatives with natural
antiseptic compounds. Another possible problem due to the presence of synthetic preservatives in
formulations can be the development of allergic contact dermatitis,> sensory skin irritation, or other adverse
effects in the users.3® A huge number of cosmetic preservatives are nowadays available, both alone and in
pre-prepared combinations, but the market is still dominated by a small number of compounds. Among the
most frequently used preservatives there are: phenoxyalcohols (in particular phenoxyethanol),
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formaldehyde releasers (e.g. imidazolidinyl urea, diazolidinyl urea, tris(hydroxymethyl) nitromethane and
others), p-hydroxybenzoic acid esters (parabens), isothiazolinones (in particular
methylchloroisothiazolinone/methylisothiazolinone), quaternary ammonium compounds and organic acids
(Figure 5.2.1). For example, phenoxyethanol is found approximately in almost 20% of registered products in
the United States;? it is non-toxic to humas when administrated orally or percutaneously but, due to its
relatively low antimicrobial activity, it is usually used in combination with other preservatives. Also parabens
are widely spread both in cosmetics and in foods, they are rapidly absorbed and metabolized and have a very
effective antimicrobial effect, but are considered to be cause of sensory skin irritation in cosmetics.®
Methylchloroisothiazolinone/methylisothiazolinone (MCI/MI) and the formaldehyde releaser diazolidinyl
urea are used approximately in 5% of cosmetic products, being the 9™ and 10" most frequently used
cosmetic preservative. By the way, MCI/MI, diazolidinyl urea and methylisothiazolinone alone are all
frequent causes of allergic contact dermatitis.3%4

(0]

(6] (6]
R.
O~"on 0
| N—CHs | N-CH;
OH cl S S
Phenoxyethanol Parabens Methylchloroisothiazolinone Methylisothiazolinone
Formaldehyde releasers
o OH HO o OH

HN PN NH HN A\ Ho/q/\OH
pate S OGS

OH

Imidazolidinyl urea Diazolidinyl urea Tris(hydroxymethyl)nitromethane

Figure 5.2.1. Structure of the most common synthetic cosmetic preservatives.

Plants, and more specifically their essential oils, are considered as one of the main sources of natural
preservatives and several authors have proposed their use as natural conservation agent, alone or in
combination with other compounds.***? The use of essential oils in the production of cosmetics and related
products may have several advantages, assuring protection against microorganisms and, in some instances,
enhancing the dermato-cosmetic properties and preservation of the final product.*® These substances are
volatile liquids with variable viscosity, constituted typically by monoterpenes, terpenes, terpenoids,
polyphenols and low molecular weight aromatic compounds.***>% Much of the antimicrobial activity of plant
extracts and essential oils is attributed to their content of phenolic compounds, mainly flavonoids and
derivatives, and of terpenes (Figure 5.2.2). In particular, flavonoids can interact with lipid bilayers and perturb
plasma membrane functionality. The interaction of polyphenols with bacterial plasma membranes can trigger
a plethora of effects that contribute to their antibacterial behaviour.”’” The disruption of the plasma
membrane can, for example, cause the formation of pores, leakage, alter polarity, increase permeability,
delocalize membrane proteins and other phenomena.*” The antimicrobial mechanism of polyphenols that
interact with membranes seems to revolve around the disruption of the latter by accumulation of hydroxyl
groups that alters the hydrophobicity and surface charge of the membrane.*®* For example, polyphenols
such as galloyl catechins are able to intercalate in membranes, reaching a deep position in the lipidic bilayer
and causing remarkable biophysical changes to its structure.>® Concerning the antimicrobial activity related
to the presence of terpenes, this is, at the same way, attributed to their interaction with the membranes but
the specific mechanism remains poorly understood.* The proposed specific molecular mechanism of action
depends on the structure of the various terpenes. Certain terpenes, such as carvacrol, which have a phenolic
hydroxyl group, can cross the bacterial plasma membrane, bind molecules (such as ATP) or monovalent
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cations (such as K*) and transport them outside the bacterial cell, affecting the membrane potential and
homeostasis.>>>3 Other terpenes, like thymol, can incorporate into the polar-head region of the lipid bilayer
affecting its structural integrity and fluidity.>* Another hypothesis is that terpenes have the ability to modify
the lipid profile of the bacterial plasma membrane, inducing an increase in the presence of saturated fatty
acids leading to an increased rigidity, probably triggered in response to the fluidifying action cited above.>”
All the cited phenomena cause membrane depolarization, reduced respiratory activity, loss of membrane
integrity and coagulation of cytoplasmatic material.>® In general, although a lower antimicrobial activity is
usually observed for natural plant extracts than for synthetic compounds, some of them are very powerful
probably for the synergistic effect among more components.>”-58:59.60
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Figure 5.2.2 Antibacterial mechanisms of natural essential oils, specifically of terpenes and polyphenols.

With this in mind, we decided to investigate the extraction of natural preservatives from Humulus lupulus
(hops) and Datura stramonium (jimsonweed). These two botanical species were chosen for their widespread
availability and low value, belonging to the class of agricultural and agroindustrial waste. Both plants are
known to be a natural reservoir of compounds with proven antiseptic properties®1-626364656667 g\ ,ch as fatty
acids, terpenes and terpenoids.*®®% Humulus lupulus is a perennial herbaceous species of flowering plant
belonging to the hemp family of Cannabacee, native to Europe, western Asia and North America, that can
grow up to 10 meters and live up to 20 years (Figure 5.2.3). Over the last decades, hops flowers were
intensively used for the extraction of its essential oil using different extractive techniques. Many works
reported the extraction using conventional or microwave-assisted hydrodistillation,®>7? scCO,,”7%737475 solid
phase microextraction’® or Soxhlet extraction with organic solvents.”
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Figure 5.2.3. Picture of leaves and flowers of hops plant.

The flowers of this plants are used since ancient times to preserve and give flavour and bitterness to beer, so
hops is widely cultivated from brewing industry. In addition, this common plant was used also as sedative,
against sexual disorders, as appetisers and topically against neuralgic, rheumatic or arthritic pain. Through
their wide range of biological and pharmacological effects, hops acids have proved interesting abilities for
the treatment or the prevention of several human disorders, such as cancer, diabetes mellitus, osteoarthritis,
cardio-vascular disease and osteoporosis.”” Nowadays the crucial importance of hops in beer production, led
to an extensive study on its intrinsic preservative properties. The antibacterial activity of hops extracts is
mainly directed towards Gram-positive bacteria®% and it is attributed to bitter acids, in particular humulone
and lupulone (Figure 5.2.4).7® The activity against Gram-positive bacteria (e.g. Micrococcus Staphylococcus,
Mycobacterium and Streptomycetes) has been thought to involve primary membrane leakage, due to
interaction of the hydrophobic parts of the molecules with the bacterial cell wall. To date, the most used and
valorized part of Humulus lupulus is composed by the flowers; on the other hand, the leaves are usually
discarded as a waste. However, it is known that also this part contains valuable volatile compounds and their
use to obtain high-added value products seems to be an interesting topic to explore in the circular
economy.79,70,80,81
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Figure 5.2.4. Chemical structure of hops bitter acids.

Datura stramonium, or jimsonweed, is an erect, annual, invasive, night-blooming plant of the Solanacee

family (Figure 5.2.5). It is an aggressive invasive weed which grows forming bushes from 60 up to 150 cm,

original from Central America but now it is widely spread worldwide. Having biologically active molecules in

all its part, jimsonweed has frequently been employed in traditional medicine. In addition, it has been used
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as a hallucinogen since it is able to give a state of deep and long-lasting disorientation or delirium with
potentially fatal outcome. Indeed, Datura stramonium contains a plethora of different compounds such as
saponins, flavonoids, sterols, coumarins, quinines and a variety of alkaloids: molecules with a strong
physiological and psychoactive effect that can lead to poisoning and death even in small doses.®>® However,
jimsonweed is usually an undesired presence, especially in cultivated crops, and it is so discarded as
agricultural waste. Many researches have been conducted on its toxicity and pharmacology®+#>8¢ but, to our
knowledge, only few reports are focused on the antibacterials activity of jimsonweed extracts obtained

through maceration with organic solvents and/or water,546566:87,88

Figure 5.2.5. Picture of leaves and flowers of jimsonweed plant.

In this work we aimed to valorise these two common agricultural wastes (Humulus lupulus leaves and Datura
stramonium as a whole) by upgrading them to sources of antibacterial molecules exploiting a scCO,
extraction protocol. To this end, the supercritical extraction methodology was firstly optimized using hops
flowers (or cones) and then implemented to obtain the volatile fractions from hops leaves and from
jimsonweed. The as obtained extracts were then characterized in order to investigate the chemical
composition and antibacterial activity and to find out the bioactive compounds. A comparison in terms of
composition and preservative efficacy was then performed between the scCO; extracts and ones obtained
by conventional Soxhlet extraction using ethanol as the solvent. This last technique is known as a poorly
selective albeit intensive extraction method, hardly sustainable in the industrial scale.>#°

5.2.2 Results and Discussion
Humulus lupulus

The investigation started with preliminary experiments to identify the optimal conditions for the scCO;
extractions. Using hops flowers (3g in a typical run) the different parameters were changed in order to find
the most suitable ones (See Table 5.2.1). In particular, several experiments were conducted changing the
pressure of the system (that leads to a change in the density of the solvent), the CO; flow, and consequently
the space velocity, and the extraction time. The space velocity can be described as the ratio between the
volumetric flow of CO, (mL/min) and the volume of the used extractor (mL). As can be seen in Table 5.2.1
and Figure 5.2.6, the results indicated that the extraction yields increased with increasing pressure, time and
volumetric carbon dioxide flow. The highest extract final yield (8.6%) was achieved at 70°C, 300 bar, 5 mL/min
of scCO; flow and after 5 h of extraction (entry 5, Table 5.2.1). It is interesting to notice that the curves
obtained for the extraction at different pressures and flows showed a behaviour which correlates with the
density of the fluid and the space velocity, used as a reactor design parameter (Figure 5.2.6).
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Table 5.2.1 Experimental conditions and extraction yields (%) of the Humulus lupulus flowers with scCO; as solvent.

. Space .
Density Flow R . Yieldextract
Entry P (bar) (g/mL)? (mL/min) vel'oc_llt\b/ Time (h) (%)°
(min)

1 100 0.248 5 0.5 5 2.3
2 150 0.506 5 0.5 5 5.6
3 200 0.659 5 0.5 5 7.2
4 250 0.737 5 0.5 5 8.1
5 300 0.788 5 0.5 5 8.6
6 300 0.788 5 0.5 4 8.2
7 300 0.788 5 0.5 3 7.8
8 300 0.788 5 0.5 2 7.4
9 300 0.788 5 0.5 1 6.7
10 300 0.788 5 0.5 5 5.9
11 300 0.788 4 0.4 5 5.2
12 300 0.788 3 0.3 5 6.1
13 300 0.788 2 0.2 5 6.9
14 300 0.788 1 0.1 5 7.8

Extraction conditions: 3 g of dry Humulus lupulus flowers, using a scCO; extractor with an internal volume of approximately 10

cm3, bed diameter 3/8 and bed height of 15 cm. a) Density of pure CO, calculated using the Equation of State by Span and
'1) = Volumetric flow (mL/min)/Extractor Volume (mL). c) Amount of compounds extracted on

weight of the sample used (% wt /Wt piomass)-

Wagner.90 b) Space Velocity (min

a) 1o 0 b) 1o : 1,0

— 09 0,9
P — [ —

o 8 08 R 8 0,8
E e s - X =
€ e 2 o7 E
S, 6 08 E £ 6 08
S o8 B o a |os ©
© . o o
S 4- 04 = © 4 - 04 ©
g 03 & > o 03
=2 as O 5.
D 2- 02 O 2. , - 02
4 [7) s Q.
>~ 0.1 = . 01 O

[ RO S LS S, U A L B SIS A K 0 . . . - . , . . . +0.0

0 50 100 150 200 250 300 350 400 450 500 1 2 3 4 5
Pressure [bar] Flow [mL/min]

Figure 5.2.6. Effect of a) the pressure and b) the volumetric flow on the extraction yields of the Humulus lupulus flowers and their
correlation with the CO; density and the space velocity.

Under the optimized conditions found with the preliminary tests, the scCO, extraction procedure was
extended to hops leaves, usually discarded as a waste after the harvest. The yields of the scCO; extracts were
then compared to the ones obtained by Soxhlet extraction using ethanol as the solvent for 24h. Although
hexane is known to lead to yields and selectivity very similar to those obtained with scCO,, we decided to use
ethanol for the traditional extractions. The main reason for this choice is that the extracts are here proposed
as antimicrobial additives for cosmetics and, while ethanol is allowed, hexane is banned due to its
toxicological properties. 24 hours was selected as time for the Soxhlet procedure since it ensures complete
extraction of all the components. Yields comparisons are reported in Table 5.2.2.
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Table 5.2.2. Extraction yields of hops flowers and leaves with scCO2 and ethanol as solvents.

Entry Hops Solvent Yieldextract (%)° Yielduvolatite (%)¢
1 Flowers scCO2? 9 26
2 Flowers Ethanol® 27 4
3 Leaves scCO7? 4 18
4 Leaves Ethanol® 14 2

Extraction conditions: a) 3 g of dry and ground Humulus lupulus flowers or leaves, scCO; at 70 °C, 300 bar, 5 mL/min, 5 h. b) 3 g of
dry and ground Humulus lupulus flowers or leaves in Soxhlet, 150 mL of ethanol, reflux, 24 h. c) Amount of compounds extracted by
weight of sample (% wt /wt biomass). d) Percentage of volatile compounds in the extract as determined by GC-FID using n-
dodecane as internal standard (% wt/wt extract).

The obtained results matched the expectations based on the solvent properties: the scCO; extraction of the
flowers (Table 5.2.2, entry 1) yielded a clear, pale-yellow extract with a lower extraction yield (9 %wt/wt biomass)
compared to ethanol (Table 5.2.2, entry 2; 27 %wt/uwt biomass). However, the selectivity towards the volatile
fraction resulted to be notably higher using the supercritical fluid: 26 % versus 4 %wt/wt extract. Indeed, the high-
yield and low-selectivity of the ethanolic extract were also reflected in the dark-brown colour and turbidity
of the final solution. Similar behaviour was, then, observed for hops leaves: using scCO3, 4 %wt/uwt biomass Yield
of a pale yellow-green coloured oil with a high selectivity towards volatiles (18 %wt/wt extract) Was obtained
(Table 5.2.2, entry 3). On the other hand, using ethanol a higher yield of brown coloured oil (14 %uwt/wt biomass)
with a low content of volatiles (2 %wt/wt extract) Was obtained (Table 5.2.2, entry 4). A picture of the visual
differences of the extracts obtained with scCO, and ethanol from the leaves is reported in Figure 5.2.7. The
difference in yield and selectivity were not surprising. Anyway, considering the aim of this work of obtaining
antimicrobial compounds, the higher selectivity reached with scCO; is preferable over the higher yield of a
more heterogeneous mixture of substances obtained with ethanol.

Figure 5.2.7. a) hops picture; b) dried and ground flowers and leaves; c) ethanolic extract and d) scCO: extract of the
leaves.

In order to identify the main components of the volatile fractions, the solutions were then analysed by GC-
MS by matching the spectra with those of the Mass Spectra Library (NIST 2.0) and with literature data. 9 7°
378 The classes of compounds highlighted by the structural analysis resulted to be of the family of terpenes
(Figure 5.2.8, numbers 1-7), terpenoids (Figure 5.2.8, numbers 8-10), fatty acids (Figure 5.2.8, numbers 11-
13) and bitter acids (Figure 5.2.8, numbers 14-18).
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Figure 5.2.8. Proposed structures of the main volatile compounds detected by GC-MS analysis in the scCO2 or Soxhlet
extracts of Humulus lupulus flowers and leaves.

The distribution of these compounds was dependent on the extraction method. The bitter acids contained
in hops flowers consisted of two related series of 6C-ring and 5C-ring compounds having isobutyroyl acyl (14-
15) or isovaleroyl (16-18) side chains. Table 5.2.3 reports the percentages of the predominant volatile
components present in all the extracts (scCO; and ethanol) of hops flowers and leaves. Other component not
detected by GC-FID are presumably heavier lipidic fractions.
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Table 5.2.3. Identification of the main volatile components of the essential oils from hops flowers and leaves.

Compound Flowers Leaves

scCO2 Soxhlet scCO: Soxhlet tl?::?:‘?:)
(%wt/wt extract) (%wt/wt extract) (%wt/wt extract) (%wt/wt extract)

[-myrcene (1) 0.3 0.2 - - 6.47
[B-farnesene (2) 1.0 0.2 - 0.02 10.40
B-pinene (3) 0.5 - - - 6.46
[-caryophyllene (4) 0.5 0.1 0.2 0.01 10.26
y-cadinene (5) 0.1 - - - 10.60
B-cadinene (6) 1.0 0.3 - - 10.70
a-cadinene (7) 1.3 0.4 - - 10.75
Phytol (8) - - 0.2 0.92 14.14
a-humulene (9) 0.3 - - - 11.72
Cadinol (10) 0.1 - - - 11.72
Azelaic acid (11) - - 0.5 - 11.43
Oleic acid (12) - - 0.1 - 13.10
Linoleic acid (13) - - 0.6 0.02 14.31
Cohumulinic acid (14) - - 2.3 - 12.07
Dehydrocohumulinic acid (15) 1.3 - 2.2 - 13.20
Humulinic acid (16) 1.3 - 2.9 - 13.75
Hulupone (17) 8.2 - - - 17.17
Lupulone (18) 8.7 1.1 - - 18.43

As can be seen, the volatile oils obtained with the supercritical fluid extraction of the flowers comprised
mainly B-myrcene (1), B-farnesene (2), B-pinene (3), B-caryophyllene (4), cadinene conformers (5-7) and
bitter acids (15-18). In particular, hulupone (17) and lupulone (18) were extracted in higher percentages: 8.2
and 8.7 % respectively. These two compounds are already known for their antiseptic activity.5%%%77
Concerning the scCO; extract of the leaves, it was noticed that it contained mainly B-caryophyllene (4), phytol
(8), fatty acids (11-13) and 5C-ring bitter compounds (14-16). In this extract the main components resulted
to be bitter acids, in particular cohumulinic (2.3%, 14), dehydrocohumulinic (2.2%, 15) and humulinic acid
(2.9%, 16), that are known for having a certain antibacterial activity. Both for flowers and leaves, the ethanolic
extracts resulted to have lower amount and lower variety of volatile compounds. It is worth mentioning that
all the classes of compounds found in the obtained extracts have been reported to have a certain antiseptic
behaviour. 66769929394 Anhyway, since most of them were preferentially found in the extracts obtained with
scCO,, this was considered as the most suitable method to recover preservatives compounds from Humulus
lupulus. In addition, it is interesting to highlight that using the supercritical carbon dioxide extraction also the
leaves can represent a sustainable source of antibacterial compounds. The scCO; extract of hops flowers
resulted to be richer in terpenes and bitter acids while the leaves extracts were composed mainly by fatty
acids and bitter acids. These differences affect the antibacterial activity of the extracts as discussed in the
relative section (Antibacterial Activity).
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Datura stramonium

Dried and milled flowers and leaves of jimsonweed were then used as substrate to perform extractions using
both scCO; and ethanol. The visual differences of the extracts obtained from jimsonweed using scCO, and
ethanol are reported in Figure 5.2.9 (c and d).

Figure 5.2.9. a) Datura stramonium plant; b) dried and ground biomass; c) ethanolic extract and d) scCO2 extract (d) of
jimsonweed.

As can be seen in Table 5.2.4, the extract obtained with carbon dioxide from flowers led to a light, clear
extract with lower extraction yield compared to ethanol (1.2%uwt/wt extract VS 22% wi/wt extract) bUt with higher
selectivity towards the volatile fraction (24.8% wt/wt extract VS 1.5% wt/wt extract). When using Datura stramonium
leaves, the same trend was observed but, in this case, the scCO, extract was characterized by a slightly lower
selectivity for the volatile compounds. Indeed, using flowers as starting biomass 24.8% wt/wt extract Of VOlatiles
was observed, while using the leaves 16.4% w/wt extract Was obtained (entries 1 and 3, Table 5.2.4).

Table 5.2.4. Extraction of Datura stramonium flowers and leaves with scCO; as solvent and with ethanol using the
Soxhlet apparatus.

Entry Jimsonweed Solvent Yieldextract (%)° Yieldvoratile (%)
1 Flowers scCO7? 1.2 24.8
2 Flowers Ethanol® 22.0 1.5
3 Leaves scCO7? 2.3 16.4
4 Leaves Ethanol® 21.9 33

Extraction conditions: a) 3 g of dry and ground Datura stramonium flowers or leaves, scCO; at 70 °C, 300 bar, 5 mL/min,5h.b) 3 g
of dry and ground Datura stramonium flowers or leaves in Soxhlet, 150 mL of ethanol, reflux, 24 h. c) Amount of compounds
extracted by weight of sample (% wt /wt biomass). d) Percentage of volatile compounds in the extract as determined by GC-FID
using n-dodecane as internal standard (% wt/wt extract).

Concerning the chemical composition of the extracts (Table 5..5.), both ethanol and scCO, extracted
preferentially phytol (Figure 5.2.10, number 8) and fatty acids (11-13, 21-25). All the detected compounds
reasonably possess the desired preservative properties®®%8>8” that make them suitable for cosmetic
formulations. However, some poisonous alkaloids (N-acetyltyramine (26), conhydrine (27), atropine (28) and
scopolamine (29),8%838687.95 were also detected but they were extracted with very low selectivity.

Looking at the composition of the scCO; extracts it is easily noted the high percentage of fatty acids. Linoleic
(Figure 5.2.10, number 13), y-linolenic (21), stearic (22) and palmitic (25) acids were found, and they are
known to have antibacterial activity.®®6993.9
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Table 5.2.5. Identification of the main volatile components of the essential oils from Datura stramonium flowers and

leaves.
Compound Flowers Leaves Retention
scCO:2 Soxhlet scCO2 Soxhlet time (min)
(%wt/wt extract) (%wt/wt extract) (%wt/wt extract) (%wt/wt extract)
Phytol (8) 2.5 - 5.3 0.4 14.15
Azelaic acid (11) 0.1 0.03 0.3 0.1 11.43
Oleic acid (12) - - - 0.1 13.10
Linoleic acid (13) 3.1 - - - 14.31
1-tridecene (19) 1.3 - 0.8 0.2 9.95
16-heptadecenal (20) 0.1 - - - 12.59
y-linolenic acid (21) 5.1 0.09 2.3 0.3 14.32
Stearic acid (22) 2.9 0.05 - - 14.45
Diethyl adipate (23) - 0.03 - - 9.91
Capryl alcohol (24) 0.1 - - - 11.94
Palmitic acid (25) 5.5 0.15 3.1 0.4 13.19
N-acetyltyramine (26) 0.2 - - - 13.60
Conhydrine (27) - 0.05 - - 8.91
Atropine (28) - - 0.4 0.3 15.29
Scopolamine (29) 0.4 - 0.2 - 16.74
o
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Figure 5.2.10. Proposed structures of the main volatile compounds detected by GC-MS analysis in the SC-CO: or
Soxhlet extracts of Datura stramonium flowers and leaves.
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Antibacterial Activity

The chemical composition of the extracts strictly influences the antibacterial activity that, indeed, is not
related to a single mechanism but to a cascade of reactions. From a general point of view, it can be stated
that essential oils are able to inhibit the growth of bacteria cells and the production of toxic bacterial
metabolites, affecting both the external membrane of the cell and the cytoplasm. The hydrophobicity of the
components of the natural oils, indeed, are responsible of bacterial disruption and, in particular, they are
able to penetrate the microbial cell causing alteration both in its structure and functionalities.*°%°7%8 Fatty
acids, bitter acids, terpenes and terpenoids are among the most effective biocides that can be found in
essential oils. Fatty acids act as antibacterials targeting the cell membrane: they modify the permeability of
cell wall and disrupt both the electron transport chain and the oxidative phosphorylation. Another possible
action of fatty acids is the inhibition of enzyme activity, the weakening of nutrient uptake, the generation of
peroxidation and auto-oxidation products or the direct lysis of the bacterial cells. In this frame, it has been
demonstrated that unsaturated fatty acids are more active against bacteria than saturated ones.®%* As
stated above, also bitter acids can act as preservatives. In particular, their action towards Gram-positive
bacteria is similar to that of fatty acids: thanks to the interaction of the hydrophobic parts of the molecules
with the phospholipid bilayer of the cell wall, they are able to leak the primary membrane.®? At the same
way, the antimicrobial action of terpenes and terpenoids has been explained with toxic effects on membrane
structure and functions. Like the other classes of compounds already discussed, terpenes and terpenoids
have a lipophilic character that promotes their partitioning into the membrane structure and leads to the
expansion of cell walls and to the increase of the membrane fluidity and permeability. These effects inhibit
the respiration and alter the ion transport processes due to structural modification of the proteins embedded
in the membrane.®?”?8% |n this context, the antibacterial properties of the Humulus lupulus and Datura
stramonium extracts were tested against Escherichia coli, a standard model for bacteria studies. These tests
were performed on bacteria cells starting with an extract concentration of 40 mg/mL with a serial two-fold
dilution. In Figure 5.2.11 the results, reported as the percentage of cell viability at different extract
concentrations (mg/mL), are shown. Overall, the extracts obtained with ethanol resulted to be less active
than the one with scCO.. In particular, jimsonweed scCO, extracts inhibit the bacteria cells growth more than
80% and hops leaves extracts more than 75%. In both cases, the equivalent ethanol derived extracts never
exceed 60% of growth inhibition. Extracts from hops flowers are weakly active and their activity is
independent from the extraction methods.
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Figure 5.2.11. Antimicrobial activities on Escherichia coli of hops and jimsonweed extracts from ethanol and scCO: as
solvents. On Y axis, the percentage of cell viability is reported of treated (T)/untreated (UT) samples. The values on X
axis are extracts concentrations in mg/mL. Columns represent average values and error bars are standard deviations.

5.2.3 Conclusions

The results obtained in this study demonstrate that scCO; extraction of low-value agro-waste such as hops
leaves, and jimsonweed represents a viable source of natural preservatives and may contribute an additional
step in the circular economy context. Although the scCO, extraction gave lower extraction yields (8.6-4% wt/wt
biomass fOr Humulus lupulus and 1.2-2.3% wtwt biomass fOr Datura stramonium flowers or leaves respectively)
compared to ethanol extraction performed with Soxhlet technique, scCO; always reached the highest
selectivity (Up to 26% wi/wt extract) towards the light fraction that is rich in potentially antibacterial molecules
(terpenes, terpenoids, bitter acids and fatty acids). Additionally, the potential loss of part of the volatile
components extracted with scCO, during workup and the lower yield was considered acceptable in the
present context, considering that our objective was to obtain antimicrobial compounds by a viable
procedure. The extracts were tested towards Escherichia coli, showing that the scCO, extracts are more active
as antibacterial compared to the ethanol ones. In conclusion, scCO; resulted to be an extractive method that
is, not only safer from the operator and consumer point of view (non-flammable, non-toxic, no final product
contamination), but also more efficient for the obtainment of the volatile fraction of essential oils, that
resulted to be constituted mainly by compounds with proven antiseptic behaviour.
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5.2.4 Experimental

Apparatus and chemicals. All chemicals and solvents were purchased from commercial sources and used
without further purification. Ethanol (pharma-grade, purity >99.8%), n-dodecane (purity 299.0%) and the
deuterated solvents (isotopic purity atom% D: acetone-ds 299.9, methanol-ds 299.8, chloroform-d >99.8)
were all provided by Sigma-Aldrich. Supercritical CO; extractions were performed in a laboratory apparatus
consisting of a Jasco PU-2080-CO2 Plus delivery Pump and a Jasco 2080 Plus Automatic Back Pressure
Regulator used for the pressure control. A Chrompack CP-9003 oven was used to heat the connecting
stainless steel tubing and the different reactors. The GC-FID was a HP 5890 equipped with an Elite-624
capillary column (30 m, internal diameter 0.32 mm, film 0.18 um,) coupled with a FID detector. The GC-MS
(El, 70 eV) was a 6890 N Network GC System coupled with a 5973 inert Mass Selective Detector (both from
Agilent) equipped with a HP5 column (30 m, internal diameter 0.25 mm, film 0.25 pum, 5% diphenyl 95%
dimethyl siloxane). The following conditions were used. Carrier gas: He (1.2 mL/min, constant flow); inlet
temperature 250 °C; split mode; ratio 30:1; detector temperature: 280 °C; ramp rate: 10 °C min™%; final T: 230
°C (20 min). *H and 3C{*H} NMR spectra were collected at 25 °C on a Bruker Ascend 400 operating at 400
MHz for *H and 100 MHz for 13C, or on a Bruker UltraShield 300 operating at 300 MHz for *H and 75MHz for
13C. For *H and 3C{*H} NMR the chemical shifts (8) have been reported in parts per million (ppm) relative to
the residual non-deuterated solvent as an internal reference and are given in 6 values downfield from TMS.

Sample preparation. The aerial parts of Datura stramonium and Humulus lupulus were hand-harvested from
pesticide-free organically maintained fields (Veneto, Italy) and manually chopped into 1-2 cm pieces. The
samples were store at 4° C after being dried at room temperature for 2 days under air and milled with a spice
grinder to 0.5-1 mm pieces (Figures 5.2.7 and 5.2.9).

Soxhlet extraction procedures. The Soxhlet apparatus (containing a cellulose thimble) was filled with 3 g of
dried and ground biomass and 150 mL of ethanol; the solvent was refluxed for 24 h. For the qualitative and
quantitative characterisation of the volatile fraction, the solution was analysed by GC-FID/GC-MS, using n-
dodecane (2 mg/mL) as internal standard. The solvent was then evaporated under reduced pressure to
determine the extraction yield (Y extract = Wtextract /Wtdry biomass %).

Supercritical fluid extraction procedures. The scCO; extraction experiments were conducted on an analytical
scale supercritical extraction unit (internal volume of approximately 10 cm3, bed diameter 3/8"” and bed
height of 15 cm) using scCO; as solvent. Approximately 3 g of dry and ground biomass were loaded in the
chamber and extracted with a constant flow rate of scCO; (5.0 cm® min™t) at 300 bar and 70 °C for 5 h. The
extracts were collected by venting in ethanol at ambient temperature and pressure. The extracts were
gravimetrically quantified (Y extract = Wtextract /Wtdry biomass %) at the end of each run after the removal of ethanol
at low temperature under a gentle flow of nitrogen. For the qualitative and quantitative analysis of the
volatile fraction, an ethanol solution of a known quantity of extract was analysed by GC-FID/GC—MS, using n-
dodecane (0.5 mg/mL) as internal standard.

Chromatographic analysis of the extracts. The extracts were analysed by GC—MS. The identification of the
key components was performed by using the NIST database,'® by comparison with the existing literature 7
707173 82 83 87 91 gnd, whenever informative, by integrating this MS information with the NMR spectra (see
Appendix, figure A.5.2.1-A.5.2.11). For some compounds whose NIST reliability range did not allow to assign
a structure with certainty, the proposed structures are tentative. Quantification was performed by GC—FID
under the same analytical conditions used for the GC-MS system and with the same chromatographic
column. For each chromatogram the peak area (A«) was used to estimate the quantity of each compound
(Qx) with reference to the internal standard peak area (Astg) and its quantity added to the extract (Qstd), using
the following formula:

A

x
= Qstd
Astd

148

Qx



The estimated total amount of volatile compounds — defined as all the species with a GC retention time < 20
min at GC-FID (2 Q) — was used to calculate the “yield of volatile compounds” (Yvoiatie) referring to the total
weight of the recovered extract (Qex), with the following formula:

chl=1 Qx %

ext

Yvolatile -

100

Evaluation of the antibacterial activity. The antibacterial properties of the Humulus lupulus and Datura
stramonium extracts were tested against Escherichia coli, as a standard model. The bacteria were grown
overnight using LB medium on a 15 mL falcon shaken at 250 RPM at 37 °C. The bacteria were then diluted
1/10, transferred on a 96-well plate and finally treated with five different concentrations of the extracts in
the range between 40 and 2.5 mg/mL using two-fold dilutions. The culture was grown for 6 h, then the
antibacterial activity was evaluated by CellTiter-Glo® Luminescence Assay (Promega, Madison, WI, USA) with
Synergy H1 instrument (Biotek, Milan, Italy).
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5.3 Supercritical CO; as a green solvent for the circular economy: extraction of fatty
acids from fruit pomace

Fruit pomace

o). 4 E
Fatty acids for

cosmetic industry

Supercritical CO: extraction =

The encouraging results obtained from the valorisation of hops and jimsonweed for the extraction of
antibacterial compounds (see Chapter 5.2) led us to explore the scCO; extraction of other waste matrixes.
Indeed, in this chapter, the extraction of fatty acids for the cosmetic industry from different fruit pomaces has
been investigated. This study was carried out in collaboration with Universita degli studi di Padova for the
analytical characterization of the extracts, and two industries, namely Rigoni di Asiago Srl (for the supplying
of fruit pomace) and Unifarco SpA (for the possible cosmetic and nutraceutical application). The results are
reported in C. Campalani, E. Amadio, S. Zanini, S. Dall’Acqua, M. Panozzo, S. Ferrari, G. De Nadai, S.
Francescato, M. Selva and A. Perosa, J. CO, Util., 2020, 41, 101259. doi:10.1016/j.jcou.2020.101259.1%*

The obtainment of value from waste is one of the empowering actions for the circular economy. In this frame,
the recycle and reuse of waste from the agro-food sector to produce more sustainable products through
greener technologies, can help to move away from the linear development model. In this investigation, the
use of supercritical CO, (scCO;) extraction to obtain fatty acids from waste pomace deriving from the
preserves industry was performed and compared with classical Soxhlet technique using hexane as solvent. In
particular seeds and peels of raspberry, blueberry, wild strawberry, pomegranate, blackberry and
blackcurrant were used as starting materials. The fatty acids obtained using scCO; resulted to be purer and
richer in essential fatty acids than the hexane ones. The wild strawberry pomace extraction with scCO; is a
representative example: selectivity towards fatty acids was 26 wt% (vs. 1.4% with hexane) and the extracts
contained, 145.8 mg mL™* polyunsaturated, 64.0 mg mL™> monounsaturated and 46.8 mg mL™ saturated fatty
acids (vs. 14.3 mg mL™ total fatty acids with hexane).

5.3.1 Introduction

One of the crucial points in the value chain of industries of the agri-food sector is, evidently, the recovery and
reuse of waste streams.® From the environmental point of view, indeed, these streams most often need to
be disposed in particular and expensive ways or are converted to low-value compounds with low-tech
technologies (e.g. production of animal feed, fertilizers or off-grade fuels). The implementation of new
protocols to achieve high-value substances or materials from waste can imply lowering the environmental
burden both directly (less waste) and indirectly (e.g. making new renewable products in place of
petrochemical ones). From the economical standpoints, several advantages and drivers of the upgrading of
residual biomass can be enumerated. The reduction of waste (i.e. lower costs for landfilling, composting,
incinerating or converting it to low-value feed or fertilizers) as well as the production of high-value products
for the market are only some examples. Also from the societal perspective, the extraction of value from
waste can represent a positive asset for any business willing to commit to this vision. The resulting products
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are therefore more likely to be accepted by health- and environmentally conscious consumers as “green”,
“sustainable”, “renewable”, “natural”, i.e. as contributors to circular economy,'®® and new employment
opportunities.’® One of the pillars of any strategy for waste upgrading is recycling which, as defined by the
EU, encompasses any recovery operation for reprocessing waste into substances whether for the original or
other purposes, excluding energy recovery.'%®

In this context, the aim of the work reported in this chapter has been to valorize seeds and peels (pomace)
discarded from Rigoni di Asiago, one of the main Italian producers of fruit preserves, by recovering and
reprocessing them into higher value products. During its fruit preserves production, Rigoni di Asiago
generates about 80 tons of organic farming fruit waste every year — in the present case deriving from
blackberry, raspberry, blackcurrant, wild strawberry, pomegranate and blueberry processing. The low-
temperature processing generates a residual high-quality biowaste in which all the natural properties of the
fruit are particularly well preserved. Currently Rigoni di Asiago pays to discard this waste as compost,
although it is known to be a natural source of precious biomolecules such as anthocyanins (glycosides of
anthocyanidines), flavonoids, phytosterols, tocopherols and fatty-acids (FAs) (Figure 5.3.1).106:07

5.3.1. Structure of the main compounds that can be found in fruit pomace. a) anthocyanidines basic structure. R = -H, -
OH or -OCHs; b) flavone backbone (2-phenyl-1,4-benzopyrone); c) b-sitosterol, an example of phytosterol; d)
tocopherols structure, R = -H or -CHs; e) fatty acids structure, one or more double bonds can be present on the carbon
chain.

More specifically, the berry pomace is a valuable raw material for cosmetic formulations, nutraceuticals and
functional ingredients of foods thanks to it unique FAs composition, often in combination with high contents
of lipid-soluble antioxidants.2%®1% For this, the recovery of these natural compounds would therefore add
value to the whole productive chain. With a perspective towards the possible applications of the FAs obtained
from fruit pomace, the importance of the cosmetic industry in this context has been highlighted and a
collaboration with the company Unifarco SpA has been established to try to use the scCO, extracts in
cosmetic formulations. During the last years, indeed, the cosmetic industry is becoming more and more
interested in promising, sustainable, plant- and bio-based raw materials. Sustainability is, in fact, a major
challenge that cosmetic manufacturers must take into account during the whole development process,
starting from the selection of raw materials on to the manufacturing process and ending with a smart and
easy to understand communication. In addition, sustainability is also becoming a big marketing trend. These
new kinds of “greener” products must anyway meet specific quality standards, reproducibility, efficacy and,
above all, a good or well- managed stability profile. Unifarco is an Italian-based company whose mission is to
develop products with high scientific value. To reach this goal it develops cosmetics, food supplements and
medical devices considering sustainability as an important aspect and in the same way one of the identifying
characteristics of cosmetic products.
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In recent years, fatty acids have gained increasing attention mainly because of their various biological
functions related to health and disease.!'? FAs, indeed, play important roles in the prevention and treatment
of autoimmune, cardiovascular and nervous diseases and in the improvement of learning ability.!* Fatty
acids are carboxylic acids with a carbon chain that can be saturated or non-saturated (Figure 5.3.1, e). In
nature the carbon chain is usually made of a number from 4 to 28 of carbon atoms and is not branched. In
some living organisms FAs are a major component of the lipids in their free form (free fatty acids, FFAs) but,
in other, they exist only in three main classes of esters, namely triglycerides, phospholipids and cholesteryl
esters. Any of these forms can be important as a dietary source and as structural component of cells. Among
FAs, essential FAs are the ones that humans and other animals must ingest to overcome the inability of the
body to synthesize them. Only two FAs are recognized as essential for humans: a-linolenic acid and linoleic
acid. In the past two-decades, with respect to conventional technologies for the extraction of FAs (mainly
cold pressing and extraction with organic solvents such as hexane), supercritical fluid extraction based on
carbon dioxide (SFE-CO;) has been identified as a privileged technique because, thanks to its low oxidative
and thermal impact, it produces high quality oils that often do not require further refining, it preserves the
original properties unaltered, and excludes contamination by residual liquid solvents.?!1? For these reasons,
SFE-CO; processing has become more and more relevant for the large-scale extraction of different types of
matrices to produce lipids and other bioactive substances used in food, pharma, cosmetics and other high-
value applications.!**11* This chapter comparatively investigates the efficiency of SFE-CO, and traditional
liquid extractions to obtain unsaturated fatty acid-rich fractions from waste of the fruit processing industry.

5.3.2 Results and Discussion

Six different fruit pomaces were considered for this study, namely deriving from blackberry, blackcurrant,
pomegranate, wild strawberry, blueberry and raspberry. The investigation started with the pre-treatment
and composition analysis of the biomasses. The composition of the berry pomace was provided by Rigoni di
Asiago that was the supplier of the samples investigated in this study. The amounts of sugars, protein and
lipids were determined within the process of nutritional analysis and labelling of food content. Sugar content
was determined by the analytical lab of Rigoni di Asiago through HPLC analyses using a refractive index
detector. The analyses of protein and lipids were carried out by an external lab commissioned by the industry
itself. The results are summarized in Table 5.3.1.

Table 5.3.1. Composition of waste berry biomass used in this work in % values of sugars, proteins and lipids, before
any treatment.

Blackberry Blackcurrant Pomegranate stra‘?nllltl::rry Blueberry Raspberry
Sugars % 7.0 12.0 18.0 9.0 7.0 8.0
Proteins % 1.4 0.9 1.7 0.4 0.4 1.2
Lipids % 0.5 0.2 1.0 0.2 0.2 0.7

Different pre-treatment techniques were tested on the frozen pomace prior to extraction: cryogenic
crushing, simple air drying, and air drying preceded by rinsing with water. The latter pre-treatment was
chosen as it yielded similar results to cryogenic crushing and allowed to obtain purer extracts respect to
simple drying. In particular, since the majority of the residues present on the agro wastes was composed by
sugars, the frozen fruit pomace was rinsed with milliQ water for 15 min in order to remove them and then
air dried for 24 h. The initial water content of the pomace was determined by difference between initial and
dry samples and is shown in Table 5.3.2. Moreover, the residual water content was determined for each air-
dried sample after heating in a vacuum-drying chamber (70 °C, 5 mbar, 24h).
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Table 5.3.2. Initial and residual water content in the different pomace samples (wt/wt%).

Blackberry Blackcurrant Pomegranate strav\\/(lillairry Blueberry  Raspberry
Initial water (wt%)? 59.6 62.4 38.1 52.2 73.9 39.8
Pomace (wt%) 40.4 37.6 61.9 57.1 26.1 60.2
Residual water (wt%)"® 8.2 2.6 7.2 2.4 5.2 8.7

a) Determined by difference of weight between initial and air-dried samples. b) Determined after heating of each air-dried sample
in a vacuum-drying chamber. Most of the mass loss (298%) was water. The complement was plausibly due to a minor release of
volatile organic compounds.

An initial water content varying from a minimum of 38.1% for pomegranate to a maximum value of 73.9%
for blueberry was found. In every case after the mentioned pre-treatment the water content was drastically
decreased, and it entered in a range between 2.4 and 8.7 % (for wild strawberry and raspberry relatively).
After defining the pre-treatment procedure for the biowastes we started the investigation about the
experimental conditions for the scCO, extractions. Based on our previous recent experience,3? we decided to
operate at the maximum pressure allowed by the system (300 bar) and at 70° C in order to ensure a
reasonably high carbon dioxide density (0.79 mg/mL) which was crucial for the extractions, with a constant
flow of 5 mL/min of CO,. In order to determine the minimum extraction time for the highest yield of lipidic
fractions, control experiments using wild strawberry as an example and varying extraction time from 1 to 24
h were performed. After 5 h the obtained yields substantially levelled off at 13.5 wt/wt%, while prolonging
the experiments at 10 and 24 h led to negligible effect (Figure 5.3.2). The other parameters, namely
temperature and carbon dioxide flow, were then modified to ensure the best extractive conditions. Albeit
the temperature conditions of Figure 5.3.2 (70° C) are considered acceptable for the extraction of FAs, an
investigation on the application of lower temperature for the potential benefit on preserving heat sensitive
compounds was conducted. However, both experiments carried out at 50 and 40° C (300 bar, 5 mL/min) led
to a decrease in the extract yield to 10.7 and 9.6% respectively (at 70° C it was 13.5%). These yields value
corresponded to a substantial decrease in the extraction efficiency from 25 to 35%. This result appeared to
be incoherent with the increase of the CO, density (0.87 and 0.91 g/mL at 50 and 40°C respectively), but it
was probably due to the effect of the temperature on the vapour pressure of the extracted molecules (in
particular unsaturated fatty acids, FA: see later). The yield was, so, improved at 70°C because the solute (FA)
solubility was primarily affected by the increase of its vapour tension, rather than by the reduction of CO,
density. Similar behaviours have been documented in the investigation of the solubility of apolar molecules
in scCO,.1%°

Yield (wtwt%)
1
i

0 . : . . . . . . . .
0 5 10 15 20 25

time (h)

Figure 5.3.2. scCO: extraction yields (wt/wt%) of wild strawberry pomace as a function of time (300 bar, 70 °C, 5
mL/min).
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The temperature of 70 °C was therefore selected to continue the study and to implement the extraction of a
sample of wild strawberry pomace by halving the CO; flow to 2.5 mL/min maintaining the pressure at the
constant value of 300 bar. In this case the extraction yield resulted to be 7.7 wt% which was almost one half
the value (ca 14 wt%) achieved under the conditions of Figure 5.3.2 (5 mL/min), suggesting a quasi-linear
relationship between the yield and the CO; flow. Based on that, the further experiments were carried out
using the highest flow to allow for the obtainment of the maximum amount of extracted oil. Although in this
way the ratio of solvent to feed mass was apparently elevated (at 5 mL/min, it was approximatively 500
MLcoz/8dry pomace iN 5h) and potentially detrimental to the process economy, several other aspects should be
assessed in this analysis. In particular it must be taken into account that, in case of commercial exploitation,
the transfer from lab to commercial scale plants makes use of facilities for energy recovery operating under
partial depressurization and recycle of carbon dioxide, with significant savings on compression cycles.!®
Additionally, if the extracts are comprised of high added value compounds with a specifical market interest,
like the products herein investigated, the incidence of CO,-derived costs is limited compared to the
commercial value of the final compounds.

All the pomaces from different berries (blueberry, pomegranate, blackberry, raspberry and blackcurrant)
were thereafter processed under the extraction conditions found for wild strawberry residues: 300 bar, 70°C,
5 mL/min of CO,, 5h. All the obtained extracts were then compared in terms of yields and FA content to
classical Soxhlet extractions performed using hexane as the solvent (68° C reflux, 24h). Hexane is, indeed,
often chosen as a model non-polar solvent for conventional extractions albeit its toxicity, flammability and
cost. Moreover, its boiling point matches the extraction temperature used in this study for the scCO;
extractions, and its solvating properties are similar to carbon dioxide. The resulting yields and total FAs % are
reported in Table 5.3.3. For each extract the percentage of FAs (defined also as the extraction selectivity
towards FAs) was measured by GC (see Appendix, figures A.5.3.1-A.5.3.12) using methyl pentadecanoate as
the internal standard. In addition the qualitative characterization of the extracts was based on MS (see
Appendix, figures A.5.3.13-A.5.3.37) and on the Kovats retention index!'” (Equation 5.3.1 and Table 5.3.4)
and compared with literature data'® (wild strawberry!?®, blueberry'?®, pomegranate'?!, blackberry'?,
raspberry!®®, blackcurrant!?3). 25 different FAs were identified, and their structures are reported in Figure
5.3.3.

log(t;) —log(tn)

I; =100 |[n+
' log(tn+1) - log( tn)

Equation 5.3.1. Temperature programmed chromatography Kovats index equation, where /; is the Kovats retention
index of peak i, n is the carbon number of n-alkane peak heading peak i, tj retention time of compound i in minutes, t»
is the retention time of the heading n-alkane and tn+: is the retention time of the trailing n-alkane.
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Table 5.3.3. scCO:; extraction yields (wt/wt%) of the different pomaces with supercritical CO2 and hexane as solvents
and total fatty acids percentages in the extracts.

Entry Pomace Solvent Yield extract (%) Total fatty-acids (%) ¢
1 scCO,? 13.5 26.0
Wild strawberry
2 hexane ® 30.1 1.4
3 scCO,? 9.7 23.5
Blueberry
4 hexane® 29.5 0.7
5 scCO,? 11.3 13.0
Pomegranate
6 hexane ® 20.3 0.3
7 scCO,? 6.6 29.5
Blackberry
8 hexane ® 6.5 0.2
9 scCO,? 7.5 30.3
Raspberry
10 hexane® 5.8 0.02
11 scCO,? 4.6 16.5
Blackcurrant
12 hexane ® 12.6 0.1

Extraction conditions: a) 3 g of pre-treated biomass, scCO; at 70 °C, 300 bar, 5 mL/min of CO,, 5 h. b) 3g of pre-treated biomass in
Soxhlet, 150 mL of hexane, reflux, 24 h. c) Amount of compounds extracted by weight of sample (% wt/Wt viomass). d) Percentage of
FAs in the extract as determined by GC-MS using methyl pentadecanoate as internal standard (% Wt/wWt extract).

Visually, the scCO; extracts were clear green oils, while the hexane-derived extracts resulted to be almost
colourless liquids. The extraction yields of wild strawberry, blueberry, pomegranate and blackcurrant pomace
obtained by using hexane as the solvent (Table 5.3.3, entries 2, 4, 6 and 12) were generally higher than with
scCO; (Table 5.3.3, entries 1, 3, 5 and 11), while the selectivity towards FAs was always better when using
carbon dioxide.

Concerning wild strawberry pomace, the extraction with hexane resulted in 30.1% extraction yield, with 1.4%
of FAs (Table 5.3.3, entry 2) against 13.5% yield and 26.0% FAs with scCO; (Table 5.3.3, entry 1). The oil
obtained from scCO; extraction was rich in essential FAs, linoleic (7.9%) and a-linolenic (6.7%), and other FAs
such as palmitic (2.1%), stearic (1.7%) and oleic (6.4%), as shown in Table 5.3.4. Blueberry pomace yielded
29.5% of extract and 0.7% selectivity with hexane (Table 5.3.3, entry 4) and 9.7% yield and 23.5% FA with
scCO; (Table 5.3.3, entry 3). Blueberry pomace scCO; extract was very rich in palmitic acid (1.8%), oleic acid
(7.4%), linoleic acid (8.4%) and a-linolenic (5.4%), highlighting always the presence of the two essential FAs.
The blackcurrant pomace yielded 12.6% of oil and 0.1% FAs using hexane (Table 5.3.3, entry 12) and 4.6%
extract with 16.5% of FAs with scCO; (Table 5.3.3, entry 11). The scCO; extract of blackcurrant waste was rich
in different FAs such as palmitic (2.2%), octadecanoic (2.2%), linoleic (5.1%) and octacosanoic (1.8%).
Pomegranate seeds and peels extracted with hexane afforded a 20.3% yield with 0.3% FAs (Table 5.3.3, entry
6), while the oils obtained with scCO, were obtained in 11.3% yield, with 13.0% FAs (Table 5.3.3, entry 5). In
this case also, the extracts contained interesting FAs such as palmitic (0.5%), oleic (0.7%), linolelaidic (0.8%)
and tetracosanoic (10.3%). Concluding, the extraction yields for blackberry and raspberry waste was
comparable for the two solvents, but the selectivity towards FAs was still higher with scCO,: 29.5% FAs with
scCO; versus 0.2% with hexane for blackberry (Table 5.3.3, entry 7, 8) and 30.3% versus 0.02% for raspberry
(Table 5.3.3, entry 9, 10). Analytical data indicate that the blackberry waste scCO, extract is rich in linoleic
acid (16.6%), oleic acid (6.6%), a-linolenic (3.0%) and palmitic acid (1.8%). The oil obtained from the
extraction of raspberry seeds and peels has, instead, a FAs composition that contains linoleic acid (19.1%),
oleic acid (6.1%), palmitic acid (1.4%), esacosanoic acid (0.7%), stearic acid (0.7%) and more. Although the
conditions used for scCO, extractions were not strictly comparable to those of the conventional Soxhlet
procedure, the higher yields of the extracts obtained using hexane as a solvent, were likely due to two factors.
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Firstly, with hexane longer extraction times were used when compared with scCO; (24h vs 5h); this plausibly
allowed progressive dissolution of les-soluble species. In addition, hexane resulted to have a slightly higher
polarity compared to supercritical carbon dioxide as measured by the empirical Kamlet-Taft ©* solvent
polarity parameter. Concerning scCO,, m" at 45° C and 200 bar is reported to be equal to -0.20*** and
extrapolation of the plot up to 300 bar indicates a value -0.20 < n* < -0.15. The same parameter for hexane
at 25 °C and atmospheric pressure is n°= -0.11 indicative of a slightly higher polarity compared to scC0,.'?°
On the other hand, the observed higher selectivity of scCO, towards FAs compared to hexane, was attributed
mainly to the combined effect of density and polarity of the supercritical fluid. As mentioned before, the
density of carbon dioxide at 300 bar and 70° C is equal to 0.79 g cm3; this value is almost 20% higher than
that of hexane (0.62 g cm?3, at 60° C).'?® Higher density along with lower Kamlet-Taft polarity favours the
selective extraction of the more lipophilic compounds such as the FAs.

Table 5.3.4. GC retention time and Kovats indices of the FAs.

Fatty-acid [2] Retention time (min) Kovats index
1 Palmitic C16:0 23.11 1908
2 Azelaic C9 dicarboxylic 26.46 1629
3 Stearic C18:0 27.55 2133
4 Oleic C18:1(92) 28.65 2082
5 Linoleic C18:2(9Z, 122) 30.38 2139
6 Eicosanoic C20:0 31.75 2311
7 a-Linolenic C18:3 (w3) (92, 12Z, 152) 32.28 2077
8 Behenic C22:0 35.58 2531
9 9.12-Octadecenoic C18:1 (9E) 31.62 2069
10 y-Linolenic C18:3 (62,927, 122) 32.38 2077
11 Linolelaidic C18:2 (9E, 12E) 30.41 2080
12 Tetracosanoic C24:0 38.29 2732
13 Decanoic C10:0 26.53 1578
14 trans-Vaccenic C18:1 (11E) 29.82 2089
15 Arachidonic C24:4 (5Z, 82, 112, 142) 39.45 7462
16 Pentadecanoic C15:0 24.38 1877
17 Undecanoic C11:0 27.57 1506
18 10-Octadecenoic C18:1 (102) 29.84 2100
19 Octadecanoic C18:0 27.58 2133
20 Nonadecanoic C19:0 26.54 2266
21 Cyclopropan octanoic C18-CH; 33.49 1627
22 Hexacosanoic C26:0 42.35 2962
23 Octacosanoic C28:0 45.45 3115
24 Pentacosanoic C25:0 46.27 2829
25 Octanoic C8:0 24.29 1154

2l Fatty Acids Methyl Esters: a methylation step was conducted prior to GC-MS analysis.
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Figure 5.3.3. Chemical structures of the extracted fatty acids. Numbers refer to Table 5.3.4.

As highlighted, the scCO; extracts generally resulted in a higher content of FAs comprised a diversified range
of saturated (SAFA), monounsaturated (MUFA) and polyunsaturated (PUFA) fatty acids. We identified 25
different acids (see Figure 5.3.3 for structures), with each pomace yielding a different array. In Table 5.3.5
the amount of FAs (in mg/g, reported as methyl esters, FAMEs) and the total amounts of SAFAs, MUFAs and
PUFAs for each pomace and both studied extraction solvents, are reported. Together with the evidence that
scCO; extracts were always richer in FAs than the hexanes ones, other aspects emerged. It was, indeed,
evident that the distribution of SAFAs, MUFAs and PUFAs extracted by scCO; was different for each pomace:
the mixtures obtained from wild strawberry, blueberry, blackberry and raspberry pomaces possessed high
content of polyunsaturated fatty acids, such as linoleic (Figure 5.3.3, number 5) and a-linolenic (Figure 5.3.3,
number 7) acid, and of the monounsaturated oleic acid (Figure 5.15, number 4). On the other hand,
pomegranate and blackcurrant scCO, extracts were richer in the SAFAs palmitic (Figure 5.3.3, number 1),
tetracosanoic (Figure 5.3.3, number 12) and octadecanoic (Figure 5.3.3, number 19) fatty acids. It should be
however noted that the differences observed from the comparison of GC-chromatographic analyses of the
extracts (both hexane and scCO, derived, appendix figures A.5.3.1-A.5.3.12), were not as such as to justify
the greater yields obtained in hexane for wild strawberry, blueberry, pomegranate and blackcurrant (Table
5.3.3, entries 2, 4, and 12). NMR analyses were then carried out to explore in greater detail the composition
of the hexane extracts (*H NMR spectra for the case of wild strawberry are reported in Figure 5.3.4, 13C NMR
spectra are reported in the appendix figure A.5.3.38-A.5.3.39). Anyway, comparing the spectra of hexane-
derived extract with the scCO; ones, results were not conclusive. Though, the greater intensity of chemical
shifts in the regions of vinyl protons and C=C double bonds, was consistent with a more abundant presence
of unsaturated compounds. Moreover, the presence of some peaks around 4.0 and 5.5 ppm in the hexane
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extract made us think about the possibility of the presence of terpenes and terpenoids while heavier
compounds were not detected (Figure 5.3.4). This evidence suggested that with the traditional extraction
with hexane, other light compounds were extracted, and they were probably lost before the analysis step.
This could justify the higher yields obtained with hexane compared with the scCO, one and the higher
selectivity of this last one for fatty acids. In any case this aspect will be further inspected in future
investigations.

The extraction experiments however, demonstrated the efficacy of scCO; for the selective achievement of
FAs from different pomaces, suggesting the opportunity to use these secondary products of the food industry
as a source of high value oils for the cosmetic and food supplement areas. There is in fact widespread interest
for the use of unsaturated vegetable oils in cosmetic formulations!?” especially due to their anti-inflammatory
and protective effects on skin.!?® Particularly, among PUFAs of Table 5.3.4, linoleic and a-linolenic acids which
are not synthesized by the human body, play a fundamental role to preserve the barrier-function of the skin
and the integrity of the stratum corneum. Moreover, MUFAs and PUFAs such as oleic acid, a-linolenic acid,
linoleic acid and y-linolenic acid are frequent ingredients for the production of functional foods of food
supplements due to their effects for the cardiovascular wellness, the regulatory activity of the cholesterol
level in blood, the promotion of the cell’s growth, and antioxidant properties.

a)

20

b)

Figure 5.3.4. a) 'H NMR spectra of the wild strawberry hexane extract in CDCls. Between 4.0 and 5.5 ppm are
highlighted signals relative to the presence of terpenes or terpenoids. b) *H NMR spectra of the wild strawberry
scCO; extract in CDCls.
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5.3.3 Conclusions

With the aim to go toward a circular economy model, it results mandatory to recover, reprocess, reuse and
recycle as much as possible of all materials. In this study we demonstrated that the agro-food waste pomaces
obtained from juice and fruit preserves industries represent un under-explored and under-estimated source
of valuable fatty acids that can have a potential wide interest for applications in the cosmetic and
nutraceutical field. With a view on all-round sustainability, the processing of these wastes should also comply
with the principles of green chemistry. Compared to conventional extractive method such as mechanical
pressing or solvent extraction, supercritical carbon dioxide FAs extraction eliminates solvent residues,
operates under mild conditions and in the absence of oxygen; thus, it can be considered valuable for the
extraction of FAs from fruit pomaces with potential to improve the yields, to shorten the extraction times,
and to obtain FAs that retain their unsaturated FAs content. Indeed, this paper proves that scCO; is not only
successful for the upgrading of the investigated wastes but is also far more selective to obtain high-quality
FAs compounds compared to conventional Soxhlet procedures based on toxic and dangerous hexane. The
affinity of supercritical CO, for lipophilic compounds leads to purer extracts, with a higher percentage of FAs
compared to hexane (e.g. for wild strawberry 26.0% of FAs was obtained with supercritical CO; and 1.4%
using hexane), avoiding any solvent contamination of the products as well as additional process unit-
operations.

5.3.4 Experimental

Equipment and chemicals. All chemicals and solvents were purchased from commercial sources and used
without further purification. Ethanol (pharma-grade) and hexane were purchased from Sigma-Aldrich. The
supercritical CO, extractions were performed in a laboratory apparatus consisting of a Jasco PU-2080-CO 2
Plus delivery Pump and a Jasco 2080 Plus Automatic Back Pressure Regulator used for the pressure control.
A Chrompack CP-9003 oven was used to heat the connecting stainless tubes and the different reactors. GC—
MS analysis were conducted using a GC system Agilent 7820A coupled with a single quadrupole mass
detector Agilent 5977B MSD equipped with a HP88 column (60 m x0.25 mm, 0.2 um).

Sample preparation. Frozen seeds and peels of six different types of fruits (raspberry, blueberry, wild
strawberry, pomegranate, blackberry and blackcurrant) were provided by Rigoni di Asiago (Asiago, Italy). Pre-
treatment involved weighing the frozen waste, followed by rinsing with milliQ water for 15 min and then air
drying for 24 h. The initial water content of the pomace was determined by difference between initial and
dry samples and is shown in Table 5.3.2. The residual water content was determined for each air-dried
sample after heating in a vacuum-drying chamber (70 °C, 5 mbar, 24 h). Additional information on the
composition in sugars, lipids and proteins of the biomass are reported in Table 5.3.1.

Soxhlet extraction. 3 g of dry pomace and 150 mL of solvent (hexane) were put in a Soxhlet apparatus
(containing a cellulose thimble); the solvent was refluxed for 24h. The obtained solutions were then analysed
by GC-MS, using methyl pentadecanoate (2 mg/mL) as internal standard for the qualitative and quantitative
characterisation of the extracts. The solvent was evaporated under reduced pressure to determine the
extraction yield (Yextract = Wiextract /Wtdry biomass %).

Supercritical fluid extraction. The extraction experiments were conducted on an analytical-scale supercritical
fluid extraction unit (internal volume of approximately 10 cm3, plug diameter 3/8” and plug length 15 cm)
using CO; as solvent. In a typical experiment, approximately 3 g of dry ground pomace were loaded in the
vessel and a constant flow rate of supercritical CO, (5.0 cm® min™t) at 300 bar, 70 °C for 5 h. The extracts were
collected by venting into hexane at ambient temperature and pressure and were gravimetrically quantified
(Yextract = Wlextract /Wtdry biomass %) at the end of each run (after hexane removal). For the qualitative and
guantitative analysis of the extract were used GC—MS, using methyl pentadecanoate (2 mg/mL) as internal
standard.
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Chromatographic analysis of the extracts. Prior to GC-MS analysis, the FAs containing extracts were
converted to the corresponding methyl esters (FAMEs) by dissolving the extracts (50 mg exactly weighted) in
chloroform (5 mL) followed by addition of methanol (25 mL), of the internal standard (methyl
pentadecanoate 0.5 mL of solution in chloroform 500 ug/mL) and of a catalytic quantity of sulfuric acid. The
resulting solution was refluxed overnight. The FAMEs were extracted with a mixture of water and diethyl
ether (10:2). The organic fraction was analysed by GC-MS. Identification of fatty acid was obtained
comparing the MS spectra and the retention index of compounds. Quantification was obtained using the
methyl pentadecanoate as internal standard.
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6. Conclusions and future perspectives

In conclusion, this PhD work, aimed at the study of valuable alternative methods for the chemical upgrading
of biowaste for their exploitation as added value products. The experimental part was divided into three
main areas namely the production of carbon dots from biobased molecules or biowaste and their use as
photocatalysts, the obtain of biopolymers from fishery waste and their exploitation for the preparation of
films and the extraction of active molecules (preservatives and fatty acids) from different types of agro waste
using supercritical CO, technique. These three main topics were all aimed at combining green technologies
for the development of sustainable protocols for the upgrading of common wastes.

Carbon Dots

In Chapter 3, the synthesis, characterization and use as photocatalysts of CDs derived from biobased
molecules or fishery waste was studied. In detail, the investigation started with a preliminary study aimed at
the comprehension of the carbon precursor and synthetic method on the final features of the carbon
nanoparticles (Chapter 3.2). Six different types of CDs were prepared using glucose, fructose and citric acid
with two synthetic protocols (hydrothermal or pyrolytic treatment). Firstly, it was noticed how from
hydrothermal treatment small amorphous nanoaggregates containing molecular-like compounds were
obtained, while using pyrolysis, nanomaterials composed by extended graphene-like carbonaceous core
were observed. Moreover, it has been underlined that the higher is the reactivity of the carbon precursors
towards the decomposition/thermal treatment, the easier and larger the formation of the nanoparticles. In
particular, the graphitic CDs obtained from fructose resulted as a supramolecular aggregate of graphene-like
crystalline sheets with multi-layered structure. The photo-redox behaviour of the six materials have been
then studied towards the single electron transfer on of methyl viologen and the citric acid-derived CDs
yielded the best photocatalytic performances. The morphology of the carbon-dots induced either a positive
or negative photo-reactivity trend, which in turn was influenced by the carbon-precursor employed.

The evidence that citric acid-based CDs possess a high photoreactivity prompted us to use them for more
challenging applications. Nitrogen doped citric acid-derived CDs (N-cit-CDs) were then synthesized and used
as photosensitizers for the atom transfer radical polymerization (ATRP) of methacrylates (Chapter 3.3). In
particular, N-cit-CDs were obtained through the hydrothermal treatment of citric acid and
diethylenetriamine and used to reduce the Cu" catalysts to its Cu' active form. The photo-ARTP has been
tested using different solvent conditions and under both UV and visible irradiations. The reaction was found
to be efficient in water-based solvent, in particular in water/methanol (1:1) solution, and the presence of a
photosensitizer allowed to use small amounts of the metal catalyst (1:100 in respect to the monomer)
describing a green and sustainable procedure. After only 1 h of irradiation it was possible to retrieve poly-
METAC ([2-(methacryloyloxy)ethyl]trimethylammonium chloride) with 89% conversion and 1.4 dispersity
under UV light and with 70% conversion and 1.5 dispersion under Vis one. A first order kinetic was observed
in both cases, confirming an almost constant concentration of radicals, typical of ATRP mechanisms. “On-off”
experiments and blank tests confirmed the necessity of all the reagents (light, CDs, initiator and catalyst) in
order to obtain the polymer. In conclusion, a new, cheap and effective photosensitizer for ATR polymerization
has been studied demonstrating the possibility to achieve greener and efficient processes in polymer
preparation.

The knowledge obtained from the investigations conducted on the synthesis, properties and photocatalytic
activity of CDs prepared from biobased molecules, in particular citric acid, prompted us to explore the
possibility to use waste biomass as carbon precursor to synthesize CDs. In Chapter 3.4, the synthesis,
characterization and photoelectron transfer ability of a new type of CDs prepared from fish scales is reported.
The new class of CDs (bass-CDs) was characterized in-depth regarding their composition, morphology and
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surface properties: the fish-derived dots showed a considerable nitrogen content (C/N = 3.2) without the
need of any external doping agent. Since nitrogen doping is known to enhance the photocatalytic activity of
CDs, bass-CDs were compared with CDs obtained from citric acid and diethylenetriamine toward the single
electron reduction of MV?. Bass-CDs resulted to have lower lifetime of the excited state (7.0 ns vs 13.0 ns of
a-N-CDs), mass absorption coefficient (0.37 L-g™* cm™ vs 10.93) and QY (6.0% vs 17.3%), but higher initial
photoreduction rate (7.5-:10° M-s™* vs 4.9-10°8 M-s? for absorption normalized experiment). The fish scale-
derived CDs have similar morphology to that of the a-N-CDs, but less intense absorbance, lower QY, T and €.
Despite this, bass-CDs resulted to function as a valuable photocatalyst and to have a higher photoelectron
transfer ability toward methyl viologen.

The photoactivity of bass-CDs were then explored for the continuous flow photooxidative degradation of azo
dyes, well-known common hazardous contaminants (Chapter 3.5). This study has been conducted in the
laboratories of Prof. Jean-Christophe Monbaliu in the Université de Liege, Belgium. Thanks to the advantages
of flow chemistry, such as high surface-to-volume ratio, short diffusion distances, and rapid mass transfer, it
was possible to fully degrade five different azo dyes (methyl orange, acid red 18, amaranth, sunset yellow
and chromotrope) in only 2 minutes. Using the combination of bass-CDs, oxygen and UV irradiation (A = 365
nm), it was possible to totally decompose the dyes also in batch conditions, but longer reaction times were
needed (from 1 to 3 hours depending on the azo dye). The tested flow methodology could be easily applied
to industrial wastewaters to perform water purifications in a continuous, cheap and affordable way. CDs are
easily synthetized and being fully biodegradable and biocompatible, there’s no need to recover them after
the water treatment but they can be discarded together with the decomposition products without creating
new harmful contaminants.

Biopolymers

In Chapter 4, an investigation on the extraction of biopolymers from fishery waste is described. Biopolymers
are natural polymers produced by living organisms and they have great importance and interest in a wide
range of applications from biomedical (e.g. tissue engineering) to pharmaceutical and materials production.
In particular, focus was placed on the extraction of collagen from fish scales for the production of UV-
shielding materials and on the possibility to obtain chitin from crab shells using a more sustainable pathway
with ionic liquids.

The experimental investigation on fishery waste-derived biopolymers started with a study on the production
of UV-blocking materials (Chapter 4.2.1). Hybrid biobased gelatin—CDs films with UV-shielding ability were
produced starting from fishery waste. Type | fish collagen, extracted from mullet scales with a chemical
protocol, resulted to have a denaturation temperature lower than that of common mammalian gelatin
making extraction possible under milder conditions. On the other hand, CDs were obtained through the
hydrothermal treatment of bass scales as previously described. The films were then prepared by casting a
mixture of gelatin, glycerol (15%), and CDs (0, 1, 3 and 5%). 40 um thick materials were obtained and
improved mechanical properties were observed upon addition of the CDs: the EAB% increased from 27%
(non-loaded film) to 40% (5% CDs) showing a clear plasticizing effect while, on the other hand, the stiffness
decreased, probably due to the aggregation of the nanoparticles in the gelatin matrix. From the optical point
of view, the addition of CDs has only a limited effect on transparency (88.6% for the non-loaded vs 84.4% for
5% CDs) and on opacity (1.32 for non-loaded vs 1.61 for 5% CDs); while the material loaded with 5% CDs
blocked almost the 70% of the UV radiation. These types of hybrid biobased films hold promise for the
production of sustainable UV-shields both for human health and for prolonging the shelf life of food.

The investigation about the possibility to obtain biopolymers from fishery waste continued then with a study
on the valorisation of crab shell for the production of chitin (Chapter 4.3). The key step of this work was the
improvement of a one-pot pulping procedure using ILs as opposed to the traditional chemical extraction
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which involves two steps using strong and hazardous acids and bases. Firstly, the chemical composition of
spider crab shells was determined revealing 57% of ashes, 21% of proteins, 17% of chitin and a remaining 5%
of lipids, metals and pigments. The one-pot pulping method was then investigated, using simple, readily
available ILs such as ammonium acetate, ammonium formate and hydroxylammonium acetate; each reaction
was performed both using the neat IL as solid salt or by synthesizing it in situ as an aqueous solution. All
characterization data confirm that in the conditions tested, ammonium formate prepared in situ seems to be
the most promising IL for chitin one-pot pulping process, allowing the quantitative isolation (17-18% yields)
of chitin with high purity and a high degree of acetylation (DA > 86%).

scCO3 Extractions

In Chapter 5, the feasibility of supercritical carbon dioxide (scCO,) for the extraction of actives from agro
waste was investigate. sc-CO; is the most widely used among supercritical fluids thanks to its outstanding
properties. Indeed, sc-CO, is non-toxic, non-flammable, non-corrosive, recoverable and easy to handle. In
addition, CO; is cheap, readily available with high purity degree and easily removable from the final products.

The investigation started studying the suitability of two different types of agro-waste, namely Datura
Stramonium and Humulus lupulus, for the production of natural preservatives using scCO, (Chapter 5.2).
Although the scCO; extraction gave lower extraction yields (8.6-4% wt/wt biomass for Humulus lupulus and 1.2—
2.3% wi/wt biomass fOr Datura stramonium flowers or leaves respectively) compared to ethanol extraction
performed with Soxhlet technique, scCO; always reached the highest selectivity (up to 26% wt/wt extract) towards
the light fraction that is rich in potentially antibacterial molecules (terpenes, terpenoids, bitter acids and fatty
acids). The extracts were tested towards Escherichia Coli, showing that the scCO; extracts are more active as
antibacterial compared to the ethanol ones. In conclusion, scCO; resulted to be an extractive method that is,
not only safer from the operator and consumer point of view (non-flammable, non-toxic, no final product
contamination), but also more efficient for the obtainment of the volatile fraction of essential oils, that
resulted to be constituted mainly by compounds with proven antiseptic behaviour.

The encouraging results obtained from the valorisation of hops and jimsonweed for the extraction of
antibacterial compounds led us to explore the scCO; extraction of other waste matrixes. Indeed, in Chapter
5.3, the extraction of fatty acids for the cosmetic industry from different fruit pomaces (seeds and peels of
raspberry, blueberry, wild strawberry, pomegranate, blackberry and blackcurrant) has been investigated.
This study was carried out in collaboration with Universita degli studi di Padova for the analytical
characterization of the extracts, and two industries, namely Rigoni di Asiago Srl (for the supplying of fruit
pomace) and Unifarco SpA (for the possible cosmetic and nutraceutical application). It was demonstrated
that scCO; is not only successful for the upgrading of the investigated wastes but is also far more selective to
obtain high-quality FAs compounds compared to conventional Soxhlet procedures based on toxic and
dangerous hexane. The extracts obtained using scCO; resulted to be purer and richer in essential fatty acids
than the hexane ones. The wild strawberry pomace extraction with scCO; is a representative example:
selectivity towards fatty acids was 26 wt% (vs. 1.4 % with hexane) and the extracts contained, 145.8 mg mL™
polyunsaturated, 64.0 mg mL™ monounsaturated and 46.8 mg mL™! saturated fatty acids (vs. 14.3 mg mL™
total fatty acids with hexane).

172



Final remarks and future perspectives

Overall, this PhD thesis tried to give additional hints and steps forward in valorising biowaste through
diversified green and sustainable methodologies. Even though the upgrading protocols described in this work
can be seen as promising procedures, the varying production costs, applicability on different waste-derived
substrates and safety issues are still unknown. In particular, concerning the presented carbon dots, more
insight on the relation between structure and photoreactivity and a study on the reproducibility are needed.
This last issue must be faced in the future also for the preparation of biopolymers from fishery waste,
together with an assessment on production costs. Last, the scCO; obtained actives must be tested for their
stability and their application into cosmetical and nutraceutical formulations. In addition, for all the three
reported applications, some investigations on the diversification of the starting materials together with a
scale up study can be of great interest with the aim developing the reported protocols for industries.

This work presents, however, a step toward narrowing the choices for waste treatment that can lead to more
sustainable processes, both form economical and environmental point of view, with the hope that green
solutions and circular economy ideals will replace the current hazardous, energy consuming and
environmental unsafe processes.
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Appendix
A-3.2 Precursor-Dependent Photocatalytic Activity of Carbon Dots

FT-IR spectra of CDs
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Figure A.3.2.1. FT-IR spectra for a,g-GLU-CDs, a,g-Fru-CDs and a,g-Cit-CDs, in KBr.
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Figure A.3.2.2. PLE spectra of the six types of CDs.
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Time-resolved photoluminescence measurements

The time-resolved photoluminescence measurements showed a decay which is multi exponential. Therefore,
they were fitted by using a triple-exponential curve and the resulting parameters are reported in Table
A.3.2.1.

Table A.3.2.1. The average lifetime has been calculated as follows: (T) = (A1T1%+ A272+A373%)/(A1T1+A2T2+A3T3)

Entry CDs A, T1 A; T2 As T3 (1) (ns)
1 a-Cit-CDs 0.31 0.78 0.32 1.25 0.34 4.26 3.27
2 g-Cit-CDs 0.23 0.19 0.45 0.72 0.17 6.87 5.35
3 a-Glu-CDs 0.34 0.31 0.35 1.25 0.14 6.63 4.60
4 g-Glu-CDs 0.87 0.59 0.05 1.63 0.09 4.79 2.43
5 a-Fru-CDs 0.39 0.49 0.39 0.64 0.10 6.79 4.36
6 g-Fru-CDS 0.28 0.36 0.37 0.80 0.21 7.25 5.87

Photocatalytic experiments
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Figure A.3.2.3. Evolution of reaction with CDs, MV?* (60 uM) and EDTA (0.1M) under inert atmosphere at different
irradiation time (Aex = 365 nm).
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A-3.3 Carbon Dots as Photocatalyst for Atom Transfer Radical Polymerization of Methacrylates

Blank photocatalytic tests
Table A.3.3.1. Blank tests for induced ATRP of METAC. 12!

Entry CDs Catalyst Irradiation Conversion (%) !
1 - Yes - 0
2 a-N-CDs Yes - 0
3 a-N-CDs No uv 0
4 a-N-CDs No Vis 0
5 - Yes uv 0
6 - Yes Vis 0

8 Experiments were conducted at ambient temperature for 1h using a ratio
[METAC]/[HEBIB]/[CDs]/[CuBr,]/[PMDTA] = 100/1/1/1/3 and a 1:1 mixture of water and methanol as the
solvent; ®! determined gravimetrically

Poly-METAC characterization
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Figure A.3.3.1. 'H NMR of the ligand (PMDETA, purple line), the initiator (HEBIB, blue line), the monomer (METAC, green
line) and the product (poly-METAC, red line) in methanol-da.
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Figure A.3.3.2. 13C NMR of the ligand (PMDETA, purple line), the initiator (HEBIB, blue line), the monomer (METAC, green
line) and the product (poly-METAC, red line) in methanol-da.
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Figure A.3.3.3. DSC curve for the obtained poly-METAC.
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Figure A.3.3.4. Thermogravimetric analysis of the obtained poly-METAC.

179

602



A-3.4 Biobased Carbon Dots: from Fish Scales to Photocatalysis

NMR Spectra
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Figure A.3.4.1. *H NMR of crude (red line) and purified (blue line) bass-CDs in D>0.
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Figure A.3.4.2. B3C{*H} NMR of crude (red line) and purified (blue line) bass-CDs in D20.
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Figure A.3.4.3. 2D DOSY NMR of purified bass-CDs in D20.
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Figure A.3.4.4. FT-IR spectrum bass-CDs in KBr.
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SAXS Data Analysis

The fitting procedures used in this paper to obtain information regarding the surface roughness of the clusters,
have been performed using the SasView software 2.

For fractal structures, the scattering intensity 1(Q) express a typical power law behaviour, which in the case of
surface fractal structures can be expressed as

1(Q) x Q67D with 2<Dy<3

where @ is the scattering vector and D; is the surface fractal dimension. For a smooth surface the D; = 2 and
the exponent of the power law is equal to 4, while in the case of a rough surface the D; = 3 and the exponent
is equal to 3 [ref: https://iopscience.iop.org/article/10.1088/0022-3727/19/8/021/metal. In the case of mass
fractal structures the scattering intensity can be written as

1(Q) x Q Pm, with 1<D,, <3
where D,, is the mass fractal dimension.

In the present work, the surface fractal dimension of the large clusters has been obtained by fitting the low Q
region of the SAXS curves with a power law function, contained in the SasView model’s library. The signal
ascribed to the presence of carbon dot aggregates in the Bass-CDs sample, has been described using a power
law model, which has highlighted its mass fractal behaviour and was promptly described with a mass fractal
model. In this model the I(Q) is mostly described by a spherical form factor P(Q), that takes into account the
scattering of the primary particles with radius R composing the clusters. The structure factor, S(Q), is well
described elsewhere 2, taking into account the mass fractal behaviour of the clusters, characterized by the
cluster size &, and the mass fractal dimension D,,,. For the fitting procedure, we used the cluster size obtained
from SLS measurements (120 + 30) nm. The scattered intensity [(Q) for the a-N-CDs has been described by a
power law function, taking into account the scattering arising from the large aggregates. The precise cluster size
cannot be obtained due to the fact that only the tail of their scattering contribution in the low Q region is seen
in the SAXS curves. For the Bass-CDs sample, the I(Q) has been described by a sum of functions: the mass fractal
model and the power law function, in order to compute the intensity originating from the smaller aggregates.
In fig. S9 the best fits for the a-N-CDs and Bass-CDs are reported. There are some visible fluctuations in the curve
between ~ 0.002 — 0.005 A%, it is likely that, rather than real oscillations, this is a result of an uncertainty in the
background subtraction. Where the data is similar in intensity to the water background and the oscillations are
a result of noise in the sample scattering. The background in the high Q region of the scattering profile is not
flat as expected, this is likely a result of the water background subtraction, which does not fully compensate the
background of the sample. Despite this, the low signal in the high Q region indicates that no scattering other
than the background was observed. The parameters of the best fit are reported in table A.3.4.1.
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Figure A.3.4.5. Scattering intensity /(Q) vs Q for both CDs samples, together with the best curve fit obtained by using the
model described in the text. Blue dots are related to the SAXS data of the a-N-CDs sample, green dots for the Bass-CDs
and the solid black line is for the fit curves.

Table A.3.4.1. List of the parameters of the fit curves reported in Figure A.3.4.5. * The values between brackets are the
surface fractal dimensions Dy.

Power Law model Mass Fractal model
sample " Mass fract. dim Radius R Cluster size &
Exponent
D, (nm) (nm)
Bass-CDs  3.86 + 0.05 (2.14 + 0.05) 2.3+0.1 4+1 127+8
a-N-CDs  3.71+0.05 (2.29 + 0.05)
SLS Measurements
Size Distribution by Intensity
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Figure A.3.4.6. SLS size distribution vs intensity in percent. The average size of the clusters is (120 = 30) nm.
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PL-PLE Spectrum
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Figure A.3.4.7. PL-PLE spectrum of bass-CDs.

Time Resolved Photoluminescence (PL) Measurements

800

The time-resolved PL spectra (Figure 2) were analysed with exponential fitting. Three time-constants
were used to fit the emission of synthesized CDs and two time-constants were employed for a-NCDs
emission. Bass-CDs has much shorter decay compared to the a-N-CDs sample.

Table A.3.4.2. Biexponential fitting of lifetime data, excitation = 372 nm. Fitting parameters of photoluminescence

B1T3++B,T5+B313
decays displayed un figure 2. The average lifetime has been calculated as follows: t,, = =1—22—33
B1T1+BT2+B3T3
T 1(ns) T2(ns) T3(ns) B: B, B3 Tav(NS)
bass-CDs 1.151 4.343 12.07 1932 2257 633 6.98
dialyzed bass-CDs  0.873 3.572 11.87 2357 2123 542 6.55
a-N-CDs 6.654 13.89 541 4405 135
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A-3.5 Continuous flow Photooxidative degradation of Azo Dyes with Biomass-derived Carbon
Dots

Azo Dyes degradation trends in batch conditions
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Figure A.3.5.1. Azo dye degradation percentage versus time for batch experiments. Black line = test using
both bass-CDs and oxygen; red = without oxygen; blue = without bass-CDs; pink = without both bass-CDs and
oxygen; green = without oxygen and irradiation; dark blue = without bass-CDs and irradiation.
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Control experiments in batch conditions
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Figure A.3.5.2. Azo dye degradation percentage versus time for control batch experiments over 24 hours.
Black line = without oxygen; red = without bass-CDs; blue = without both bass-CDs and oxygen; pink = without

oxygen and irradiation; green = without bass-CDs and irradiation.
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'H NMR Spectra

METHYL ORANGE
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Figure A.3.5.3. 'H NMR of methyl orange in D,0.
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Figure A.3.5.4. 'H NMR of methyl orange decomposition products in D,0.
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Figure A.3.5.5. 'H NMR of acid red 18 in D,0.
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Figure A.3.5.6. *H NMR of acid red 18 decomposition products in D,0.
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Figure A.3.5.7. *H NMR of amaranth in D,0.
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Figure A.3.5.8. 'H NMR of amaranth decomposition products in D,0.
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SUNSET YELLOW
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Figure A.3.5.9. 'H NMR of sunset yellow in D,0.

16 15 14 13 12 11 10 ] 8 7 6 5 4 3 2 1 0 -1
f1 (ppm)

Figure A.3.5.10. *H NMR of sunset yellow decomposition products in D,0.
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CHROMOTROPE
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Figure A.3.5.11. 'H NMR of chromotrope in D,0.
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Figure A.3.5.12. 'H NMR of chromotrope decomposition products in D,0.
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UV-Vis Spectra
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Figure A.3.5.13. UV-Vis spectra of methyl orange degradation in time in batch conditions with oxygen.
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Figure A.3.5.14. UV-Vis spectra of methyl orange degradation in time in flow conditions with oxygen using

different amount of CDs. Feed: [dye] = 5ppm, [bass-CDs] = 1 mg/ml (red line) or 2 mg/mL (blue line); =365
NM; @ eeq = 0.5 ML/Min, O oxygen = 5.5 MLy/Min, D oxygen real = 0.78 mL/min, @ ot = 1.28 mL/min, Rt = 2.03 min.

192



0,15 — 10
—t1 (15 min)
| — 12 (30 min)
. —t3 (45 min)
S —t4 (60 min)
I 0,10 4
Q
5]
c
@ ]
2
o]
@
o
<< 0,05
0,00 ; | ; | ' 1 : | P :
300 400 500 600 700 800

Wavelength (nm)

Figure A.3.5.15. UV-Vis spectra of acid red 18 degradation in time in batch conditions with oxygen.
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Figure A.3.5.16. UV-Vis spectra of acid red degradation in time in flow conditions with oxygen using different

amount of CDs. Feed: [dye] = 5ppm, [bass-CDs] = 2 mg/mL; A=365 nm; D teeq = 0.5 ML/min, @ oxygen = 5.5
mLn/min, @ oxygen real = 0.78 mL/min, @ = 1.28 mL/min, Rt = 2.03 min.
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Figure A.3.5.17. UV-Vis spectra of amaranth degradation in time in batch conditions with oxygen.
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Figure A.3.5.18. UV-Vis spectra of amaranth degradation in time in flow conditions with oxygen using

different amount of CDs. Feed: [dye] = 5ppm, [bass-CDs] = 2 mg/mL; A=365 nm; @ feeq = 0.5 mL/Min, D oxygen =
5.5 mLn/min, @ oxygen reat = 0.78 mL/min, @ ¢ = 1.28 mL/min, Rt = 2.03 min.
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Figure A.3.5.19. UV-Vis spectra of sunset yellow degradation in time in batch conditions with oxygen.
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Figure A.3.5.20. UV-Vis spectra of sunset yellow degradation in time in flow conditions with oxygen using
different amount of CDs. Feed: [dye] = 5ppm, [bass-CDs] = 2 mg/mL; A=365 nm; @ feeq = 0.5 mL/Min, D oxygen =
5.5 mLn/min, @ oxygen real = 0.78 mL/min, @ ¢ = 1.28 mL/min, Rt = 2.03 min.
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Figure A.3.5.21. UV-Vis spectra of chromotrope degradation in time in batch conditions with oxygen.
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Figure A.3.5.22. UV-Vis spectra of chromotrope degradation in time in flow conditions with oxygen using

different amount of CDs. Feed: [dye] = 5ppm, [bass-CDs] = 2 mg/mL; A=365 nm; @ feeq = 0.5 mL/Min, D oxygen =
5.5 mLn/min, @ oxygen reat = 0.78 mL/min, @ ¢ = 1.28 mL/min, Rt = 2.03 min.
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Continuous flow Setup
All the parts used to assembly the CF setup are commercially available:

- HPLC pump Knauer P41S Azura equipped with a 10 mL SS head was used to handle the liquid feeds.

- PFAlines and coil reactors were constructed from PFA tubing 1/16” (high purity PFA. 1.58 mm outer
diameter, 750 um internal diameter).

- Arrowhead mixer, connectors and ferules were PEEK made and purchased from IDEX/Upchurch

scientific.
- Check valves and Back-pressure regulators were purchased from IDEX/Upchurch scientific and used

with a PEEK holder.
- The mass flow controller used to handle the oxygen feed was a Bronkhorst® EL-FLOW® Prestige mass

flow controller.

Residence Time calculations
The residence time is calculated according to Equation A.3.5.1:

Internal Volume (mL)
Flow rate (mL min~1)

Residence time (min) =

The total flow rate combines the individual flow rates of all fluids fed into the reactor. The actual gas flow rate
is calculated from the flow rate measured by the MFC according to Equations A.3.5.2-3.

!
n 0o= Py(atm)Vy(L)
27 R (L.atmmol LK~ )Ty (K)

!
nOZR Treal _ m (% R. Treal
Preal MMOZ- Preal

/ _
|4 real —
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Kinetics
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Figure A.3.5.23. Kinetic plot for the photodegradation of methyl orange using both CDs and oxygen and
relative rate constant (k).
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Figure A.3.5.24. Kinetic plot for the photodegradation of methyl orange using only CDs and relative rate
constant (k).
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Figure A.3.5.25. Kinetic plot for the photodegradation of methyl orange using only oxygen and relative rate
constant (k).
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Figure A.3.5.26. Kinetic plot for the photodegradation of acid red 18 using both CDs and oxygen and relative
rate constant (k).
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Figure A.3.5.27. Kinetic plot for the photodegradation of acid red 18 using only CDs and relative rate constant
(k).
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Figure A.3.5.28. Kinetic plot for the photodegradation of acid red 18 using only oxygen and relative rate
constant (k).
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Figure A.3.5.29. Kinetic plot for the photodegradation of amaranth using both CDs and oxygen and relative
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Figure A.3.5.30. Kinetic plot for the photodegradation of amaranth using only CDs and relative rate constant

[AM]

0,0084 -

0,0082 -

0,0080

0,0078 S

0,0076

0,0074 -

0,0072

(k).

" k=6.9¥10% M*min!

-20

— 7T T T T T T T
0 20 40 60 80 100 120 140 160

time (min)

Figure A.3.5.31. Kinetic plot for the photodegradation of amaranth using only oxygen and relative rate

constant (k).
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Figure A.3.5.32. Kinetic plot for the photodegradation of sunset yellow using both CDs and oxygen and
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Figure A.3.5.33. Kinetic plot for the photodegradation of sunset yellow using only CDs and relative rate

0,0112 5

0,0110

0,0108 o

0,0106 5

(SY]

0,0104 S

0,0102 +

0,0100

constant (k).

k=1.4%¥10° M*min'!

T J T T T T T T T T T
0 20 40 60 80 100 120

time (min)

Figure A.3.5.34. Kinetic plot for the photodegradation of sunset yellow using only oxygen and relative rate

constant (k).
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Figure A.3.5.37. Kinetic plot for the photodegradation of chromotrope using only oxygen and relative rate

constant (k).
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Mineralization pathway
Based on literature data,®>*° a hypothetical mineralization pathway for methyl orange is herein
reported. The same pathway can be applied to all the other azo dyes used in this study.
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Scheme A.3.5.1. Mineralization pathway for MO.

- > C02 + Hzo
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A-4.2 Fish-waste derived Gelatin and Carbon Dots for Biobased UV-blocking Films

UV-Vis Absorbance Spectrum of Gelatin-CDs Films
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Figure A.4.2.1. Uv-Visible absorbance spectrum of gelatin films with different concentrations of CDs (0% black
line, 1% red line, 3% blue line and 5% pink line).

Differential Scanning Calorimetry of Gelatin-CDs Films
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Figure A.4.2.2. DSC curves of fish gelatin films containing (a) 0% of CDs, (b) 1% of CDs, (c) 3% of CDs and (d) 5%

of CDs.
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Transmission Electron Microscopy of Gelatin-CDs Films

Figure A.4.2.3. TEM micrographs of fish derived CDs.

Figure A.4.2.4. TEM micrographs of fish derived CDs.
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Figure A.4.2.5. TEM micrographs of fish derived CDs.

Figure A.4.2.6. TEM micrographs of gelatin-CDs films with 0% of CDs.
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Figure A.4.2.7. TEM micrographs of gelatin-CDs films with 0% of CDs.

Figure A.4.2.8. TEM micrographs of gelatin-CDs films with 0% of CDs.
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Figure A.4.2.9. TEM micrographs of gelatin-CDs films with 1% of CDs

Figure A.4.2.10. TEM micrographs of gelatin-CDs films with 1% of CDs
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Figure A.4.2.14. TEM micrographs of gelatin-CDs films with 3% of CDs.
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50 nm

Figure A.4.2.15. TEM micrographs of gelatin-CDs films with 5% of CDs.

Figure A.4.2.16. TEM micrographs of gelatin-CDs films with 5% of CDs.
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Figure A.4.2.17. TEM micrographs of gelatin-CDs films with 5% of CDs.

Scanning Electron Microscopy of Gelatin-CDs Films

=Sl

Figure A.4.2.18. SEM micrograph (X 1.41K) of the pristine fish gelatin films.
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Figure A.4.2.20. SEM micrograph (X 14.33K) of the pristine fish gelatin films.

213



EHT = 1000k SignalA = SE2 Apethire Size = 3000 um System Vacuum = £.676-005 mbar
Wo = {15 mm Mag= 80X Noise Reduchion = Line Avg Dofe 14 Dec 2620 Time 100332

A

Figure A.4.2.21. SEM micrograph (X 90) of the pristine fish gelatin films.
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Figure A.4.2.22. SEM micrograph (X 154) of the pristine fish gelatin films.
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Figure A.4.2.23. SEM micrograph (X 330) of the pristine fish gelatin films.
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A-4.3 Chitin Pulping using lonic Liquids

TGA Analyses
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Figure A.4.3.1. TGA curve of chitin pulped with ammonium acetate solid salt (at 145 °C) in the range 25°C-800°C in
nitrogen atmosphere.
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Figure A.4.3.2. TGA curve of chitin pulped with ammonium acetate prepared in situ in batch condition (at 100 °C) by
sequential addition of acid prior to base in the range 25°C-800°C in nitrogen atmosphere.
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Figure A.4.3.3. TGA curve of chitin pulped with ammonium acetate prepared in situ in batch condition (at 100 °C) by
sequential addition of base prior to acid in the range 25°C-800°C in nitrogen atmosphere.
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Figure A.4.3.4. TGA curve of chitin pulped with ammonium formate solid salt (at 130 °C) in the range 25°C-800°C in
nitrogen atmosphere.
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Figure A.4.3.5. TGA curve of chitin pulped with ammonium formate prepared in situ in batch condition (at 100 °C) by
sequential addition of acid prior to base in the range 25°C-800°C in nitrogen atmosphere.
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Figure A.4.3.6. TGA curve of chitin pulped with ammonium formate prepared in situ in batch condition (at 100 °C) by
sequential addition of base prior to acid in the range 25°C-800°C in nitrogen atmosphere.
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Figure A.4.3.7. TGA curve of chitin pulped with hydroxylammonium acetate solid salt (at 100 °C) in the range 25°C-800°C
in nitrogen atmosphere.
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Figure A.4.3.8. TGA curve of chitin pulped with hydroxylammonium acetate prepared in situ (at 100 °C) by sequential
addition of acid prior to base in the range 25°C-800°C in nitrogen atmosphere.
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Figure A.4.3.9 TGA curve of chitin pulped with hydroxylammonium acetate prepared in situ (at 100 °C) by sequential
addition of base prior to acid in the range 25°C-800°C in nitrogen atmosphere.

NMR Spectra
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Figure A.4.3.10. 'H-NMR spectrum of commercial chitin in DCl 35% in D20.
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Figure A.4.3.11. 'H-NMR spectrum of chitin extracted with chemical method in DCI 35% in D2O.
" a2 3 CIEUEERRR 8 4 A
- P - MAMEMANTYTYT ” L "~y
| W | o —— | | 800
f-" Ha00
.II. 1
J Luo
r&00
500
400
. =300
ﬁ L200
| h [
‘ =100
i LM |
—_— eV — i N | o Uls I L W ._---f'\_.n-—\_ - P
T T 'Y L ]
8 3B g8 g 2 8
1]1..0 16.5 :I';.l'.l 9:5 a0 3.15 B:D ?.‘5 ?lo 6:5 6.‘0 5:5 E:CI 4I5 4:0 3:5 3.I0 2:5 z:n 1:5 1.'n D:_'r oh
f1 (ppm

Figure A.4.3.12. 'H-NMR spectrum of chitin pulped with ammonium acetate solid salt in DCI 35% in DO.
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Figure A.4.3.13. 'H-NMR spectrum of chitin pulped with ammonium acetate prepared in situ in batch conditions (100°C)
by sequential addition of acid prior to base in DCI 35% in D20.
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Figure A.4.3.14. *H-NMR spectrum of chitin pulped with ammonium acetate prepared in situ in autoclave (145 °C) by
sequential addition of acid prior to base in DCI 35% in D20.
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Figure A.4.3.15. 'H-NMR spectrum of chitin pulped with ammonium acetate prepared in situ in batch conditions (100°C)
by sequential addition of base prior to acid in DCl 35% in D20.
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Figure A.4.3.16. 'H-NMR spectrum of chitin pulped with ammonium acetate prepared in situ in autoclave (145 °C) by
sequential addition of base prior to acid in DCI 35% in D20.
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Figure A.4.3.18. *H-NMR spectrum of chitin pulped with ammonium formate prepared in situ in batch conditions (100°C)
by sequential addition of acid prior to base in DCl 35% in D>0.
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Figure A.4.3.19. 'H-NMR spectrum of chitin pulped with ammonium formate prepared in situ in autoclave (130 °C) by
sequential addition of acid prior to base in DCI 35% in D>0.
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Figure A.4.3.20. H-NMR spectrum of chitin pulped with ammonium formate prepared in situ in batch conditions (100°C)
by sequential addition of base prior to acid in DCI 35% in D20.
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Figure A.4.3.21. 'H-NMR spectrum of chitin pulped with ammonium formate prepared in situ in autoclave (130 °C) by
sequential addition of base prior to acid in DCI 35% in D20.
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Figure A.4.3.22. 'H-NMR spectrum of hydroxylammonium acetate in D-0.
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Figure A.4.3.23. 'H-NMR spectrum of hydroxylammonium acetate in DMSO-ds.
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Figure A.4.3.24. 3C-NMR spectrum of hydroxylammonium acetate in D2O.

227



— 17353
iy

— 2.
T
é

11000

10000

2000

8000

7000

re00D

5000

4000

3000

2000

T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 10 10 100 90 80 T &0 50 40 30 20 10 a -0 -0
f1 {ppm)

Figure A.4.3.25. 3C-NMR spectrum of hydroxylammonium acetate in DMSO-ds.
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Figure A.4.3.26. 'H-NMR spectrum of chitin pulped with hydroxylammonium acetate solid salt in DCl 35% in D>0.
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Figure A.4.3.27. *H-NMR spectrum of chitin pulped with hydroxylammonium acetate prepared in situ in batch conditions
(100 °C) by sequential addition of acid prior to base in DCl 35% in D>0.
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Figure A.4.3.28. H-NMR spectrum of chitin pulped with hydroxylammonium acetate prepared in situ in batch conditions
(100 °C) by sequential addition of base prior to acid in DCI 35% in D-O.
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Figure A.4.3.29. 'H-NMR spectrum of hydroxylammonium formate in D20.
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Figure A.4.3.30. 'H-NMR spectrum of hydroxylammonium formate in DMSO-ds.
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Figure A.4.3.31. 3*C-NMR spectrum of hydroxylammonium formate in D>0.
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Figure A.4.3.32. 3C-NMR spectrum of hydroxylammonium formate in DMSO-ds.
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Figure A.4.3.34. 'H-NMR spectrum of chitin pulped with hydroxylammonium formate prepared in situ in batch
conditions (100 °C) by sequential addition of acid prior to base in DCl 35% in D20.
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Figure A.4.3.35. 'H-NMR spectrum of chitin pulped with hydroxylammonium formate prepared in situ in batch
conditions (100 °C) by sequential addition of base prior to acid in DCI 35% in D20.
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Figure A.4.3.36. FT-IR spectrum of commercial chitin (1 mg) in KBr pellet (100 mg).
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Figure A.4.3.37. FT-IR spectrum of chitin extracted with chemical method (1 mg) in KBr pellet (100 mg).
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Figure A.4.3.38. FT-IR spectrum of chitin (1 mg) pulped with ammonium acetate solid salt (145 °C) in KBr.
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Figure A.4.3.39. FT-IR spectrum of chitin (1 mg) pulped with ammonium acetate prepared in situ in batch conditions (100
°C) by sequential addition of acid prior to base in KBr.
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Figure A.4.3.40. FT-IR spectrum of chitin (1 mg) pulped with ammonium acetate prepared in situ in autoclave (145 °C) by
sequential addition of acid prior to base in KBr.
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Figure A.4.3.41. FT-IR spectrum of chitin (1 mg) pulped with ammonium acetate prepared in situ in batch conditions (100
°C) by sequential addition of base prior to acid in KBr.
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Figure A.4.3.42. FT-IR spectrum of chitin (1 mg) pulped with ammonium acetate prepared in situ in autoclave (145 °C) by
sequential addition of base prior to acid in KBr.
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Figure A.4.3.43. FT-IR spectrum of chitin (1 mg) pulped with ammonium formate solid salt (130 °C) in KBr.
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Figure A.4.3.44. FT-IR spectrum of chitin (1 mg) pulped with ammonium formate prepared in situ in batch conditions
(100 °C) by sequential addition of acid prior to base in KBr.
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Figure A.4.3.45. FT-IR spectrum of chitin (1 mg) pulped with ammonium formate prepared in situ in autoclave (130°C) by
sequential addition of acid prior to base in KBr.
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Figure A.4.3.46. FT-IR spectrum of chitin (1 mg) pulped with ammonium formate prepared in situ in batch conditions
(100 °C) by sequential addition of base prior to acid in KBr.
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Figure A.4.3.47. FT-IR spectrum of chitin (1 mg) pulped with ammonium formate prepared in situ in autoclave (130°C) by
sequential addition of base prior to acid in KBr.
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Figure A.4.3.48. FT-IR spectrum of chitin (1 mg) pulped with hydroxylammonium acetate solid salt (100 °C) in KBr.
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Figure A.4.3.49. FT-IR spectrum of chitin (1 mg) pulped with hydroxylammonium acetate prepared in situ in batch
conditions (100 °C) by sequential addition of acid prior to base in KBr.
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Figure A.4.3.50. FT-IR spectrum of chitin (1 mg) pulped with hydroxylammonium acetate prepared in situ in batch
conditions (100 °C) by sequential addition of base prior to acid in KBr.

240



68

I

[ 7|
& \ /-\"FJ a \

*
%
_——"ﬂ_
-
.
-
i
-
——
[LiEE} —1_\_\___
_

¥ T mitance
” A
S o™
—
il _Q‘
—
—
5
_\_\-I\i'l_"\.___
115
121

\
24 ' |
\ |
|
50 \
II
||
48+ | |
46+ ! |
| |
44 \ [
||
4 |
'I.||
40 i
384 -
FrFrrTrr T rrrryY<rrYrYrrYrrrYrro T frrrfrr rrYr,Y r “ rYy< r rrrY7rrYrr"T TYCTr T r-rrYrrrrrrYrrYrYYrrYrr7vrr1r—
3800 ITo0 3500 3300 K0 2500 2700 2300 2300 2100 1900 1700 1500 1300 1100 00 T00 500
Wamnumbaer [cen ' ]

Figure A.4.3.51. FT-IR spectrum of chitin (1 mg) pulped with hydroxylammonium formate solid salt (100 °C) in KBr.
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Figure A.4.3.52. FT-IR spectrum of chitin (1 mg) pulped with hydroxylammonium formate prepared in situ in batch
conditions (100 °C) by sequential addition of acid prior to base in KBr.
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Figure A.4.3.53. FT-IR spectrum of chitin (1 mg) pulped with hydroxylammonium formate prepared in situ in batch
conditions (100 °C) by sequential addition of base prior to acid in KBr.
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A-5.2 Supercritical CO2 extraction of natural antibacterials from low-value weeds and agro-
waste

NMR Spectra
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Figure A.5.2.1. 3C{'H} NMR spectra of the Humulus Lupulus flowers ethanol extract in (CD3).CO.
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Figure A.5.2.2. 3C{*H} NMR spectra of the Humulus Lupulus flowers ethanol extract in CDsOD.
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Figure A.5.2.3. *H NMR spectra of the Humulus Lupulus flowers scCO extract in CDCls.
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Figure A.5.2.4. 3C{*H} NMR spectra of the Humulus Lupulus flowers scCO; extract in CDCls.
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Figure A.5.2.5. 'H NMR spectra of the Humulus Lupulus leaves ethanol extract in CDCls.
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Figure A.5.2.6. 3C{'H} NMR spectra of the Humulus Lupulus leaves ethanol extract in CD30D.
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Figure A.5.2.7. 'H NMR spectra of the Humulus Lupulus leaves scCO2 extract in (CD3)2CO.
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Figure A.5.2.8. 3C{'H} NMR spectra of the Humulus Lupulus leaves scCO: extract in CDzOD.
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Figure A.5.2.9. 'H NMR spectra of the Datura Stramonium ethanol extract in CDCls.
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Figure A.5.2.10. 3C{*H} NMR spectra of the Datura Stramonium ethanol extract in CDCls.
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Figure A.5.2.11. 'H NMR spectra of the Datura Stramonium scCO2 extract in CDCls.
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Figure A.5.2.12. 3C{*H} NMR spectra of the Datura Stramonium scCO; extract in CDCls.
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A-5.3 Supercritical CO2 as a green solvent for the circular economy: Extraction of fatty acids
from fruit pomace

GC chromatograms
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Figure A.5.3.1. GC chromatogram of hexane extract of wild strawberry; peak at 22 minutes is relative to the internal
standard methyl pentadecanoate.
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Figure A.5.3.2. GC chromatogram of scCOz extract of wild strawberry; peak at 21 minutes is relative to the internal
standard methyl pentadecanoate.
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Figure A.5.3.3. GC chromatogram of hexane extract of blueberry; peak at 22 minutes is relative to the internal

standard methyl pentadecanoate.
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Figure A.5.3.4. GC chromatogram of scCO:z extract of blueberry; peak at 21 minutes is relative to the internal standard

methyl pentadecanoate.
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Figure A.5.3.5. GC chromatogram of hexane extract of pomegranate; peak at 22 minutes is relative to the internal
standard methyl pentadecanoate.
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Figure A.5.3.6. GC chromatogram of scCO:z extract of pomegranate; peak at 21 minutes is relative to the internal
standard methyl pentadecanoate
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Figure A.5.3.7. GC chromatogram of hexane extract of blackberry; peak at 22 minutes is relative to the internal
standard methyl pentadecanoate.
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Figure A.5.3.8. GC chromatogram of scCO:2 extract of blackberry; peak at 21 minutes is relative to the internal
standard methyl pentadecanoate

253



kCount

T_

L

Ivvl'vv]'vvvlvvvrévvvvvl’vvv‘llvvvvvvlrlv'vfivvvrII'YvVVITV

225 250 275 30.0 325 ‘
minutes

Figure A.5.3.9. GC chromatogram of hexane extract of raspberry; peak at 22 minutes is relative to the internal
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Figure A.5.3.10. GC chromatogram of scCO: extract of raspberry; peak at 21 minutes is relative to the internal

standard methyl pentadecanoate
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Figure A.5.3.11. GC chromatogram of hexane extract of blackcurrant; peak at 22 minutes is relative to the internal
standard methyl pentadecanoate.
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Figure A.5.3.12. GC chromatogram of scCO: extract of blackcurrant; peak at 21 minutes is relative to the internal
standard methyl pentadecanoate
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Mass spectra of fatty acids
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Figure A.5.3.13. Mass spectrum of palmitic acid (1).
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Figure A.5.3.14. Mass spectrum of azelaic acid (2).
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Figure A.5.3.15. Mass spectrum of stearic acid (3).
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Figure A.5.3.16. Mass spectrum of oleic acid (4).
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Figure A.5.3.17. Mass spectrum of linoleic acid (5).
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Figure A.5.3.18. Mass spectrum of eicosanoic acid (6).
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Figure A.5.3.19. Mass spectrum of a-linolenic acid (7).
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Figure A.5.3.20. Mass spectrum of behenic acid (8).
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Figure A.5.3.21. Mass spectrum of 9-12 octadecenoic acid (9).
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Figure A.5.3.22. Mass spectrum of y-linolenic acid (10).
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Figure A.5.3.23. Mass spectrum of linolelaidic acid (11).
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Figure A.5.3.24. Mass spectrum of tetracosanoic acid (12).
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Figure A.5.3.25. Mass spectrum of decanoic acid (13).
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Figure A.5.3.26. Mass spectrum of trans-vaccenic acid (14).
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Figure A.5.3.27. Mass spectrum of arachidonic acid (15).
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Mass spectrum of pentadecanoic acid (16).
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Figure A.5.3.29. Mass spectrum of undecanoic acid (17).
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Figure A.5.3.30. Mass spectrum of 10-octadecenoic acid (18).
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Figure A.5.3.31. Mass spectrum of octadecanoic acid (19).
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Figure A.5.3.32. Mass spectrum of nonadecanoic acid (20).
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Figure A.5.3.33. Mass spectrum of cyclopropan octanoic acid (21).
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Figure A.5.3.34. Mass spectrum of hexacosanoic acid (22).
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Figure A.5.3.35. Mass spectrum of octacosanoic acid (23).
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Figure A.5.3.36. Mass spectrum of pentacosanoic acid (24).
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Figure A.5.3.37. Mass spectrum of octanoic acid (25).

NMR spectra

For investigation NMR spectra of wild strawberry extracts were conducted using a concentration of 0.01
g/mL in the tube. *H and®*C{*H} NMR spectra were collected at 25 °C on a Bruker Ascend 400 operating at
400 MHz for 1H and 100 MHz for 13C. For *H and *C{*H} NMR the chemical shifts (§) have been reported in
parts per million (ppm) relative to the residual non-deuterated solvent as an internal reference and are
given in & values downfield from TMS. *H NMR spectra are reported in the main text (Figure 5.3.4)
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Figure A.5.3.38. 13C NMR spectra of the wild strawberry hexane extract in CDCls.
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Figure A.5.3.39. 13C NMR spectra of the wild strawberry scCO2 extract in CDCls.
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