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Abstract

Global challenges such as climate change and our deep reliance on finite resources force
us to newly evaluate our approach to energy and material use. Facing these issues requires
not only a massive reduction of waste and emissions generated but also rethinking how
value can be created from what is conventionally considered waste, according to a circular
economy perspective. In this framework, the present work focuses on the design of

sustainable catalytic systems and biomass valorisation strategies.

For instance, due to their low toxicity, cost-effectiveness and chemical robustness
molybdenum catalysts can represent excellent non-noble metal alternatives to more
conventional noble metal catalysts. As one of the core topics of this thesis, a multiphase
heterogeneous catalytic system that exploits the potential of molybdenum supported on a
bio-based carbon. This system was developed for the selective oxidation of bio-sourced
alcohols into aldehydes, taking advantage of air as a green oxidant and methyltrioctyl
ammonium chloride as a hydrophobic ionic liquid phase designated for catalyst confinement.
This approach enabled quantitative conversions and selectivities up to 99%, while showing
remarkable resilience over time and ensuring efficient catalyst reuse over multiple

consecutive cycles.

A different kind of investigation was conducted with the aim to optimise an environmentally
friendly protocol for the isolation of a functional biopolymer, chitin, directly from fishery
biowaste using water-compatible ionic liquids, such as ammonium formate. The optimised
pulping method yielded high-quality chitin with physicochemical properties (DA>94%, MW
6.6 x 10° g/mol) comparable to the commercial counterpart, while significantly reducing the

environmental impact compared to conventional chemical extraction.

Finally, a consistent part of this work was focused on the optimisation of a synthetic protocol
for the preparation of nitrogen-doped carbon nanomaterials from bio-based precursors,
including chitin and chitinous biowaste, which were subsequently investigated as non-toxic
and cost-effective additives in aqueous zinc-ion batteries. These nanomaterials proved
effective in preventing zinc dendrite formation and promoting uniform metal deposition,
enabling electrode stabilisation even at high current densities and proving efficient during

consecutive zinc plating/stripping cycles.
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1. Introduction

1.1 The growth paradigm between climate change and global challenges

Since the dawn of the Industrial Revolution in the late 18™ century, fossil fuels have
empowered the development of the humankind and driven our society through extraordinary
transformations: coal, oil, and natural gas became the backbone of industrial manufacture,
transportation, electricity production and domestic life, giving birth to globalisation and
leading to the development of the tertiary sector, an unprecedented economic expansion
and the exponential growth of the world’s population.” This can be illustrated by the fact that
over the approximately 250 years since the onset of industrialisation, the abundance of
resources extracted and converted into goods and services has driven the global population
to expand from about 1 to 8 billion people, primarily due by a marked decline in infant
mortality rates from 50% to 4%,%2 and a substantial increase in lifespan at all ages, which
globally reached 73.3 years in 2024.*°> However, the cost of this energetic conquest, along
with a brakeless resource consumption, has become increasingly visible with serious long-
term consequences in the form of environmental degradation, global warming and climate

change.®

In 1824 Jean-Baptiste Joseph Fourier was the first to articulate the concept later termed the
“greenhouse effect” as part of his attempt to explain the mechanisms by which the Earth
maintains sufficient warmth to support the development and persistence of life.” During the
XIX century, other scientists — including Eunice N. Foote in 1856,% John Tyndall in 1873,°
and Svante Arrhenius in 1896'° — demonstrated that specific atmospheric gases possess
the capacity to absorb infrared radiations and established the first qualitative connections
between anthropogenic emissions of greenhouse gases (GHGs) and the progressive
warming of the Earth’s atmosphere. Solar electromagnetic radiations that penetrate the
atmosphere and reach the Earth’s surface are only partially absorbed by land, oceans, and
vegetation and partially re-emitted as infrared radiation. Under normal conditions, some of
this heat get back into space. However, GHGs, including carbon dioxide (CO:2), methane
(CHa4), nitrous oxide (N20), ozone (Os), and water vapor, interact with this infrared radiation,
absorbing and re-radiating energy back towards the Earth’s surface, trapping heat in the
lower atmosphere.’ While this effect is indeed natural and necessary to some extent to
sustain life, it becomes problematic when excessive amounts of these gases are released

in the atmosphere through human activities, causing a planetary energy imbalance'? that



leads to global temperature rise, altered precipitation patterns, and more frequent extreme

weather events such as droughts and floods. ™

Although the overall impact of an excess of GHGs in the Earth's biosphere is unequivocally
negative, not all these contaminants exert the same climatic influence. The Global Warming
Potential (GWP) express the radiative forcing of a specific amount of a gas relative to the
same amount of CO2 over a defined time horizon, accounting for its radiative efficiency and
atmospheric lifetime. The Global Temperature change Potential (GTP) instead estimates the
resulting change in global mean temperature at a specific future time after a pulse emission,
also relative to CO2. Together, GWP and GTP translate the effects of various GHGs into

CO2-equivalent fluxes, enabling consistent comparison of their impact (Table 1.1).'41°

Table 1.1. Lifetime, Radiative efficiency, GWP and GTP values for 100 years standardised on CO2-equivalent.

Name and formula Lifetime Radiative efficiency GWP GTP
(years) (Wm-=2ppb-1) 100-years 100-years
Carbon dioxide (CO2) * 1.37-10% 1 1
Methane (CHa) 12.4 3.63-104 28 4
Fossil methane (CHa4) 124 3.63-104 30 6
Nitrous oxide (N20) 121 3.00-10% 265 234
HCFC-22 (CHCIF2) 11.9 0.21 1,760 262
CFC-11 (CCIsF) 45 1.72:10-10 4,660 2,340
CFC-12 (CCl2F2) 100 2.69:10-10 10,200 8,450

e.g.,aGWP =28 and a GTP =4 over 100 years means that a ton of CH4 is 28 times more effective in absorbing
cumulative heat than a ton of CO2, while the temperature increase from that emission is 4 times larger in
comparison to CO2. *No single lifetime can be given for CO2."®

Among GHGs, the case of CO: is emblematic, being by far the most abundant GHG emitted
through human activities and, as a result, the dominant driver of global surface temperature
increase. Unlike many others, it is not destroyed but redistributed across multiple Earth
system reservoirs, with fractions persisting in the atmosphere over very different timescales,
ranging from decades to millennia. Consequently, its warming effect is long-term and

cumulative, making CO: a defining challenge of our contemporary era.
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Although living organism breathing, oceanic outgassing, soil respiration and volcanic activity
contribute in large volume to natural CO2 emission, estimated at 550-848 billion tons per
year,'® these are mostly balanced by natural sinks like oceans and forests, which act like
carbon reservoirs by absorbing more CO2 than they emit.' What disrupt this equilibrium is
the anthropogenic component: an additional 25-41 billion tons of CO2 per year are released
by human activities connected to fossil fuel combustion, food production, industries and
deforestation, following a trend which has kept growing since 1990. This fraction, which
might seem small in comparison to the total CO2 emissions, has a significant cumulative
impact, creating a dangerous and persistent surplus that natural systems are no longer able

to fully absorb.

Atmospheric CO2 concentration, which was around 280 ppm before the industrialisation
advent, is now approaching 430 ppm,' a level not seen in over three million years, far
preceding the evolution of Homo sapiens. Projections from the 2021 Report of the IPCC
suggest that this level could potentially reach 550 ppm by 2050.'° This atmospheric carbon
increase is depicted with exceptional accuracy by the Keeling Curve, which records CO:
concentrations at the Mauna Loa Observatory in Hawaii and reconstructs their temporal

trend with remarkable precision (Figure 1.1).
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Figure 1.1. The Keeling Curve. The black dotted curve represents the monthly average atmospheric CO:
concentration over time, while the red curve shows a fixed fraction (57%) of cumulative industrial CO2
emissions from fossil fuel combustion and cement production. Reproduced from 20 under the terms of the
Creative Commons CC BY license.



Developed in 1958 by Professor Charles David Keeling of the Scripps Institution of
Oceanography, this dataset highlights both the natural seasonal fluctuations and the
constant rise due to human emissions.'® What's most concerning isn’t just that the line keeps
rising, but that it's getting steeper, suggesting that human activities are intensifying, pushing
us further into the climate crisis.

The 2021 Report of the IPCC also confirms with high confidence the near-linear correlation
between cumulative anthropogenic CO2 emissions and global temperatures rise.'® For every
1000 billion tons of emitted CO2, the planet is likely to warm by about 0.27-0.63 °C (Figure
1.2). This relationship, known as the Transient Climate Response to cumulative CO;
Emissions (TCRE), means that a net-zero CO2 emission is required to stop temperatures
from rising, or, more practically, a "carbon budget" must be stuck as the total CO2 amount

that cannot be exceeded to stay below a specific warming limit.

S5
S4

N
5

N

1.5

Historical global
warming

Globaltemperatureincrease (°C)

0.5
Cumulative CO; emissions since 1850
0
2000 3000 4000 GtCO,
-0.5
| — — S1
| E—— S2
1 ) S4
I I e S 5
o0 = NN N
S [=g=] o
° 38 58 3
HISTORICAL PROJECTIONS

Cumulative CO, emissions between 1850 and 2019 Cumulative CO, emissions between 2020 and 2050

Figure 1.2. The near-linear relationship between the cumulative CO2 emissions (in GtCOz2) and the global
temperatures increase for five illustrative scenarios covering possible futures until 2050. Adapted from 1°.
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Other GHGs such as CH4 and N20, though less abundant than COz2, are potent contributors
to the climatic temperature shift. Methane’s global warming potential is about 28-30 times
that of CO2, and mainly originates from livestock production, organic waste management,
and fossil gas extraction. Nitrous oxide, with a global warming potential 265 times greater
than COg, is largely emitted using fertilizer and during industrial processes. Together, CH4
and N20 account for nearly 26% of total GHGs emissions, a share that continues to rise
alongside population growth, intensified food production and industrialisation.' Today, fossil

fuel combustion alone is responsible for over 75% of the worldwide GHG emissions.?’

It is important to highlight that the overall rise in atmospheric GHGs is not solely the result
of rising emissions, but also of the declining capacity of natural systems to absorb them.
Among anthropogenic drivers, deforestation has played a critical role in shaping the current
total atmospheric GHGs balance."” Large-scale deforestation began roughly 8000 years
ago, when the expansion of agriculture and livestock farming lead to the first significant
human-induced transformation of terrestrial ecosystems. Since then, the amount of
habitable land covered by forests has diminished from about 57% (roughly 6 billion hectares)
to the current 38% (around 4 billion hectares), with a total loss of nearly one-third of global
forested area due to human activities. However, around half of this loss has occurred since
the beginning of the XX century, when industrialisation accelerated deforestation. Although
the pace has slowed in recent decades, it has never fully ceased, continuing to weaken one

of our most important natural carbon sinks.

The effects of this carbon legacy are increasingly evident: rising global temperatures have
already begun to reshape our ecosystems and economies. Since 1900, Earth’s average
temperature has increased by 1.1 °C, with a yearly warming rate which has speed up from
0.06 °C to 0.20 °C over the past 30 years. Anthropogenic surface temperature increase is
estimated between 0.8 °C and 1.3 °C from the pre-industrial age, with the most likely value
around 1.07 °C. In 2024, global temperatures ranked as the hottest ever recorded, with
+1.35 °C above pre-industrial levels, while the past decade includes the ten warmest years
ever recorded.?? Extreme heat events are becoming more frequent and more intense, with
the ratio of record high to record cold temperatures doubling by 2009.2% Projections also
suggest a ratio of 20 to 1 by mid-century and as high as 50 to 1 by the end of the century,

implying that we’re going to have many more unsustainably hot days in the future.



This warming trend is vividly captured in climate visualisations such as the "Show Your
Stripes" graphic?* (Figure 1.3), developed in 2016 by Professor Ed Hawkins, a climate
scientist of the University of Reading (UK) in collaboration with the IPCC.

Figure 1.3. The Show Your Stripes graphic illustrates the progressive global warming trend (from left to right)
from 1850 to 2024. Data sources: Berkeley Earth & ERA5-Land, NOAA (USA), UK Met Office, MeteoSwiss,
DWD (Germany), SMHI (Sweden), University of Reading (UK) & ZAMG (Austria). Reprinted from 24.

Each vertical stripe represents one year of global temperature data over the past 150 years,
with colours ranging from cool blues to intense reds symbolising the progression from cooler
historical conditions to the pronounced warming of recent decades. This striking simplicity
allows for immediate comprehension of complex climate data, making it a widely recognised
visual tool for communicating the reality of anthropogenic climate change.

Another deeply concerning aspect is that the social and health implications of climate
change are profoundly unequal: the countries suffering the most are often those with limited
resources and low industrial development, who contribute the least to global pollution.
Regions already vulnerable due to rain-fed agriculture, weak infrastructure, and fragile
economies, are disproportionally affected by these changes, which can even hinder crop
growth and reduce nutrient content under elevated CO: levels, worsening malnutrition and
food insecurity.?® Even in wealthier areas, marginalised and economically disadvantaged

communities often bear the burden of climate-related pressures. During extreme heatwaves,
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many people may lack access to air conditioning or cannot afford the electricity to use it.
Elevated CO:2 levels may also affect human health, contributing to hypertension, blood
acidosis, systemic inflammation, and even affecting cognitive function and bone health. As
global temperatures rise, so does the risk of heat stress, respiratory illness, and mortality,
with elderly being especially vulnerable.?® 1.4 million people in China, as well as 650,000 in
India and 180,000 in the EU die every year because of air pollution.?”-?8 According to the
WHO, current emission trends could potentially cause 250,000 additional deaths per year

from 2030-2050 due to heat stress, undernutrition, malaria, and diarrheal diseases.?®

As climate change exacerbates many environmental injustices,® the concept of “climate
justice” has come to birth with the aim to frame climate change not only as an environmental
issue, but also as a matter of ethics, equity, and human rights.3' Climate justice calls for
policies that prioritise the needs of the most affected communities, address structural
inequalities rooted in poverty and colonial legacies, and ensure that climate solutions are
fair and inclusive. This also means wealthier nations supporting more vulnerable ones with
resources, technology, and shared decision-making, so the path to a sustainable future is

built on justice as well as ambition.30:3?

Further to this point, the evolution of the global climate action has been driven by growing
scientific consensus and increasing public awareness, bringing to the gradual development
of international agreements.®® Beginning with the 1979 World Climate Conference in
Geneva, early recognition of climate risks led to the formation in 1988 of the IPCC, a UN
organ tasked with assessing scientific knowledge related to climate change. Since its birth,
the IPCC has played a central role in investigating human impact on global warming,
publishing regularly updated reports and informing policymaking. A major milestone followed
in 1994 with the United Nations Framework Convention on Climate Change (UNFCCC)
committing 198 nations to emission reductions and support for developing countries through
financial aid and technology transfer. The subsequent 1997 Kyoto Protocol was built on this

foundation, establishing legally binding emission targets and requiring regular reporting.34

However, the most comprehensive and inclusive accord to date is the Paris Agreement,
adopted at the 215t Conference of the Parties of the UNFCCC in 2015, where all the 195
countries involved here were required to submit Nationally Determined Contributions
(NDCs) and emphasizes transparency, adaptive capacity, and a program of financial
investments on the climate agenda. Its core objective is to limit global warming to “well

below” 2 °C above pre-industrial levels, with efforts to keep it under 1.5°C.3°
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Unfortunately, further projections in the meantime revealed that many of the current national
pledges, even if fully implemented, remain insufficient (Figure 1.4), likely resulting in a

temperature rise closer to 2.6-3.1°C by 2100.%

Reduction in global greenhouse gas emissions Decrease in global greenhouse gas emissions
needed by 2030, from 2019 levels, to keep projected by 2030, compared to 2019,

warming to no more than 1.5 degrees Celsius based on available national action plans

[ 75 ; :

Source: UNFCCC NDC synthesis report (Nov 2024)

Figure 1.4. The gap between ambition and action: current national climate pledges would only cut global
emissions of 2.6% by 2030 compared to 2019 levels, while a 43% reduction is needed to stay on track for the
1.5°C goal of the Paris Agreement. Reprinted from 7.

In order not to compromise our future more than it has been already done, government
policies must be accompanied by concrete facts to follow scientific progress in the fight
against climate change. Sustainability, therefore, cannot be treated as a peripheral issue but
must be understood as central theme to the stability of ecological systems, human health,

economic security, and intergenerational justice.

This introduction chapter aims to explore this topic further, examining how sustainability
together with science, and more specifically chemistry, must be redefined and reshaped to

meet the demands of a rapidly changing world.



1.2 The double role of Chemistry: from problem to solution

During the past century, chemistry has been one of the driving forces in achieving incredible

progresses in many fields, such as health, pharmaceuticals, materials, and technology.

Among many others, one of the most significant milestones was the discovery of the
antibacterial properties of penicillin by Alexander Fleming in 1928, followed by its large-scale
production started at the Merck & Co.’s pilot plant in the 1940s.%° Penicillin saved millions of
lives from infections that had previously been fatal, such as pneumonia, particularly during
the Second World War.

In parallel, the development of synthetic anaesthetics, such as halothane,*® revolutionised
surgery practices by making them safer and less painful, while the introduction of strict
hygienic standards and the use of antiseptic substances, such as phenol, drastically reduced
postoperative infections.*' The adoption of water chlorination made urban water supplies
safer, keeping under control epidemics of typhoid fever and cholera.*? Vaccines also played
a decisive role: from Edward Jenner’s pioneering work on smallpox in 1796 to global
immunisation programs that, after an estimated 300-500 million deaths in the XX century
alone, led to its eradication in 1979.4344 Widespread vaccination against diphtheria, tetanus,
and pertussis, within the same years, has since saved hundreds of millions of lives
worldwide. World Health Organisation estimates that vaccines have saved over 150 million

lives over the past 50 years.*

Chemistry also transformed agriculture through the Haber-Bosch process (1908-1913) for
the industrial synthesis of ammonia at BASF (Germany) from atmospheric nitrogen and
hydrogen under pressure above 100 bar and temperature up to 400-500 °C. This innovation
provided a reliable supply of nitrogen-based fertilizers on global scale: today, over 150
million tonnes of ammonia are produced annually, about 85% of which is used for fertilizer,
supporting the nutrition of approximately one-third of the world’s population.*¢4’” Combined
with high-yield crop breeding, pesticides, and mechanisation, this innovation fuelled the
Green Revolution, which began in Mexico and soon spread around the world, reshaping

much of global agricultures between the 1940s and the 1970s.48

In industry, synthetic polymers reshaped material culture. Bakelite, developed in 1907 by
Leo Baekeland, was the first fully synthetic thermosetting plastic®, followed by polyethylene
in 1933, nylon in 1938, polyethylene terephthalate in 1941, and the isotactic polypropylene
pioneered by Giulio Natta in 1957. By the 1950s-1960s, plastics became omnipresent in

household goods, packaging, electronics, construction materials, and sterile single-use
9



medical devices.*® Global plastic production grew from 2 to 380 million tonnes between 1950

and 2015, irreversibly altering modern economies and societies. "'

From life-saving drugs and clean water to versatile plastics and fuels, chemistry has
transformed our society and improved quality of life. But these advances relied heavily on
synthetic chemicals, fossil fuels and non-renewable resources. By the 1970s, the dark side
of unhindered chemical innovation was already evident due to issues like dioxin toxicity,
DDT bioaccumulation, acidic rain, chlorofluorocarbons-related ozone layer depletion, and
microplastic poisoning affecting both marine and terrestrial ecosystems, contributing to
biodiversity loss, global pollution and climate crisis.%? For instance, in 2021 microplastics

started to be detected in human placental tissue.%3

In response to an increasing environmental awareness, entire new research fields emerged
during the last 45 years, with the aim of rethinking how to make, use and manage chemical
substances in a more responsible way, turning chemistry from driver of the climate crisis into
a key part of the solution. Green chemistry appeared in the 1980s proposing a proactive
approach towards the design of chemical syntheses and processes aimed to pollution
prevention and waste minimisation.®* To guide chemists through one of the most
transformative periods in history, a wide range of metrics and assessment tools have
emerged. The first mass-based indicators introduced in the 1990s include atom economy
(AE), process mass intensity (PMI), and the E-factor (EF), which correlate process efficiency

to waste reduction.%®

Then, in 1998 the 12 Principles of Green Chemistry (Figure 1.5) were introduced by Paul
Anastas and John Warner,*® emphasising energy efficiency, renewable feedstocks, waste
prevention, and inherently less hazardous syntheses procedures. These principles became
the backbone of a more environmentally conscious chemical innovation. However, it soon
became clear that green chemistry alone could not capture the full complexity of
sustainability.>” While following its principles can lower the environmental footprint of a single
process, it does not address broader drivers of GHG emissions such as energy
infrastructure, industrial policies, or economic factors, which may shift environmental or
social problems elsewhere.*® To address these limitations, sustainable chemistry came into
existence,® focusing not only on how, but also why and whether certain processes should
exist at all, considering the full lifecycle of materials and energy flows, from resource
extraction to production, use, and final disposal, other than the impact across environmental,

social, and economic areas.
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1. Stop waste before it starts.

.‘5. 2. Use everything you start with.

Preventing waste beats cleaning it up later. ‘.‘" Minimise waste, maximise product.

3. Avoid toxic substances. y & 4. Design without harming life.
Keep it safe for people and the planet. Make safer functional chemicals.

5. Less is more. = 6. Save energy.
Minimise auxiliary substances. Choose mild reaction conditions.

7. Go renewable. % 8. Skip the extra steps.
Choose renewable raw materials. ﬂ They waste time and reagents.

9. Use catalysis. 10. Design for degradation.
Do more with less and reduce waste. Ease a faster and safer end of life cycle.

11. Monitor processes. i 12. Choose safer chemistry.
h

Prevent hazards before they form. Minimise risks like explosions or spills.

Figure 1.5. lllustration of the 12 Principles of Green Chemistry as a guide for innovation that balances scientific
progress with environmental responsibility.

Green and sustainable chemistry, however, are not always aligned: a green process might
use benign reagents and avoid hazardous byproducts but still rely on rare or non-renewable
feedstocks, or consume excessive energy, thereby failing some of the sustainability criteria.
Conversely, a process deemed sustainable for its net-zero carbon balance might involve

intermediates or catalysts that violate principles of toxicity reduction or waste minimisation.

To better capture this interchange, life-cycle assessment (LCA) became an essential tool.
By evaluating impacts “from cradle to grave”, LCA provides a holistic picture of sustainability,
covering climate impacts, human health aspects, and ecosystem effects. For instance,
applying LCA to plastic production has shown that simply shifting to bio-based feedstocks is
insufficient to meet sustainability thresholds, unless paired with high recycling rates of at
least 75% and CO: capture-utilisation.>® Aside of LCA, more than 70 distinct sustainability
metrics and over 600 quantifiable parameters have been proposed up to date, ranging from
reaction-level measures to global indicators grounded in the concept of planetary

boundaries®, in line with an increasingly consolidated international policy framework.

In 2015, alongside the Paris Agreement, all the 193 United Nations Member States adopted
the 2030 Agenda for Sustainable Development (Figure 1.6).5" The Agenda outlines 17

Sustainable Development Goals (SDGs) ranging from environment protection, poverty
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eradication, health, education, and gender equality to climate change mitigation.®? Several
of the SDGs are highly relevant to chemistry and directly connected to the conscious and
sustainable use of chemical processes. SDG 3 (“Good Health and Well-being”) calls for
limiting toxic substances and reducing air and water pollution. SDG 6 (“Clean Water and
Sanitation”) promotes safer solvents and advanced purification technologies. SDG 7
(“Affordable and Clean Energy”) highlights catalysis for renewable energy, sustainable fuels,
and batteries, while SDG 9 (“Industry, Innovation and Infrastructure”) stresses sustainable
industrial processes. SDG 12 (“Responsible Consumption and Production”) focuses on
resource efficiency, waste reduction, and circular chemistry. In parallel, SDG 13 (“Climate
Action”) targets GHG emissions reduction and chemical processes decarbonisation. SDG
14 (“Life Below Water”) calls for reducing marine pollutants, such as plastics and solvents,
while promoting valorisation of fishery byproducts - another central theme of this Thesis.
Finally, SDG 15 (“Life on Land”) emphasises reducing pesticides and contaminants to
protect terrestrial ecosystems. Overall, chemistry plays a pivotal role in at least 8 of the 17
SDGs, underscoring its central importance in the global transition towards sustainability.

(@) SUSTAINABLE g™ s,
“‘fh@b ’ DEVELOPMENT \J %’ ALS

DECENT WORK AND A 1 0 REDUCED

ECONOMIC GROWTH INEQUALITIES

N

(=)

13 CLIMATE 1 4 LIFE 15 PEAGE, JUSTIGE 17 PARTNERSHIPS
ACTION BELOW WATER AND STRONG FOR THE GOALS
INSTITUTIONS

92 SUSTAI l;IABLE
! @ DEVELOPMENT
™ GOALS

Figure 1.6. lllustration of the 17 Sustainable Development Goals of the 2030 Agenda. Reprinted from ©’
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1.3 From fossil to bio: the evolution of Carbon

Carbon has been embedded into our planet’s structure in a wide variety of chemical state
and atomic arrangements, from allotropes as graphite and diamond, to fossil hydrocarbons
deposits, and in living systems, in the molecular backbone of biomolecules as

carbohydrates, proteins, lipids, and nucleic acids.®?

Over the course of geological eras, organic matter including both plants and organisms
buried underground were transformed by heat and pressure into carbon-rich substances
such as coal, petroleum, and natural gas, possessing an astonishing ability to store chemical

energy in their bonds, which can be released by combustion in the presence of oxygen:
CxHy + (x+y/4)O2 — xCO2 + (y/2)H20 + Energy

This high energy density coupled to ease of storage and transportability, led to a massive
preparation and use of fossil fuels that became a pillar of industrial development, and
undeniably contributing to the technological advancement and economic growth of modern
societies. Fossil resources (coal, natural gas and petroleum) were also fundamental to the
birth of the modern industrial organic chemistry, for the productions of thousands of

chemicals and materials that are at the basis of our daily life. 54

The petrochemical industry, indeed, emerged as a natural evolution of the petroleum and
fossil fuels industry, driven by the will to use these raw materials not only as simple fossil
fuels for combustion, but also as chemical feedstock. Catalytic cracking and reforming
processes significantly marked this transition, making available a wide variety of low-cost
olefinic and aromatic building blocks on a large scale, such as ethylene, propylene,
methanol, benzene, toluene, and xylene. In 1921, the Union Carbide company set up in
West Virginia the first petrochemical industrial plant in the world, manufacturing ethylene
glycol and ethylene chlorohydrin as antifreeze for automotive. Two decades later, Dow
Chemical emerged as the next major producer of ethylene, beginning in 1941.5° Since then,
the global production capacity of ethylene increased up to 227.6 million metric tons between
by 2023, accounting for around 150 million tons of CO2 emissions annually and making it
one of the most significant building block from petrochemicals (Scheme 1.1) for both value

and environmental impact.®®
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Scheme 1.1. The estimated global market flow of ethylene which shows the five main intermediate chemical
products derived from ethylene. Adapted from ©7.
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Several other processes within the petrochemical industry soon emerged, defining the
chemical industrial landscape of the XX century. Among the earliest, the first large-scale
production of methanol from syngas - a mixture of carbon monoxide (CO) and hydrogen (H2)
in various ratios, generally obtained by the gasification of coal or natural gas - was pioneered
by BASF in 1923 at Leuna, Germany, employing zinc/chromium oxide catalysts under quite
harsh conditions: up to 300-400 °C of temperatures and 250-350 atm of pressure.®® It was
at this plant where methanol production reached 100,000 tonnes per year in 1936 and
200,000 tonnes per year during World War 11.%° A few decades later, in 1966, significant
improvements to the process were introduced by Imperial Chemical Industries (ICl) at
Billingham, UK, where the methanol was synthesised operating with Cu/ZnO catalysts at
milder conditions of 300 °C and 100 atm, reducing the energy required. Many further
implementations have been carried out through time and more industrial plants have been
opened to meet the production needs, which almost doubled in the last decades and
reached 98 million tons per year in 2023, 69% of which is used to produce many other
important chemicals, including formaldehyde, acetic acid, polyethylene and
polypropylene.”®’" Latest projections estimate that this number might reach 500 million tons
per year by 2050, generating 1.5 billion tons CO2 emissions if produced exclusively from

fossil fuels.”

In parallel, one of the most influential processes of the XX century emerged, establishing for

the first time a catalytic route to synthetic fuels from coal-derived syngas: the Fischer-
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Tropsch process (Scheme 1.2). Developed in 1926 by Franz Fischer and Hans Tropsch at
the Kaiser Wilhelm Institut for Coal Research in Mllheim, Germany, in collaboration with the
Ruhrchemie Company, this process demonstrated the feasibility of transforming the CO +
H2 mixture into liquid hydrocarbons. The reaction proceeds in the presence of transition-
metal catalysts, such as iron, cobalt, nickel or ruthenium, typically under conditions of 200-

350 °C and pressures of tens of bars."?
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Scheme 1.2. The original Fischer-Tropsch process scheme from U.S. Naval Technical Mission in Europe
Technical Report No. 248-45 The synthesis of hydrocarbons and chemicals from CO and H2 (1945).

By 1938 a large-scale application of the Fischer-Tropsch process was represented by
several plants already in full operation, and by 1945 their combined capacity reached
approximately 600,000 tons per year, primarily aimed at meeting the energy demands of
wartime Germany.”®>74 During the 1940s, Fischer-Tropsch hydrocarbons also started to be
subjected to controlled oxidation with air, giving rise to mixtures of alcohols, ketones, esters
and carboxylic acids. At the same time, investigations about the addition of ethylene during
the process led to the synthesis of aldehydes and the discovery of the effectiveness of

cobalt-based catalysts, such as HCo(CO)4, in the hydroformylation process.

Thus, in 1938 Otto Roelen discovered the Oxo process “for the preparation of oxygen-

containing compounds in which unsaturated hydrocarbons (e.g., olefinic hydrocarbons) are
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treated at elevated pressure and temperatures up to approximately 200 °C with water gas

or other gas mixtures containing carbon monoxide and hydrogen”.”

The process was industrialized by Ruhrchemie/Rhéne-Poulenc, establishing the synthesis
of aldehydes from syngas and olefins. Subsequent work later demonstrated that tributyl
phosphines (PBus) were more effective ligands for improving the selectivity of aldehydes
obtained from cobalt-catalysed processes. From the 1970s onward, cobalt catalysts were
replaced by more effective rhodium-based catalysts, that would later evolve into multiphase
catalysis,”® to be described in more detail in the following section and in Chapter 2. The
hydroformylation process still represent today one of the most important examples of
homogeneous catalysis application in industry, accounting more than 12 million tons of oxo

products synthesised every year.”’

The race for bulk chemical production in the last century was accompanied by other
significant innovations and developments, such as the olefin metathesis reaction in the
1960s7® - still applied today in several industrial processes, including the Shell Higher Olefin
Process (SHOP) for the production of linear a-olefins and the Phillips Triolefin Process for
the production of propylene’ - a discovery that earned Yves Chauvin, Robert Grubbs, and
Richard Schrock the Nobel Prize in Chemistry in 2005.

Major breakthroughs in polymerisation chemistry also market the second half of the XX
century, most notably with the advent of the titanium-based Ziegler-Natta catalysts, which
enabled the stereoselective synthesis of isotactic polypropylene in 1957.8° Polypropylene
soon became popular due to its outstanding mechanical properties and versatility, and today
is the second most abundant global plastic product after polyethylene, accounting for the
17% of the total plastic produced.®! Along with polyethylene (24%), polyethylene
terephthalate (17%), polyvinyl chloride (11%), polyurethane (5%), polystyrene (5%), and
other key styrene-based plastics (2%) such as styrene-acrylonitrile and acrylonitrile-
butadiene-styrene, these materials together account for about 80% of global primary plastics

production from fossil resources (Figure 1.7).%2

Global plastic production, which reached a total of 460 million tonnes in 2019, is one of the
major sources of GHGs emissions, accounting alone for roughly 2.24 billion tonnes of CO2-
equivalent emissions in 2019 and 5.3% of the world’s total emission for that year,® with

future projection estimating these numbers potentially tripling by 2060.83
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Figure 1.7. Distribution of global primary plastic production from fossil resources in 2019. Adapted from 82,

Unfortunately, the versatility and extended use that made fossil resources such effective
energy carriers and building blocks for chemistry and material science were also the major
responsible for their environmental impact throughout history. Alongside climate issues,
another spread critical concern is the depletion of fossil carbon resources. Extraction and
use of fossil materials, formed in a finite amount over geological timescales, raise questions
about their long-term availability, with all the geopolitical vulnerabilities associated with their

supply chain.8

Although fossil resource estimates rely on very well-established classification methods, they
remain subject to several and significant uncertainties. These do not concern only physical
or technical aspects, but also economic, socio-political, and sustainability dimensions. Fossil
resources are generally divided into different categories - such as already produced,
economically recoverable, potentially recoverable, and yet-to-be-discovered - each one
associated with a different degree of uncertainty in both economical evaluation and physical
quantification.®®> Even with the aid of advanced extraction technologies, a complete
knowledge of underground deposits remains often difficult to reach, and in any case the
share considered “economically recoverable” depends strongly on market prices. Moreover,
climate targets set by the 2015 Paris Agreement require a substantial portion of known
reserves to remain unextracted to stay below the +1.5 °C carbon budget. This would imply

leaving in the ground roughly 60% of global oil and fossil methane gas reserves, and more
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than 90% of coal.® In reality, the immediate risk is not that fossil fuels will be physically
exhausted in the short term — they are expected to still last several decades®® — but rather
that burning all currently classified “recoverable” reserves would far exceed climate target

limits, with catastrophic consequences for our planet.

The global energy demand (Figure 1.8) grew by 2.2% in 2024, a notably faster rate than
the annual average of 1.3% seen between 2013 and 2023, reaching 650 exajoule of energy
(about 15,500 million tonnes of oil equivalent). Although global energy systems and the
production of chemicals and materials remain overwhelmingly dependent on fossil-derived
feedstocks, growing attention and investment have been directed towards hydroelectric,
solar, wind, hydrogen, and biomass as alternative renewable energy sources.®” Global oil
demand growth, indeed, slowed in 2024, rising by 0.8%, after increasing by 1.9% in 2023,
while other non-fossil fuel energy sources (including nuclear and renewables, bioenergy and
waste) grew by over 5% in 2024, and made up nearly half the total growth in global energy

demand in the year.888
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Figure 1.8. Global primary energy (available as resources, before it has been burned) consumption by source,
over time (1850-2024). Energy values are expressed in Terawatt-hours (TWh; 1 Watt-hour is equivalent to
3600 joules of energy) and are adjusted for efficiency losses (substitution method). % Adapted from 91,

18



Biomass is already part of the natural carbon cycle, and when managed under sustainable
frameworks, its use can limit additional net CO2 emissions, while simultaneously reducing

fossil resources dependency.

The concept of biorefinery started to emerge in the early 2000s.% Just like a petroleum
refinery, a biorefinery integrates conversion processes for the production of fuels, energy,
and valuable chemicals, where, instead of crude oil, the feedstocks are renewable resources
such as agricultural residues, forestry byproducts, and organic waste, minimising the waste

stream and enhance the overall environmental beneath of bio-based industries.

First-generation biofuels come from sugar, starch, and oil crops that are also used for food,
e.g., bioethanol from sugarcane or corn, and biodiesel from rapeseed or soybean. Global
bioethanol production reached about 51 billion litres in 2006, with the United States (19.8
billion litres) and Brazil (17.8 billion litres) as the leading producers, while the European
Union contributed approximately 3.4 billion litres.®® Although these biofuels demonstrated
measurable reductions in GHGs emissions® compared with conventional fossil fuels, they
also raise concerns about their long-term sustainability because they compete with food
production and rely on land, fertilizer, and water reserve. To overcome these limitations,
since 2008 second-generation biofuels have been developed from non-food sources,
especially lignocellulosic biomass such as agricultural residues, forestry byproducts, and
dedicated non-food energy crops.®® Whitin this feedstock, the carbohydrate fractions
(cellulose and hemicellulose) can be hydrolysed into fermentable sugars and converted into
bioethanol or biomethanol, while lignin can be valorised as a precursor for high value

biochemicals.%

This way, and unlike first-generation processes which only use a fraction of the above-
ground biomass (like seeds or grains), second-generation technologies are able to exploit
the whole plant, improving efficiency.®” The climate benefits of these fuels depend heavily
on the feedstock and the production pathway, with biomass supply generally varying on
availability and productivity of land, accessibility of residues and waste.8®

Today biorefinery offers clear advantages by producing both energy carriers and a wide
spectrum of bio-based chemicals, with major outputs including bioethanol, biomethanol,
biodiesel and biomethane, as well as glycerol, sorbitol, lactic acid, furan dicarboxylic acid,
succinic acid, and levulinic acid, among many others.®® These represent valuable building

blocks for bioplastics, solvents, and pharmaceuticals. Future projections indicate that
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renewable fuels, particularly biomass-derived fuels, are expected to play a growing role, with

estimates suggesting they could replace up to 27% of petroleum-based fuels by 2050.%°

After nearly a century since its development, even the Fischer-Tropsch process has been
reframed within the context of green chemistry and global decarbonization targets, with the
development of the BtL (Biomass to Liquid) technology, a process which consists of
gasification of the biomass to produce syngas, followed by Fischer-Tropsch synthesis and,
finally, distillation of the liquid hydrocarbons, enabling the production of environmentally

friendly synthetic fuels and bulk chemicals from biomass. %

More recently, research has increasingly focused on the use of industrial off-gases and even
captured CO: as alternative carbon sources their own,®” or in combination with bioenergy to

achieve negative emissions (Scheme 1.3).1

[m= === == === === - 1
Carbon Capture I g gg‘\;\?:g

Power Plant

carbon
o —1— co, — RS
emissions I

I l Gas

coal-fired purification

|

|

|

I .
I generators unit
|

|

|

|

Power Plant

) _ ) OUTPUT
g2 gas boiler HEAT

Scheme 1.3. Energy flow diagram of integrated energy system with CCUS technology. Adapted from 102,

The prevailing idea is, indeed, to develop integrated production systems - whether for
energy, chemicals, or materials production - where different technologies are synergistically
combined to enhance efficiency, sustainability, and added value. A transition to a low-carbon
future cannot rely on a single technological route, but requires integrated approaches that
orchestrate multiple, complementary strategies for carbon management. Biomass
represents only one component of the renewable energy landscape and, on its own, cannot
deliver the scale of emission reductions required, especially when land-use impacts and
feedstock fluctuations are considered. For this reason, integration with other measures, such
as energy storage systems'® and energy recovery from industrial by-products'® is

increasingly promoted within the framework of a circular carbon economy.
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Waste CO:itself, indeed, could become an excellent source of carbon. For example, CCUS
(carbon capture, utilization, and storage) is becoming a technological pillar in the fight
against climate change.'® This approach involves extracting CO2 emissions from industrial
processes, transporting the gas, and either storing it in geological formations or using it to
produce new products. CCUS is widely recognized as a necessary bridge technology,
especially in those sectors hard to decarbonize, like heavy industry and transport. Research
into new materials and membranes, such as carbon molecular sieve membranes, has
shown promise in improving the efficiency and cost-effectiveness of CO2 separation. Major
challenges, however, remain the scaling up of these technologies, the minimization of

energy inputs, and the long-term stability of CO2 storage.'”’

Scientists, engineers, policymakers, and, especially, an informed public must engage in
shared efforts to develop, adopt, and adapt solutions towards the carbon neutrality.'® In this
context, an emblematic case is the ARC Centre of Excellence for Carbon Science and
Innovation in Australia, which represents a strategic measure for the growing need for
advanced carbon-based technologies. Supported by the Australian government, this centre
conducts pioneering research on carbon-based materials derived from renewable sources,
emphasizing sustainable approaches to energy storage, advanced carbon catalysis, and
functional materials.'® Its mission reflects a broader global transformation, that not only
addresses environmental challenges but also entails cultural, social, and economic change,
requiring a fundamental rethinking of how resources, materials, and waste are evaluated

and, where possible, reused, as will be discussed in greater detail in the following sections.
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1.4 Sustainable carbon-based materials for catalysis and beyond

As a natural extension of the expansion of a variety of sustainable carbon management
strategies, recent years have seen a growing demand for the development of carbon-based
technologies, in which the remarkable versatility of carbon, particularly when obtained from
renewable sources, represents a key element for the transition towards the production of
low-impact energy and materials. Inspired by nature, materials scientists and engineers
have made significant progress in developing advanced carbon materials, such as activated
carbons and carbon aerogels, using carbon from renewable sources like biomass or directly
from CO2.79%1% Qwing to their low density, high porosity, and tuneable texture, these
materials are increasingly finding applications not only in modern industry but also in a wide
range of sectors of everyday life, such as water treatment and heavy metals removal, air
purification and capture of toxic gases, catalysis or as catalyst supports, additives, food
processing and sustainable/biodegradable packaging solutions as alternatives to

conventional plastics.'0%-112

A striking number of studies have focused on synthesising activated carbons from biowaste,
showing that by precisely controlling experimental parameters is possible to tune the surface
area, pore volume, and pore-size distribution to achieve highly specific properties.''3114
Within these processes, the initial waste material is usually subjected to an activation step,
which can be either physical (direct carbonisation at high temperature, up to about 1000 °C,
using oxidizing gases such as steam, CO: or N2), chemical (typically carried out by mixing
chemical activating agents, such as acids, bases, oxidants or dehydrants, with the biomass
through an impregnation step before carbonisation), sometimes physiochemical (which

combines the aforementioned two), or even microwave-assisted (Scheme 1.4).707.114
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Scheme 1.4. Synthesis of activated carbon through different physical/chemical activating methods.
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Materials obtained through these approaches can differ significantly, exhibiting a wide range
of properties suitable for diverse applications. For example, gas adsorption capacity can
vary considerably: CO2 uptake in many materials is in the range of 2-7 mmol/g, strongly
depending on pressure, temperature and pore size (with micropores, typically <2 nm, being
especially effective for CO2 uptake at low pressures). 13115116

These materials can be produced from a wide variety of starting substrates, such as wood,
agricultural residues like rice husk or corn cob, fruit stones, nut shells, grape stalks,

pomegranate seeds, oil-palm stones, and many others (Figure 1.9).""7
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Figure 1.9. Different substrates for biomass valorisation in activated carbon synthesis.

However, the porosity of activated carbons is not only essential for adsorption but also has
a huge potential in catalysis. Within this context, the well-developed pore network of
activated carbons offers a perfect support for catalytic materials. This structures, indeed,
provide multiple anchoring sites for highly dispersed metal nanoparticles, maximizing the
number of accessible active sites and, in turn, enhancing the catalytic efficiency.'”11°
Moreover, beyond their textural properties and the obvious sustainability benefits, biomass-

derived activated carbons exhibit an astonishing chemical versatility, as their surface can
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result into a highly functionalised latticework with oxygen-, nitrogen-, or sulphur-containing
groups of which the starting biomass was rich, that tailor metal-support interactions and

enhance selectivity.

This unique combination of structural and chemical features makes them ideal candidates
for heterogeneous catalysis, a field that plays a preeminent role in sustainable chemistry,
mostly due to ease of synthesis, recyclability and industrial scalability of heterogenous
systems, which make them not only economically attractive but also instrumental in reducing

the carbon footprint of chemical processes.'?

Shifting from homogeneous to heterogeneous catalysis can lower the overall environmental
impact by orders of magnitude, especially when using metals supported on renewable
materials.’?"'22 LCA analyses have highlighted an emblematic case in the palladium-
catalysed Sonogashira reaction. Cross-coupling reactions (which earned the scientists
Richard Heck, Ei-ichi Negishi, and Akira Suzuki the Nobel Prize in 2010) play a central role
in the synthesis of chemical building blocks, yet they are largely dominated by homogeneous
catalysis with soluble complexes of precious metals.'?? It has been demonstrated that an
appropriately designed heterogeneous palladium single-atom catalyst (SAC) supported on
nitrogen-doped carbon can drastically lower the environmental impact of the reaction in
terms of GWP (60 times lower al second catalytic cycle in comparison to the homogeneous

counterpart), impacts on human health, ecosystem quality, and resource use.'?*

Bio-based carbon-supported metal catalysts are widely employed in diverse heterogeneous
catalytic processes, mostly including hydrogenation of organic compounds, selective
oxidation of alcohols and biomass-derived molecules, and degradation of environmental
pollutants. Thanks to their properties, bio-based carbons have emerged as indispensable
scaffolds for next-generation catalytic systems, effectively bridging industrial efficiency with

environmental awareness. 1257130

A remarkable sustainability concerns in metal-based catalytic systems remains the reliance
on precious and rare elements such as palladium, platinum, rhodium, and iridium. These
metals are associated with high costs, geopolitical supply risks, significant environmental
burdens during their extraction and refinement, and are proven endangered with risks of

shortage in the medium/long term.®

The EuChemS Periodic Table of Element Scarcity (Figure 1.10), first released in 2019,
provides a clear and explicative overview of the general scarcity of elements resulting from

excessive and uncontrolled human-driven overexploitation. The most recent 2023 version
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introduced a new deep shade of red for carbon, nitrogen, and phosphorous to highlight
elements that humans are using in such a way that they are causing irreversible
environmental damage. This colour emphasizes the disruption of the biogeochemical cycles
with repercussions on the biosphere. Lithium’s colour also has changed, from yellow to
orange, reflecting an increased risk of shortage due to the fabrication of batteries.™’

The 90 natural elements that make up everything
How much is there? Is that enough? Is it sustainable?

1976, 49, 17-18

Inspired by WF Sheehan's ‘A Penodic Table with Emphasis’ published in Chermnistry,

Availability Sustainability
! '
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Serious Rising threat Limited . Plentiful nthatic: | Serious global Fromconflict | [ Elements
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next 100 years increased use future risk to ! through overuse ! smart phone

supply

Figure 1.10. The 90 natural elements that make up everything has been drawn so that the area occupied by
each element gives an indication of the amount (numbers of atoms on a logarithmic scale) of that element in

the Earth's crust and atmosphere. '’

Beyond policies and educational measures aimed at raising awareness about the
sustainability of elements crucial to research in catalysis, the scientific community has
increasingly embraced the importance of addressing this issue. Current literature highlights
a growing amount of works focused on replacing precious metals with more abundant, less
toxic, and more sustainable alternatives based on earth-abundant metals like iron,

manganese, nickel, and molybdenum. 132138

Yet, this transition is not without issues, and it requires not only a re-design of the catalyst,
but very often, also of the reactors and reaction conditions. Remarkable advances within
this field have been reported by introducing agueous/organic multiphase environments

where phase separation is used to isolate products or recover catalysts or both.
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This topic, briefly discussed below, is one of the core issues of this Thesis and will therefore

be explored further in Chapter 2.

The concept of multiphasic catalysis basically relies on the possibility of confining a catalyst
into a separate and immiscible phase with respect to that where both reagent(s) and
product(s) are dissolved. In line with the principles of green and sustainable chemistry,'°
this configuration has offered significant advantages in terms of both reducing solvents
required for the extraction and purification steps and enabling recycling techniques for the

catalytic system.

Developed in 1968, the Shell Higher Olefin Process (SHOP) was one of the first examples
of biphasic catalysis for oligomerisation of ethylene into a-olefins (Scheme 1.5). With more
than one million tonnes of alpha-olefins produced every year, the SHOP process is still one
of the most significant industrial processes based on homogeneous transition-metal

catalysis. 39140

P, ..
c=C » a-olefins (SHOP-Process)
_ phase 2 Two phases are formed.
_C=C || 14-butanediol > phase 1: butanediol and catalyst

phase 2: a—olefins
which can be ,spooned” off

+ catalyst

t

phase 1

Catayst recycle

Scheme 1.5. Schematic representation of the SHOP process for oligomerisation of ethylene into a-olefins
catalysed by square planar PO-chelate-Ni-complexes. Reprinted from 139 with permission.

From this case on, a myriad of other metal-catalysed processes has been successfully
reported under multiphase conditions for both homogeneous and heterogeneous systems,
including hydrogenation™' and hydroformylation'* processes, C-C and C-X bonds
formation,’ alcohols oxidation,'* tandem reactions,'#® as well as chemical upgrading of
biomass.'6147 |n particular, multiphasic systems using heterogeneous catalysts have long
been recognized as versatile platforms for batch and continuous-flow reactions for their
ability to integrate the reaction step, separation, and recycling to reduce both the energy

demand and environmental challenges.8-1%0
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The choice of immiscible phases (both the reaction solvent and the catalyst(s) segregating
medium) represents one the most critical parameters in the design of such systems, as it
influences mass transfer, phase behaviour, and catalyst stability. %52 Besides traditional
organic solvents, water, the quintessential green medium has often been introduced as an

immiscible polar phase to facilitating product separation and catalyst recycling.'?

An increasing attention has been directed also at non-traditional media, including ionic
liquids (ILs), supercritical fluids (like supercritical CO2) and deep eutectic solvents (DES).
These alternatives offer tuneable properties and, in many cases, a reduced environmental
impact. Among them, ILs represent an emblematic case. As per their definition, ILs are
organic salts that are liquids in the proximity of ambient conditions, and they offer several
advantages over conventional solvents, such as non-volatility, thermal stability, and highly
customizable properties to improve extraction/reaction selectivity, that made them

favourable in terms of energy demand and reduced footprint. '

One of their key features is the ability to create systems in which (mostly) a heterogeneous

catalyst can be segregated in an ionic liquid phase where it can:
i) promote a reaction occurring in a different (aqueous or organic) medium; and

i) be recycled virtually indefinitely without loss of catalytic activity, while never being

removed from the reaction vessel.

Interfacial phenomena between different immiscible phases have often resulted in surprising
rate accelerations and/or unique selectivity. This concept/configuration has been intensively
investigated also by our group. One example is the regioselective Ru/C-assisted catalytic
oxidation of HMF (5-hydroxymethyl-furfurale) into DFF (2,5-diformylfuran), HMFCA (5-
hydroxymethyl-2-furancarboxylic acid), FFCA (2,5-formylfurancarboxylic acid), and FDCA
(2,5-furandicarboxylic acid) obtained with complete conversion and high selectivity under
three different multiphase configurations and mild temperature (90-130 °C): a combination
of water/isooctane was effective in synthesising FDCA (91% isolated yield), whereas the
same system added of [Nsss1][CI] (methyl trioctylammonium chloride) as an ionic liquid third
phase provided FFCA (89% yield); once FFCA was obtained, a simple one-pot two-step
protocol under hydrogen-assisted reductive conditions was effective in obtaining HMFCA
(85% vyield), and finally, a different combination of acetonitrile/isooctane allowed the
synthesis of DDF (96% isolated yield).
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Among other applications, it was found that in a multiphase system comprised of water,
isooctane, and [Nsss1][Cl] (methyl trioctylammonium chloride) as an ionic liquid, the oxidation
of benzyl alcohol to benzaldehyde occurred with a very high selectivity (up to 99%, at a
conversion >95%), by replacing costly and endangered Ru/C with much cheaper and
available bio-based Mo/C,'%® a catalytic process that will be further detailed in Chapter 2.

Albeit highly versatile, the multiphase catalysis either |IL-assisted or not, requires specific
requisites for the catalysts; in particular, heterogenous catalysts must be very often
supported on carbon-based materials of moderate hydrophobicity and surface acidity to
grant phase segregation in an ionic liquid or a hydrocarbon medium.'®” These characteristics
have proved interesting in stimulating studies aimed at the fabrication of catalytic supports
based on innovative carbon materials such as, for example, bio-based materials.
Interestingly, a recent work of our group has demonstrated that a N-doped carbon support
derived from a natural biopolymer as chitin, was excellent to immobilize Pd-nanoparticles
active to catalyse hydrogenation reactions: in this case, cinnamaldehyde was exclusively
converted to hydrocinnamaldehyde in a triphasic (liquid-liquid-liquid) batch reactor where
the catalyst was compartmentalized in an ionic liquid layer. No carbonyl reduction was
observed. p-Type dopants like nitrogen, were assumed to induce more negatively charged
supports, causing palladium to display more electropositive behaviour'®® Noteworthy, by
changing the catalysts and the multiphase environment, other Authors observed a different
reaction: in the presence of a Pt/C catalyst, in a (liquid-liquid) biphase of an aqueous alkaline
solution and toluene, cinnamyl alcohol was the sole product.'*' However, materials science
research on bio-sourced functional carbon-based materials is not just about catalysts and
their supports. The transition towards greener chemical processes extend to a range of
advanced technologies based on safe, efficient, and sustainable materials, including
fullerenes, nanotubes, nanoparticles and graphene, and more, that are key players for
energy storage systems, photovoltaic devices, and fuel cells, among others. Nanomaterials,
typically identified by having at least one spatial dimension measuring less than 100 nm,
possess physical and chemical behaviour which often differ dramatically from those of the
bulk material. Based on how many dimensions fall within this range, nanomaterials are
categorized as nanoplates (one nanoscale dimension), nanofibers (two), or nanoparticles,
in which all three dimensions are below 100 nm. Because of their high surface/volume ratios
and quantum or surface-driven phenomena, they can exhibit peculiar optical properties or
changes in thermal and electrical properties, but also enhanced reactivity, conductivity, and
mechanical strength.
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Over the years, carbon-based nanomaterials (Figure 1.11) have attracted major scientific
attention and recognition, including several prestigious awards such as the 1996 Nobel Prize
in Chemistry, awarded to Robert Curl, Richard Smalley, and Harold Kroto for the discovery
of fullerenes, and the 2010 Nobel Prize in Physics, jointly awarded to Andre Geim and
Konstantin Novoselov for their pioneering work on graphene, a one-atom-thick, two-

dimensional lattice of carbon atoms.
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Figure 1.11. Pictorial representation of common carbon-based nanomaterials and their applications.

The current interest in these functional materials relies not only on the range of applications
they may be designed for, but also on the preparation methods and customization
opportunities that increasingly align with the principles of sustainability. These materials are
generally synthesized using two complementary strategies: top-down and bottom-up
approaches, both of which can directly influences the size, shape, and properties of the
resulting products. Top-down approach involves breaking down the size of a bulk structure
to the nanoscale and the bottom-up approach involves build-up of nanostructures from even

smaller components, like molecules and atoms.'®®
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An exciting category of such carbon-based nanomaterials is represented by carbon quantum
dots (CQDs), also simply known as carbon dots. Carbon dots are tiny carbon-based particles
with special photoluminescent properties, being able to efficiently absorb light and then re-
emit it at different wavelengths. Their fluorescence is not only beautiful but also useful in
many applications such as bioimaging, sensing, photocatalysis, batteries, and

electronics. 160

An attractive features of carbon dots is that they can be synthesised from a very wide range
of carbon-rich substrates: among them inexpensive natural or waste-derived feedstocks as
agricultural residues, by-products from the food industry, biowaste from fisheries, and other
biomass sources, are increasingly being used as sustainable starting materials, with the
double aim of reducing cost and environmental impact while enabling surface

functionalisation with useful heteroatoms-rich functional groups. 6162

A striking application of carbon dots is their use as additives or interfacial layers in aqueous
zinc-ion batteries (AZIBs). This topic is explored in more detail in the following section as it
has been part of the research carried out in this doctoral thesis. As an example, carbon dots
with abundant zincophilic functional groups such as —CHO or —C=N, when employed as an
artificially formed interface layer on Zn anodes, have been shown to markedly reduce the
nucleation barrier for Zn?*, achieve more uniform zinc deposition, suppress parasitic side

reactions (including hydrogen evolution reaction, HER), and prolong cell life.'63

N-doped Carbon Quantum Dots (N-CQDs) have been recently synthesised from bio-sources
such as chitin and chitinous-containing fishery biowaste and used as an electrolyte additive
in AZIBs. This study demonstrated remarkable improvements in suppressing Zinc dendrite
formation and promoted uniform zinc deposition at current densities up to 20 mA/cm? for 4
hours of plating, with performances linked to their specific chemical and physical properties.
This topic will be examined in more depth in Chapter 4, where the synthesis of carbon dots
from chitin, crustacean shells, or other fishery waste will be explored, together with their

integration in zinc battery systems.
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1.5 Circular economy: a revised concept of waste

The linear economy based on "take—make—use—dispose" has deeply dominated our society
during the industrialisation process. Within this traditional model, raw materials are extracted
from nature, used to make products, and then these products thrown away once no longer
needed (Figure 1.12).764

X : USE %  DISPOSE

Figure 1.12. Pictorial illustration of the linear economy traditional model of "take—make—use—dispose".

Despite having helped economies to grow quickly for almost 200 years, the linear model is
intrinsically unsustainable on our planet, bringing to the production of large amounts of
waste, environmental pollution, and the depletion of limited natural resources. Global
warming, microplastic dispersion, ocean acidification, and escalating material scarcity
across industrial value chains, that have longed been ignored, are becoming increasingly
visible by now, and will only become more pronounced in light of a global population that is
expected to reach 9.7 billion individuals by 2050, along with the demand for raw materials

and energy.

In 1989, David W. Pearce and R. Kerry Turner first introduced the term “circular economy”
to describe an economic system that mimic natural ecosystems, where nothing is wasted,
and everything could become input for another process, encouraging this way recycling,
reusing, repairing, and remanufacturing, instead of throwing things away.'®® The concept of
the circular economy has then re-emerged in recent decades as a response to pressing
global challenges related to environmental degradation and climate change, with its
popularity growing significantly after the raising awareness efforts made by the sailor and
philanthropist Ellen MacArthur. In 2005, while completing her solo sailing trip around the
globe, she experienced first-hand the need to manage limited on-board resources with care
and efficiency — an insight that inspired her to argue that humanity should adopt a similar

mindset in managing Earth’s finite resources.
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“The linear system, which depletes natural resources and generates waste, is deeply
flawed and can be productively replaced by a model in which waste does not exist as such

but is only food for the next cycle” — Ellen MacArthur

Inspired by this vision, researchers, policymakers and many others began to rethink how
design, use, and reuse materials and resources in a more responsible and sustainable way.
The circular approach is based on a continuous loop in which materials are used more
efficiently, pollution is reduced, and products are designed for longer use and reuse, turning

a traditionally considered waste into a resource for future value creation (Figure 1.13).

Figure 1.13. Pictorial illustration of the circular economy closed loop, represented as a regenerative systemin
which materials are specifically designed to sustainably remain in circulation through up-grading recycling.

Across Europe in particular, the recognition that manufactured goods and the use we make
of them can have a significant impact on our environment, led the introduction of the
Ecodesign for Sustainable Products Regulation (ESPR), which came into effect in mid-2024
to make products on the EU market more sustainable by boosting their circularity, energy
efficiency, recyclability, and durability. Other Countries are moving in the same direction, with
France (Anti-Waste and Circular Economy Law, 2022), Scotland (Circular Economy Act,
2024), and Australia (Product Lifecycle Responsibility Act of NSW, 2025) launching their

national legislation to support this transition and holding manufacturers accountable for the
32



lifespan of their products, “from cradle to grave”, aligning with the Sustainable Development
Goals of the 2030 Agenda.

Chemistry plays a crucial role in this context, accounting for a large portion of industrial
production (and waste generated), and is therefore central to implementing circular
economy. In chemical research and material science, this circular model translates into the
development of processes and technologies for waste valorisation and recovery of valuable

compounds and polymers (waste-to-chemicals, waste-to-energy).

Among global waste streams, biowaste represents a significant and underutilised fraction.
It refers to any biodegradable waste from food, agriculture, forestry, fisheries, and organic
industrial by-products, including plant trimmings, shells, bones, offal, and sludge, often
undervalued, despite its rich composition of bioactive compounds, nutrients, and structurally
valuable polymers.'®”-'%® Hydrothermal carbonisation and pyrolysis of lignocellulosic
residues are few of the most common strategies of biowaste valorisation for the production
of carbon-rich materials such as hydrochar/biochar, biooils and platform chemicals.®?
Through anaerobic digestion, biomass can be transformed into biomethane.'”%'""
Fermentation of carbohydrate-rich residues enables the generation of bio-based chemicals,
such as organic acids and ethanol,'”? whereas food waste composting results effective to

produce organic fertilizers (Figure 1.14)."73

Top
Priority
Hydl'Othermal Hydrochar/functional materials for a wide
carbon isation variety of applications.
= Low-tech method for the production of organic
Fermentatlon acids and supplements.
BIO-fUElS Organic waste valorisation useful to reduce
prod uction fossil resources dependence
Pyr°|y5|5 & Cost-effective methods for the
Digestion production of fertilisers.
Low composting Eco-friendly alternative to landfiling and open
F'riority dumping, but low prospective options.

Figure 1.14. Example of biowaste valorisation strategies from low (bottom) to high (top) priority.
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Other high-value routes of biowaste valorisation, especially those enabling the recovery of
bioactive compounds, such as antioxidants, polyphenols and structurally valuable
biopolymers, include the development and use of green extraction techniques, which seek
to reduce energy input, avoid toxic chemicals, and maintain the structural integrity of

sensitive biomolecules.*

Cutting-edge methods include several fast, energy-efficient techniques, as supercritical fluid
extraction (SFE), ultrasound-assisted extraction (UAE), and microwave-assisted extraction
(MAE), useful to isolate compounds suitable for nutraceutical and food applications.'”®
Enzymatic hydrolysis and subcritical water extraction (SWE) are further methods interesting

for their sustainability, scalability and versatility.'”®

Within this context, deep eutectic solvents (DESs) and ionic liquids (ILs) recently gained
attention as a class of green extraction solvents.’’-8 Both lipophilic species such as
omega-3 fatty acids, '8! carotenoids,'® and essential oils,'® and more polar derivatives like
phenols, antioxidants, or proteins can be selectively extracted with high yields and preserved
bioactivity.'818 |Ls such as [Ch][Lys] (choline lysine), for instance, have demonstrated
astonishing capability to selectively extract lignin (up to 60 wt.% yield) from rice straw and
other lignocellulosic waste. and at the same time, they can be reused across several cycles,

up to 5, without significant decrease in delignification efficiency.8-188

An ILs-assisted green extraction approach for chitin recovery from biowaste, specifically
crab shells, has recently been developed within our research group.'® In particular, high-
quality chitin was isolated almost quantitatively by synthesising formate-based ILs in a one-
pot sustainable process. This topic, together with the valorisation of fishery waste,
represents a central theme of this thesis and will be further discussed in the following

sections and in Chapter 3.

Overall, these technologies, albeit offering a lot of opportunities, are not without challenges.
Scalability, cost-efficiency, and biodegradability (especially for ILs), still represent issues to
be addressed to close the loop in resource use.
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1.6 Fishery waste valorisation

Aquatic foods like fish, shellfish, and seaweeds, are among the most nutrient-dense sources
available, providing omega-3 fatty acids, essential micronutrients and high-quality protein,
being especially important in areas where food insecurity is widespread.'® Global seafood
production (Figure 1.15) has reached over 200 million tonnes per year and a value of $472
billion in 2022, with much of this growth coming from aquaculture.’® Alongside this
impressive production, however, comes a significant amount of waste. In a 2025 report, the
Food and Agriculture Organization (FAO) of the UN outlined that the global edible aquatic
Food Loss and Waste (FLW) reached 23.8 million tonnes in 2021, representing the 15% of
the total aquatic food produced that year.'® This trend reflects many inefficiencies
throughout the entire value chain, from production and processing to distribution and end

use, and pose serious environmental and ethical challenges.
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Figure 1.15. Fish and seafood production (2022) around the World, as sum of fish from aquaculture and wild
fish catching. '3 Adapted from 194,

On the other hand, fishery waste from the seafood industry represents an excellent source

for valorisation.'® This biowaste contains approximately 58 + 5% proteins, 19 *+ 6% fats, 1

* 1% fibre, 22 + 3% ash, and mineral elements (including Ca, P, K, Na, Mg, Fe, Zn, Mn, and

Cu), in a variable composition according to fish species, sex, age, nutritional status, season,
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and health conditions. The extent and nature of food loss and waste in aquatic supply chains
vary considerably across regions, species, and stages of production and distribution.'% In
low- and middle-income countries, losses can reach up to 40% and tend to occur shortly
after harvest, largely due to lack of cold storage, poor handling, and inefficient transport. '’
By contrast, in higher-income countries, most losses occur at retail and consumer levels,
frequently driven by consumer expectations for appearance and market standards, over-
purchasing, and misunderstanding of labelling terms like “best before”.'® In addition,
another issue is the edible biomass lost in the sea due to unintentional capture of non-target
species, known as bycatching, which is responsible for the discard of fish that are either
undersized, unmarketable, or caught in excess. These losses not only reduce food for
human consumption but also raise sustainability and social concerns in terms of inefficient

use of resources and energy.

An issue with fishery waste valorisation is the perishability and the short shelf life of aquatic
species that make them vulnerable to spoilage. Indeed, fish spoilage quickly occurs after
death due to proteolytic enzymes that initiate the breakdown of adenosine 5'-triphosphate
(ATP). These leads to the sequential formation of ADP, AMP, IMP, inosine, and
hypoxanthine, and weakens muscle structure and reducing water-holding capacity.
Simultaneously, microbial populations proliferate in the flesh, metabolizing nitrogen-rich
substrates such as free amino acids and peptides. This activity generates many volatile
compounds, including biogenic amines (histamine, cadaverine, putrescine), trimethylamine
(TMA), ammonia (NHs), organic acids, sulphides, alcohols, aldehydes, and ketones, which

are responsible for unpleasant taste and smell."

As in general for biowaste, valorisation of fishery waste can involve several high-impact
strategies (Figure 1.16). One of the most prominent is the extraction of nitrogen-rich
bioactive compounds, including collagen, chitin, gelatine, and peptides, which find a lot of
applications in food supplements, nutraceuticals, cosmetics, biomedical, and
pharmaceuticals fields.?®® An interesting perspective is the so-called shell biorefinery for the
processing of crustacean shells enabling the supply of chitin, calcium carbonate, and
proteins for the market of bio-commodities and biomaterials. By contrast, low-tech
approaches, such as the production of fishmeal through drying or cooking, remain common
in remote regions lacking suitable infrastructure, but generate mainly low-value products for

feed and fertilizers.
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It should be mentioned, however, that fish oil generated as a by-product of fishmeal,
although often unsuitable for food use, may find uses in the co-generation of energy as an
in-house or regional fuel. In this case, fish oil obtained after hard boiling of fish residues is
subjected to catalytic transesterification with both methanol and ethanol to get a mixture of
fatty acid methyl or ethyl esters (FAMEs or FAEEs) that must fulfil standard biodiesel
specifications (ASTM D6751).201
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Figure 1.16. Fishery waste valorisation strategies. Adapted from 202,

These valorisation strategies directly contribute to the UN 2030 Agenda for Sustainable
Development, particularly SDG 2 on “Zero Hunger”, SDG 12 on “Responsible Consumption
and Production” and SDG 14 on “Life Below Water”. Despite a lot of work is still needed to
overcome some critical technical limitations, valorisation of fishery by-products shows strong
potential and with supportive policies and investments, can become a strategic tool towards
the transition to a global circular economy. A particular focus on this topic will find place in
Chapter 3, by investigating innovative IL-mediated techniques for the extraction of chitin
from crab shells.
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1.7 Aim and structure of the Thesis

This Thesis work was carried out as part of a Cotutelle PhD program between Universita
Ca’ Foscari Venezia, Italia, and The University of Sydney, Australia. Approximately two-thirds
of the entire research period were spent in Venice within the Green Organic Synthesis Team
(GOST) under the supervision of Professor Maurizio Selva, and about one-third at the
Laboratory of Advanced Catalysis for Sustainability under the supervision of Professor
Thomas Maschmeyer. Although not all members of these two groups are listed among the
authors of the experimental works presented in this Thesis, each of them provided an
essential contribution — either intellectual or moral support —to the completion of the projects

here described, which results will be illustrated in the following Chapters.

The contribution to the advancement of sustainable and circular approaches in chemistry
was the leitmotiv of this doctoral research, with particular emphasis on the optimisation of
greener synthetic and extraction protocols, as well as on the valorisation of biowaste for the
development of advanced functional materials. In particular, the research was conducted

pursuing the following objectives:
i) the conceptualisation and optimisation of a sustainable multiphasic catalytic system.

As previously mentioned in Section 1.4, multiphasic catalytic systems offer significant
advantages in controlling the reactivity of chemical species through the confinement of
reagents, products and catalyst in different phases. The mechanisms underlying this
configuration were investigated through extensive bibliographical research among
literature, which led to the publication of a review article on this topic and provided the
necessary consciousness for developing a multiphasic catalytic system based on a non-
noble metal catalyst and air as an oxidant for the selective oxidation of primary alcohols
(both benzylic and aliphatic). An additional advantage of multiphase systems lies in the
ease of product recovery and catalyst recycling, often enabled by the use of a catalyst-
philic phase, such as an ionic liquid, which segregates the catalyst. This aspect was
explored in detail by testing the resilience of the system for multiple consecutive catalytic

cycles and extensively discussed in Chapter 2.
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i) the development of an environmentally friendly protocol for chitin extraction from

fishery biowaste through the employment of ionic liquids.

This project involved several collaborators. The author’'s main contribution focused on
optimising the extraction parameters, such as biomass loading, pulping temperature and
duration, along with an extensive characterisation of the so obtained products, with the
aim of establishing an effective one-pot process to achieve both demineralisation and
deproteinisation of the starting organic matrix (Spider crab shells). The proposed
environmentally benign pulping method successfully yielded high-quality chitin,
demonstrating that the route to making some industrial processes more sustainable is

viable, despite some efforts still need to be made. This topic is discussed in Chapter 3.

i) the design and optimisation of a synthetic procedure for the preparation of advanced
nanomaterials to be used as non-toxic, water-stable, and cost-effective additives for

improving the performance of zinc aqueous batteries.

Building on the knowledge gained from biowaste valorisation studies, this research
project — mainly carried out at The University of Sydney — explored the use of chitin and
crab waste as precursors for the synthesis of nitrogen-doped carbon dots. Chapter 4
examines in depth the critical role played by heteroatoms, incorporated into the carbon
matrix during the hydrothermal treatment, which promote Zn?* coordination in aqueous
electrolytes, thus enhancing the performance of aqueous zinc-ion batteries in terms of

dendrite suppression and electrochemical stability.

Through these interconnected studies, the thesis aims to bridge the gap between the
conceptual principles of sustainable chemistry and their practical implementation,
demonstrating how circular valorisation of organic waste can lead to concrete advances in

materials science and green technology.
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Chapter 2. Multiphasic Catalytic Systems

Chapter 2 is dedicated to delving into catalytic multiphase systems (MPS), which have been
one of the core topics of this Thesis. As outlined in Section 1.4, the relevance and
advantages of MPS are closely connected to ongoing efforts on reducing the environmental

impact of chemical processes by developing more sustainable catalytic strategies.

Section 2.1 provides a critical overview of the state of the art in this field, along with the
essential tools necessary to approach multiphase catalysis, while understanding the
opportunities and the challenges. Gaining knowledge in this area has been essential for a
deeper insight into the role that each phase can play in the overall mechanism of multiphase-
assisted catalytic reactions. Moreover, this study allowed us to develop to design an
innovative multiphasic catalytic system for the selective oxidation of primary alcohols, which

will be discussed in detail in Section 2.2.

2.1 State of the art: Unlocking the Potential of Liquid Multiphase Systems
for Metal-Catalysed Reactions

This section is part of the extended work of literature analysis on MPS carried out in this
Thesis work. The following paragraph is largely based on the published Review Article:
C. Bersani, A. Perosa, D. Rodriguez-Padrén, M. Selva, ChemCatChem (2024), 16, 14. The
Author of the Thesis equally contributed to other Authors of the article in the selection and

discussion of the papers described below.

Multiphase systems (MPS) literally permeate the world of chemical synthesis and catalysis
with thousands of examples describing transformations where mixtures of gases, liquids
and/or solid phases are involved. Just to name a few typical MPS of tremendous impact on

industry and everyday life, these include:

i) reactions between gases and solids (G-S) as the control of the exhaust emission
in catalytic converters of combustion engines,’ the catalytic oxidation of VOCs
(volatile organic compounds),? and the synthesis of ammonia;?

ii) reactions between gases and liquids (G-L) as homogeneously catalysed
processes of hydroformylation, hydrogenation, oxidation, carbonylation, etc.*

i) When it comes to heterogeneous catalysis, biphasic liquid-solid (L-S) or triphasic

gas-liquid-solid (G-L-S) systems are well-recognised for the implementation of

55



both batch and continuous-flow processes.>® Some widely employed G-L-S
technologies include the synthesis of hydrogen peroxide, the production of heavy
oil and synthetic crude from coal, the production of methanol and polyethylene,
the flue gas desulphurisation, etc.®

iv) Solid-solid (S—-S) mechanochemical reactions also deserve attention for their
potential in the design of sustainable protocols aimed to reduce or eliminate the

need of solvents.10-12

Liquid-liquid (L-L) MPS comprised of mixtures of immiscible solvents, offer another powerful
perspective for reactions in both homogeneous and heterogeneous catalytic environments.
In this case, the partitioning of reactants and catalyst in different phases implies liquid-liquid
interfacial reactions that often open unique possibilities in terms of controlling either the

kinetics and/or the products distribution.

The built-in separation of reagents/products/catalyst that characterise these systems, not
only facilitate downstream operations for the products purification and avoid metal/organic
cross-contamination but also allow an in-situ reuse of the catalyst though a semicontinuous
mode. This approach improves sustainability through process intensification, increases

steps economy while minimising waste and energy/mass consumption.

In the past 15 years, a variety of such liquid-liquid MPS have been proposed, mostly
comprised of binary and tertiary mixtures of conventional organic solvents, but also of polar
media as water and high-molecular weight liquids as polyethylene glycols and ionic liquids.
Due to the vast body of literature on the subject and the specific focus of this Thesis, here
the recent advances of catalytic liquid—liquid MPS will be delved with particular emphasis on
L-L-L systems, where a homogeneous catalyst is dissolved into one of the liquid
components of a ternary mixture, and L-L-S and L-L-L-S systems, where one of the liquids
acts as catalyst-philic phase that confines a heterogeneous catalyst. These systems offer
the opportunity to explore in greater depth the mechanisms of catalyst-solvent interactions
and their effect on the reaction outcome, aspects that are crucial for introducing the topic of

selective alcohol oxidation in multiphase conditions discussed in Section 2.2.
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2.1.1 Multiphase Systems in Homogeneous Catalysis

Conventional conditions for homogeneous catalysis are based on a monophase system
where catalysts, reactants and products are fully miscible. This molecular-level uniformity
facilitates efficient and selective catalytic transformations since the catalyst’s potential is
exploited to the fullest through a complete and direct interaction with the substrates.
Common examples of homogeneous catalysts include transition metal complexes,
organometallic compounds, and a variety of metal-containing enzymes. Key to the success
of such systems relies on their ability to undergo multiple catalytic cycles by reversible
transformations, a feature which is further enhanced by tuning reaction conditions,

especially temperature and pressure.

Albeit homogeneous catalysis is at the forefront for the design of innovative solutions in the
synthesis of pharmaceuticals, fine chemicals, and advanced materials,’™"® major
drawbacks of these strategies are recognised in the demand of copious amounts of solvents,
multistep purification processes, and the difficult, whenever possible, recovery and recycling

of the catalysts.®

Several attempts to promote the heterogenisation of homogeneous catalysis have been
conducted by supporting the catalyst on different materials to improve its reusability and
recyclability. Unfortunately, in most cases they resulted in a decreasing catalytic activity due
to the occlusion of the active sites and the scalability to industrial processes has never been
fully accomplished.'”'® Other alternative routes, such as the use of scavengers, biphasic
systems, magnetically recoverable catalyst, thermoregulated catalysts, micellar media, and
organic solvent nandfiltrations, have been covered in attempt to recover and recycle the
catalytic material, still with several limitations.'®?° These aspects not only impact on the
overall costs of the production processes but may result in metal contamination in the final
products, which is particularly undesirable in pharma synthesis, where there is an issue in

controlling highly toxic metals at health concerning levels.?'

The analysis of Keim dated back to 2003 offered one of the first overviews on the application
of two-phase liquid-liquid systems and their potential towards a greener and sustainable use
of homogeneous catalysis.?? The strategy illustrated in Figure 2.1, is based on immobilising
or heterogenising a homogeneous catalyst within a liquid phase that is immiscible either with
the reactant solution or with the product phase that forms and self-separates as the reaction

proceeds. This configuration allows the reuse of the catalyst without altering its performance
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over time and aligns with the green chemistry principles by minimising solvent use for both

catalysis and product isolation, thus avoiding loss/handling of the catalyst phase.

Heterogenising homogeneous catalysis
through Liquid-Liquid
Multiphase Systems

Catalyst-
philic phase

Figure 2.1. Schematic representation of homogeneous catalysis in a L-L MPS, with built-in catalyst separation.

As previously noted in Sections 1.3 and 1.4, the SHOP process, developed in 1968 to
produce linear a-olefins via ethylene oligomerisation and olefin metathesis, stands as a
forerunner in the development of multiphasic systems for commercial applications. The
oligomerisation was carried out in a polar solvent (1,4-butanediol) during the first production
step, while the homogeneous Ni-based catalyst was recirculated in a second step via phase

separation from a-olefins.?

Another remarkable study to valorise this approach, has been described using catalytic MPS
to the set-up of tandem reactions. Tandem reactions refer to two or more consecutive
reactions performed without isolation of any intermediates or further additional work-up

except for the final one. Notwithstanding the indisputable advantages of these synthetic
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sequences in terms of step efficiency and minimisation of solvents/waste, challenges
associated with tandem reactions, especially in the process monitoring, the reactor design,
the purification of products and the recycling of the catalyst, are far from negligible. Bianga
and co-workers proposed an outstanding example of a homogeneously catalysed auto-
tandem hydroaminomethylation (HAM) reaction.?* Discovered by Walter Reppe in 1949 at
BASF laboratories, the transition metal- catalysed HAM reaction is a one-pot tandem
hydroformylation-reductive amination sequence.?® This reaction offers a highly efficient and
atom-economical strategy to synthesise nitrogen-containing organic compounds from
readily available starting materials (Figure 2.2A). The process developed by Bianga and co-
workers, comprising the hydroformylation of 1-decene to the corresponding aldehyde and
followed by its reductive amination, was performed in a liquid-liquid thermomorphic MPS

(Figure 2.2B) by which higher aliphatic amines were obtained in a continuous flow mode.

A Hydroaminomethylation

Hy
COM, R'R?NH
R [Rh] -0 [Rh]
=12
1-alkene aldehyde
Hydroformylation Reductive Amination

R™: H, C,H, ; R% H, CH,

Reaction

Hydroformylation
&

Reductive Amination

Hydroaminomethylation

Separation

Figure 2.2. Schematic representations of A: tandem HAM reaction starting from 1-alkene; B: homogeneously
catalysed tandem HAM in thermomorphic MPS. Reproduced from 24 with permission.
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Notably, water is the sole byproduct of this reaction. Methanol and n-dodecane acted as a
polar and a non-polar component of the biphasic liquid system, respectively, whose
thermomorphic behaviour allowed reversible phase transition in response to changes in
temperature. A monophasic mixture was reached at 125°C (pCO/H2=36 bar, CO/H2=1/2) to
ensure the full operativity of the catalyst under homogeneous reaction conditions, while
phases separation occurred upon cooling close to ambient temperature. This facilitated the
isolation of pure products (alkyl amines) in the apolar solvent and the recovery/recycle of
the catalyst, a Rhodium/SulfoXantphos system. Albeit the production of water was an
advantage from the safety standpoint, its accumulation into the polar phase during the
reaction induced an adverse effect on both the reaction selectivity and the thermomorphic
behaviour of the biphasic environment. It was confirmed that undesirable byproducts of aldol
condensations could be achieved in up to 8% due to water. Nonetheless, conditions were
found to ensure a steady catalytic activity over six subsequent runs in the batch mode, with
yields above 73% for linear amines and turnover frequencies up to 2400 h™'. The total Rh
leaching was <6% (on a total of 125 ppm of Rh in solution), while the total P leaching was
<8%. Moreover, in the continuous-flow mode, an average product yield of 61% was achieved

for over 60 h with a metal leaching of 0.1%/h.?*

Substantial efforts have been made over the years to improve the regioselectivity of the
hydroformylation step and the overall chemoselectivity of the HAM reaction towards the
desired amines, emphasising in particular the potential of multiphasic systems.?® An
apparently similar but conceptually different approach was proposed through the design of
an orthogonal tandem sequence, wherein multiple catalytic species rather than a single
catalyst, were employed.?” In this case, 1-pentene was firstly hydroformylated to n-hexanal,
which then underwent self-aldol condensation to form the desired product 4- butyloctenal
(Figure 2.3).

]
H,/CO [base] X
/\/\ —_—
[Rh/P]
1-pentene n-hexanal

aldol product

Figure 2.3. Orthogonal tandem sequence hydroformylation and aldol condensation. Adapted from 27.
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The catalytic system that consisted of Rhodium/SulfoXantphos and basic NaOH as a
hydroformylation catalyst and an aldol condensation initiator, respectively, was immobilised
in a polyethylene glycol selected as a green polar phase for multiphase catalysis. During the
reaction, the product phase spontaneously separated from the catalyst phase which was
then extracted with pentane and treated under vacuum for further purification. Experiments
carried out for 16 h at 120 °C, pH2=25 bar, pCO=25 bar, showed a 97% conversion of the
starting alkene to hexanal, which in the second step of the tandem reaction, was transformed
in the aldol product with a 69% selectivity. Lowering the temperature to 100 °C allowed to
enhance the selectivity towards the aldol product up to 80%. After nine consecutive runs, no
significant loss of activity was observed with an overall Turnover Number (TON) of 8700

regarding the rhodium catalyst. The metal leaching was of only 0.07% per run.

The same Rhodium/SulfoXantphos catalytic system was used by the same research group
to develop a different strategy as well, in which the potential of a thermomorphic MPS was
exploited to induce the crystallisation of the catalyst.?® Particularly, the hydroformylation of
1-octene to nonanal was investigated using solvents with a melting point just above room
temperature, such as ethylene carbonate, which acted also as a solidifying agent at room

temperature able to separate and recycle the catalyst (Figure 2.4).

Substrate

Substrate

add heating
substrate EC, Cat.

Substrate

EC, Cat. EC, Cat.
m remove reaction
product increasing yield

&

. .
cooling cooling
to AT <UCST
~ :

EC, Cat.

Figure 2.4. Schematic representations of the temperature-dependent phase behaviour in the MPS-assisted
hydroformylation of 1-octene. Reprinted from 28 under the terms of the Creative Commons CC BY license.
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The latter proved robust over 12 subsequent runs without significant activity deterioration:
elevated TON up to 9770 moloct/molcat and a very good n/iso selectivity (ratios up to 98:2)
were obtained, with a minimal leaching of 0.54% for the rhodium and 0.10% for the
phosphorus into the product phase. However, experiments failed to achieve high aldehyde

yields that across all the tested reaction conditions, did not exceed 70-80% in pure ethylene

carbonate. Borescope techniques were used to explore the behaviour of the MPS at different
temperatures, and to offer plausible reasons why yields could not rise. This analysis
indicated that during the first 6 h of the reaction, the conversion and yield increased almost
linearly, while at the same the size of the droplets of the dispersed phase steadily decreased,
and the phase boundary was progressively more difficult to observe. After 7 h, the reaction
mixture turned to a monophasic solution, and the catalyst started to precipitate due to the
decrease of the phase polarity. As a result, the reaction stagnated, with the aldehyde yield
non increasing anymore. The reaction system was therefore modified by decreasing and
increasing the polarity of the organic phase or the catalyst phase, respectively. In the first
case, the addition of decane (30 vol.%) to the organic phase avoided the catalyst
precipitation and, notwithstanding a lower Turnover Frequency (TOF), it allowed a full
conversion with a selectivity of 89% towards the aldehyde. In the second case, the addition
of water was even more advantageous, inducing a further improvement of the selectivity up

to 93% at full conversion, without any catalyst precipitation.?®

The hydroformylation steps in the processes described above are refinements of the
Ruhrchemie/Rhéne-Poulenc Oxo process, which, as previously mentioned in Section 1.3,
represents a pioneering and still valuable multiphasic process, commercially applied since
1984. This process produces carbonylated compounds from alkenes in the presence of
syngas, a Rh-based catalytic system bearing sulphonated, triaryl-phosphine ligands

(TPPTS, known as Kuntz-Cornils catalyst), and water works as catalyst carrying phase.?%3°

The model of self-separating liquid-liquid biphasic systems in which a phase, typically the
product phase, autogenerate itself during the reaction and separates from the main phase
that contains the catalyst and reagents, has been proposed also for the -catalytic
hydrogenation of CO2 or CO2-derivatives, such as dimethylcarbonate (DMC), to methanol.®"
The water/methanol polar phase, generated as the reaction outcome, self-separates from

the catalyst-carrying non-polar phase of n-decane during the catalytic process (Figure 2.5).
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gas phase self-separating gas phase
product phase
nonpolar catalyst
nonpolar catalyst phase
phase
polar product

phase

N 4

Figure 2.5. Schematic and pictorial representations of the self-separating product phase for the MPS-assisted
hydrogenation reaction of DMC to MeOH over Ru-based catalysts. Reproduced from 3! under the terms of the
Creative Commons CC BY license.

Particularly, the design of the Ru-based catalyst [Ru(CO)CIH(MACHO-C+2)], with MACHO-
C12=bis{2-[bis(4-dodecylphenyl)phosphino]ethyl}amine, was challenging to ensure not only
its confinement in the hydrocarbon solvent, but also its double performance to convert both
DMC and CO2. Selected ligands based on aryl phosphine and the assistance of N,N*-
dimethylethane-1,2-diamine (DMEDA) for the direct CO2 hydrogenation were necessary.
The level of productivity was unexpectedly high. After 24-48 hours at 140 °C and pH2= 200
bar, quantitative conversion of both DMC and CO:2 to methanol was reached with an average
selectivity towards methanol of 96%. Only minor amounts of formamides and formates were
detected as byproducts. The catalyst phase was recycled over ten subsequent batch runs
with a total TON of 19235; while, at the end of each test, the final mixture showed two clearly
separated liquid phases that allowed an easy and efficient isolation of the product.
Notwithstanding this, ICP-MS analysis confirmed a consistent Ru-leaching corresponding to
an overall metal loss of 37%. Authors claimed that from a comparison with the state-of-the-
art in the literature, the presented system was among the best-performing recycling

concepts for homogeneously catalysed hydrogenation of CO2 to methanol.

A valuable example of an ionic liquid-based MPS was described using a thermomorphic
ionic liquid microemulsion system.*? Microemulsions are thermodynamically stable colloids
composed of two or more intrinsically immiscible solvents and one or more surfactant
species, and form spontaneously when the components are mixed under specific conditions.
The resulting optically transparent system, apparently homogeneous, is composed of
nanometre-sized droplets of one liquid phase dispersed into another, stabilised by surfactant

amphiphilic additives.
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A crucial ability of microemulsion is the simultaneous solubilisation of both hydrophilic and
hydrophobic species. In the above-cited example, a thermomorphic microemulsion was
used to combine the solubilisation advantages and the temperature-dependent behaviour
of a liquid-liquid MPS. In particular, using hydrophilic chiral ligands, such as N-[(2-(amino)-
(1R,2R)-diphenylethyl]-p-toluensulphonyl (R,R-TsDPEN), that pushed and immobilised a
poorly soluble Ru-based catalyst into the microemulsion phase, the asymmetric transfer
hydrogenation of a variety of aromatic and aliphatic ketones to the corresponding chiral
secondary alcohols can be carried out with excellent results. For instance, after 20 hours at
60 °C, the reduction of acetophenone to 1-phenylethanol was achieved with 99% conversion
and 95% enantiomeric excess for (R)-1-phenylethanol using a MPS composed of water, n-
heptane, and [C12MIm][(‘Cs)2PO2], an imidazolium-based ionic liquid, as a surfactant

additive. Sodium formate was used as a hydrogen donor (Figure 2.6).

[RuCl(p-cymene)((R,R)-TsDPEN)]
>

HCOONa, Ar
IL/n-heptane/H,0

Figure 2.6. The enantioselective reduction of acetophenone using a thermomorphic ionic liquid microemulsion.

In this system, water acted both as the catalyst-carrying phase and as the solvent for sodium
formate, the hydrogen donor. Authors indicated that the transfer hydrogenation protocol not
only avoided Hz-pressurised vessels and their potential risks, but thanks to a surface-active
ionic liquid, it favoured the contact of contact between hydrophilic and hydrophobic reagents
and catalyst in the microemulsion environment. The thermomorphic system allowed an easy
separation of products with a built-in recycle of the catalyst over multiple runs. An excellent
level of enantioselectivity was maintained up to three subsequent runs, despite the

conversion decreased from one recycle test to another.

Another interesting application of thermomorphic MPS was proposed for a continuous flow
homogeneously catalysed reductive amination.® The investigated reaction (Figure 2.7)

started with the condensation of 1-decanal (1) with diethylamine (DEA) to provide N,N-
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diethyldecylenamine (2) that, in turn, was hydrogenated to N, N-diethyldecylamine (3) as the

desired product.

—
HN i Ho (
0O \— . _N RNl N
aldehyde -H20 enamine amine
(1) (2) (3)

Figure 2.7. Schematic representation of the reductive amination reaction of 1-decanal. Adapted from 33

The thermomorphic MPS was comprised of dimethylformamide (DMF), in which a Rh-based
catalyst obtained by the combination of Rh(acac)(cod) and triphenylphosphine (PPhs)
proved highly soluble, and n-dodecane as a non-polar solvent suitable for both the reactant
and the product. Initial studies under batch conditions demonstrated that after only 1 hour
at 100 °C, pH2= 30 bar and a DEA/decanal ratio of 4:1, a 76% conversion and 96% selectivity
towards N,N-diethyldecylamine (3) were obtained, while a reaction time prolonged up to 2
hours was necessary to reach a product yield around 90%. An accurate analysis of the
phase behaviour of the DMF/dodecane/decanal ternary system showed that between -5 and
20 °C phase separation occurred within minutes with 5 °C identified as the optimal
temperature to enable efficient decantation. Thereafter, the transition from small-scale batch
experiments to flow was investigated, achieving a 60-fold scale-up in a fully automated mini-
plant. The continuous-flow process took place with yields of 3 exceeding 90% over 90 hours
and minimal catalyst leaching (<1%!/h), thereby underscoring the efficiency and stability of

the developed system.
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2.1.2 Multiphase Systems in Heterogeneous Catalysis

This section delves into the role of liquid-liquid MPS for the use of heterogeneous catalysts.
These systems involve the coexistence of multiple immiscible liquids, with one of them
specifically acting as a catalyst-philic phase able to segregate the heterogeneous catalyst.
Compared to conventional heterogeneous liquid-phase protocols, where the separation of
a solid catalyst (at the end of the reaction) is often a processing bottleneck requiring costly
and time-consuming filtration steps,343% heterogeneous multiphase configurations inherently
integrate a facile isolation of the reaction products with an in-situ recycle of the catalyst which

is never removed from the reactor, nor it needs activation before reuse (Figure 2.8).

Heterogeneous catalysis

in Multiphase Systems
W Product- Organic
philic phase _ phase
. w
philic phase ...\ = phase se
Liquid-Liquid-Solid Liquid-Liquid-Liquid-
Systems Solid Systems

Figure 2.8. Schematic representation of L-L-S and L-L-L-S multiphasic systems in heterogeneous catalysis
(left and right, respectively).

Typical biphasic and triphasic configurations are denoted as L-L-S and L-L-L-S,
respectively, where catalyst-philic phases may encompass a variety of polar and apolar
phases from hydrocarbons to polyethylene glycols (PEGs) and ionic liquids to name a few.
These systems not only reduce costs, but for a given catalyst, they also provide a powerful
tool to control the products distribution of a reaction, allowing the selective access to different
derivatives by the change of the composition of the multiphase. Our group contributed to
this subject by designing MPS for a variety of transformations including hydrogenations,

hydrogenolyses, and oxidations.3¢-41

66



Figure 2.9 and Table 2.1 summarise some of the most representative results of these

studies, especially focused on the valorisation of biobased molecules, where a single

heterogenous catalyst as Ru/C was used.
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Figure 2.9. Structures of substrates and related products of the MP-assisted reactions reported in Table 2.1.

Table 2.1. Multiphase reactions over Ru/C for the va

lorisation of biobased molecules.

Entry Substrate MP conditions 2 (°CT’bF;,rf h) (C:r:\‘z;jsu;t.%) Ref.
1 H20/iOct/[Psss1]NTf2 100, 35, 4 GVL (100, >99) 36
2 Levulinic acid H20/iOct 100, 35, 1 GVL (100, >99)

37
3 H20/iOct/FA® 150, 35, 16 CHP (>99, 88)
4 H20/iOct 130, 8, 10 FDCA (>99,>99)
5 H20/iOct/[Ness1]Cl 90, 8, 16 FFCA (>99, 95) "
6 H20/iOct/[Ness1]Cl 90, 20(H2), 1 HMFCA (>99,>99)

5-HMF

7 ACN/cyclooctane 110, 8, 16 DFF (>99,>99)
8 H20/iOct/[Psss1]NTf2 100, 50, 18 HHD (>99,>99) 39
9 H20/iOct/[Nsss1]Cl 100, 40, 2 HHD (>99,>99) 40
10 D-glucosamine HCI H20/iOct/THF 110, 40, 12 2-NH2-D-sorbitol (>99,>99)
1" N-Ac-D-glucosamine H20/iOct/THF 110, 40, 12 2-AcNH-D-sorbitol (>99,>99) 4
12 Glucose H20/iOct/THF 120, 20, 12 Sorbitol (>99, 87)

a [Psss1]NTf2 = trioctylmethylphosphonium bistriflimide; [Nsss1]Cl = trioctylmethylammonium chloride; i-Oct = iso-octane.
b Formic acid (FA) was used as a selective catalyst deactivator.
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Carbon-supported Ru is one the best options among heterogeneous systems for processing
water-soluble bio-sourced organic reactants, not only for its activity but also for its moderate
cost, which is about 4% compared to that of other precious metals such as Au and Pt.4%43
Moreover, this catalyst proves excellent for multiphase processes, such as those reported
in Table 2.1, since it is hydrophobic enough to reside in a separate phase, typically a
hydrocarbon or ionic liquid, distinct from that where reaction occurs, usually an aqueous
solution. Albeit the confinement of carbon-supported metals (Pd/C, Pt/C, and Ru/C) in both
organic and ionic liquids media is a known phenomenon, its origin is far from being

elucidated. More details about this confinement effect will be discussed in Section 2.2.2.

Characterisation studies of several carbons used as catalytic supports (activated carbons,
carbon nanotubes, and F-doped carbons) have led to conclude that the segregation of such
materials in organic media is not a general behaviour. The confinement effect of carbons is
somewhat correlated to the presence of functional groups (mainly carboxylic, phenolic, and
lactonic groups) on their surface the confinement effect: indeed, the hydrophobic/hydrophilic
properties of these supports can be tuned by acid pretreatments and are associated to the
combination of surface acidity and the presence of Na-based impurities (0.1-0.2%) in the
supports.3”4445 Different studies have also hypothesised that the embodiment/segregation
observed for a variety of carbon-supported metals in ionic liquids is mostly determined by
the occurrence of strong polar interactions between the dense and viscous organic liquids
and the acid functionalities available on the surface of carbons.*® In the multiphase reaction
therefore, ILs act concurrently as catalyst-philic phases and as interfacial boundary layers
through which the migration (adsorption/desorption) of the liquid/gaseous reagents and
products to and from the catalyst, respectively, took place. Whatever the role of the ionic
liquid and the carbon support, results of Table 2.1 highlighted how the effect of the phases

separation impacted on the catalytic performance and the reaction outcomes.

The first considered example is levulinic acid (LA), one of 12 most attractive platform
chemicals that can be produced from wood-based feedstocks.#’ Initial studies proved that
under multiphase conditions, specifically in a liquid triphasic system comprised of water, /-
octane and an ionic liquid, LA was quantitatively hydrogenated to y-valerolactone (GVL,
entry 1).% Upon a screening of several ionic liquids, the choice fell on an onium salt,
[Psss1][NTf2] (trioctylmethylphosphonium bistriflimide), for its stability, hydrophobicity, and its
ability to segregate Ru/C and made it available for reuse, up to 8 recycles, without any loss
of performance. In a subsequent study of the same reaction in a water/i-octane biphasic

system, it was unexpectedly noticed that by adjusting the relative amounts and
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concentration of the two liquids, Ru/C was selective confined in the hydrocarbon phase
(entry 2). Although acting out of the aqueous phase in which the reaction took place, the
catalyst displayed an activity (TOF= 234 h™' at 80 °C) only slightly lower than that reported
for the hydrogenation of LA catalysed by 5% Ru/C in conventional water solution (TOF= 273
h-, 70 °C, pH2= 30 bar).®® The water/i-octane biphase proved successful also to carry out
the reductive amination of LA with cyclohexylamine, producing 1-cyclohexyl-5-
methylpyrrolidin-2-one with an 88% selectivity at complete conversion (entry 3).%" In this
case, the addition of the water-soluble formic acid (FA) to the MPS was necessary to
selectively inhibit the adsorption of LA on Ru/C and hinder the competitive hydrogenation of
LA to GVL.

Another substrate of Table 2.1 is 5-HMF (5-hydroxymethylfurfural), the most representative
member of bio-based furanics. The multiple functionalisation of HMF makes the molecule
extremely versatile towards a variety of transformations, but at the same time, conditions for
any given reaction must be carefully selected to control the products distribution. This was
accomplished in the multiphase Ru/C-catalysed oxidation of HMF where three MPS, namely
water/i-octane (MP1), water/[Ngss1][Cl]/i~-octane (MP2; [Nsss1][CI]: trioctylmethyl ammonium
chloride), and acetonitrile/cyclooctane (MP3), were developed to selectively oxidise HMF

using air atmosphere (not exceeding 8 bar) as a green oxidant.3® Particularly:

i) MP1, 2,5-furandicarboxylic acid (FDCA, >99% yield) was obtained by complete
oxidation of both the aldehyde and the alcohol group of HMF (entry 4);

ii) MP2, a total oxidation of the hydroxymethyl function afforded FFCA (5-formyl-2-
furancarboxylic acid) in a 95% selectivity at complete conversion (entry 5);

i) MP3, DFF (2,5-diformylfuran, >99%) was the exclusive product achieved from the

partial alcohol-to-carbonyl conversion (entry 7).

Interestingly, even HMFCA, one of trickiest derivatives of HMF possessing both an easily
oxidisable primary hydroxyl and a fully oxidised carboxyl group, was obtained by a two-step
synthesis based on an orthogonal assisted tandem reaction: MP2 was simultaneously used
for the initial oxidation of HMF to FFCA followed by the partial hydrogenation of FFCA to the
desired HMFCA (entry 6). Importantly, in all these cases, the same catalyst (Ru/C) was used,
and it acted in a phase (hydrocarbon or ionic liquid) different from that where the reaction
occurred (water or acetonitrile). Multiphase conditions proved therefore fundamental for the
control of the reaction selectivity to 4 distinct products derived from full or partial oxidation

of HMF. All multiphasic configurations proved suitable for an in-situ recycle of the catalyst
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through the semicontinuous design exemplified in Figure 2.10 for the case of the synthesis
of FFCA. After the first reaction (1 — 2), the water solution containing the product was
removed from the bottom of the reactor (2 — 3). To the biphasic i-octane/IL mixture with the
suspended catalyst (4) was added a fresh aqueous solution of the reactant to restore the
initial reaction conditions (6), and implement the 1st recycle (6 — 2). Both conversion (>99%)
and selectivity (98-99%) were stable during recycles, with negligible metal leaching — below

0.6 ppb, determined by inductively coupled plasma mass spectrometry (ICP-MS).
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Figure 2.10. Schematic representation of the semicontinuous Ru/C recycling process during the multiphase
oxidation of HMF to FFCA (entry 5, Table 2.1). Ru/C is confined in the IL phase. Adapted from 38,

Besides oxidative pathways, the hydrogenation/hydrogenolysis of HMF for its selective
conversion to HHD (1-hydroxyhexane-2,5-dione) was also carried out under multiphase
conditions. The product was obtained in a 99% selectivity at a quantitative conversion, and
in an isolated yield of 85%, one of the best results so far obtained for this synthesis (entries
8 and 9). Furthermore, the implementation of a semi-continuous procedure like that of

Figure 2.10, allowed a reaction productivity up to 9.7 mmol/(gcat- h) of HHD, which made the

process amenable for gram-scale syntheses.
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The preparation of HHD compulsorily required an ionic liquid assisted MPS which was
comprised of water/i-octane and an onium salt as [Psss1][NTf2], [Nsss1][Cl], or commercial
Aliquat336 (Starks’ catalyst: [Nxxx1][CI] with x=8,10), into which Ru/C was successfully
confined. Interestingly, the switch from the phosphonium to the ammonium salts significantly
impacted on the reaction rate which increased by approximately 1 order of magnitude: albeit
the HHD selectivity was not altered, the conversion of HMF was quantitative after 18 h (entry
8),% and 2 h (entry 9),%° respectively, with the two types of salt. Several aspects were
considered to account for the role of the IL including catalyst adsorption, the cation acidity,
ion pair interactions, poor water solvation, that affected the kinetic/thermodynamic profiles
of the reaction at the phase boundary. Particularly, the adsorption of the ILs on the catalyst
modify the reactants accessibility to catalytic sites, by reshaping the reaction energy
requirements. Cationic acidity, ion-pair interactions, poor aqueous solvation, introduce an
additional layer of complexity by contributing to the mobility of ions, the charge distribution

at the interface, and the mass transport to and from the phase boundary.

The last example of Table 2.1 deals with the selective hydrogenation of water-soluble sugars
and sugars-like substrates as glucose, D-glucosamine hydrochloride and N-acetyl- D-
glucosamine.*! Attempts of using MPS like those previously described as water/i-octane
gave poor results or proved totally ineffective if an IL was present. A different approach was
designed by introducing a third organic liquid able to reduce the energy barrier at the liquid -
liquid interphase. After screening various solvents as tetrahydrofuran (THF), 2-methyl-
tetrahydrofuran (MeTHF), methylisobutyl carbinol (MIBC), and cyclopentyl-methyl-ether
(CPME), the choice fell on THF. Interestingly, the THF -water pair exhibits unique properties:
at a temperature between 60-145 °C and a 0.3-2.8 THF/water mass ratio, the two solvents
spontaneously phase-separate, while below and above this range, they are fully miscible
with each other.*84° This temperature-mediated miscibility gap which has already proven
attractive for the processing of lignin,®® was successful in the generation of a water/i-
octane/THF liquid triphase system where the Ru/C-catalysed hydrogenation of glucose and

glucosamine or N-acetylglucosamine was finally accomplished.

The expected products (sorbitol, 2-amino-D-sorbitol, and 2-acetamido-D-sorbitol) were
obtained with a selectivity of 87-99%, at complete conversion (entries 10-12). Ru/C was
completely excluded from the aqueous phase, remaining confined into i~octane and into a
third THF layer located between the hydrocarbon and the water. According to the procedure

of Figure 2.10, the catalyst was recycled for up to 9 subsequent runs without loss of
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performance, on condition that the amount of THF partitioned in water was topped up from
one run to another. The reaction was implemented on a gram scale for glucosamine and a

productivity up to 0.89 mmol/(gcat- h) of 2-amino-D-sorbitol was reached.

Another interesting approach was proposed for the conversion of sugars to FDCA via the
intermediary of 5-HMF.5%2 A MPS comprised of tetraethylammonium bromide (TEAB),
methylisobutyl ketone (MIBK) and water was used. The dehydration of sugars (typically
fructose and glucose) to HMF was carried out in the onium salt phase where an acidic
catalyst as Amberlyst-15 was present. The oxidation of MHF was catalysed by Au/HT (HT:
Mg—Al hydrotalcite) and took place in water. Finally, MIBK was required to transfer HMF from
the onium salt to the water phase. The highest yield of FDCA (78%) was obtained from
fructose.

A recent review has disclosed the potential of liquid biphase systems for the upgrading of
biomass derived molecules via heterogeneously catalysed hydrodeoxygenation (HDO).%3
This reaction reduces the oxygen content of the starting derivatives by operating under a Hz
atmosphere, and it is integral to various biomass conversion methodologies, including the
hydrotreating of bio-oils, hydropyrolysis, hydrogenolysis, aqueous- phase reforming of
carbohydrates for fuel production, and the hydrotreating of organic acids. Despite significant
progresses in HDO for biomass-derived oxygenates, several drawbacks persist, including
severe reaction conditions, high costs associated with precious metal catalysts, and in some
cases, limited selectivity towards target products. Multiphase conditions may help in this
respect. For example, stable Pickering emulsions formed from a water/decalin system were
effective for the HDO of vanillin (a model for bio-oil) in the presence of carbonaceous
microsphere-supported Pd-based catalysts. Under these conditions, the desired product, p-

creosol, was achieved in up to a 94% selectivity (Figure 2.11).%

CHO
Pd/C-microspheres
»
OMe water/decalin emulsion OMe
100 °C, 10 bar H,
OH OH
Vanillin p-Creosol

Figure 2.11. Schematic representation of the MPS-assisted HDO of vanillin to p-creosol. Adapted from 4.
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Also, at 220 °C and pH2=50 bar, the HDO of other lignin-derived phenolic compounds took
place with an excellent selectivity (>90%, 13 examples) using a dodecane/water biphase
system and a carbon nanotube-supported (CNT) Ru as a catalyst.>® This configuration
resulted in an efficient separation and protection of the products by continuously extracting
them in the hydrocarbon phase.

A significant example of continuous-flow application of MPS is reported by Vo3 D. et al. A
mini plant, based on a continuous stirred tank reactor, was engineered to implement the
oxidation of sucrose to formic acid using a water/1-hexanol biphase, a HPA-5 (HsPVsMo07040
-12 H20) heteropoly acid as a catalyst, and Oz as the oxidant.>® At 100 °C and 20 bar Oz, a
TON of 840 and an average TOF of 1.3 h™' were reached with a maximum space-time yield
of 1.1 gra-L™"-h™" over 4 weeks (670 h). This configuration represented the first continuous-
flow production of FA from a biomass derived sugar with built-in product separation and

catalyst recycling.

Inventive multiphase solutions have been proposed also for the synthesis of biobased
polymers. For example, a crucial step in the preparation of L-polylactic acid (PLA) is the
condensation of L-lactic acid to the so-called called L-lactide (LD) (Figure 2.12). This
transformation was carried out using a water/o-xylene biphase where the reactant L-lactic
acid was in the aqueous solution while the catalyst, a H-beta zeolite, was confined in the

organic layer.%’

o .
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Figure 2.12. Schematic representation of the synthesis of L-PLA. Adapted from 57.

Compared to other soluble or solid Bronsted acids, the production of LD was favoured over
large LA oligomers within the confined space of the pores of the zeolite. Yields up to 83%
were obtained at 144 °C, with an LD productivity >250 g-L"-h™". Interestingly, the process
was devoid of racemisation, giving a >99% L-lactide stereoselectivity when the feed was L-
lactic acid. Moreover, LD separation was proven to be straightforward by extraction, and the

catalytic system was stable over 6 runs.
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A multiphase set-up based on an aqueous alkaline solution and toluene was recently
described for the Pt/C-catalysed partial hydrogenation of cinnamaldehyde, a non-edible
biobased feedstock from cinnamon bark, %8 to cinnamyl alcohol.® In this case, an interaction
between the metal cation from the aqueous base (KOH) and the carbonyl of the aldehyde
affected the adsorption of the reactant onto the catalyst, leading to preferential reduction of
the C=0 bond over the C=C bond. Moreover, by taking advantage of a continuous helical
coil reactor, Authors demonstrated that under a given set of conditions (50 °C, 20-50 bar of
H2), the production rate of cinnamyl alcohol (0.44-1.5kg/day) was doubled compared to that
of a batch reactor, and the amount of the required catalyst was 32% less in the continuous

mode.

Further studies on multiphase catalysis have been proposed by Pera-Titus et al. who
focused their analysis on the advantage of particle stabilised dispersions based on Pickering
emulsions, bicontinuous jammed emulsion gels, foams, and liquid marbles.®® These
systems integrate easy phase separation, efficient compartmentalisation of reactants and
products, and catalysts reuse, with precise engineering of interphase contact at the
nanoscale, thereby offering unique credentials for sustainable chemistry and catalysis. To
cite only few reactions pertinent to heterogeneous catalysis under Pickering Assisted
Catalysis (PAC) and Pickering Interfacial Catalysis (PIC) conditions, the alkene epoxidation
catalysed by particles of ammonium salts of polyoxometalates in water-in-toluene
emulsions,®’ the styrene hydrogenation catalysed by Pd-nanoparticles supported on silica
microspheres in ethyl acetate/water emulsions,®? and the biooil photo-reforming for the
sustainable production of Hz catalysed by Ag20/TiO2/SiO2 nanoparticles in bio-octanol/water
emulsions,® exemplify applications offering not only outstanding selectivity and productivity
but also the possibility to recycle the catalysts for up to dozens of times without loss of
performance. In summary, the use of Pickering emulsions in PAC and PIC conditions
provides a robust catalyst platform with excellent cycling performance. The controlled
environment, prevention of catalyst leaching, and improved mass transfer contribute to the

efficient operation of these catalytic systems over multiple cycles.
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2.1.3 Conclusions and Future Perspectives

The conclusions of this section aim to highlight the contribution that liquid MPS represent as
versatile tools for catalysis. The analysis of the current state of research progress in the
multiphase field, mostly based on advances/reports published in the last five/six years,
allows to reframe this subject not into a fully resolved discipline, but rather into a still

promising area of investigation, with potential and resources yet to be explored.

The design of different configurations involving two, three, or even more, immiscible
components not only simplifies downstream operations, such as product purification and

solvent recovery, but also improves catalyst reuse, minimising the loss of precious metals.

Nevertheless, several challenges remain. The correlation between the nature and the
proportions of the liquid phases, the presence of functional groups on the support surface
of heterogeneous catalysts, the chemical nature of ligands of homogeneous systems, still
represent a largely unexplored area. Moreover, the intrinsic diffusional and interfacial
limitations of MPS call for advanced strategies to maximise interfacial area and enhance
mass transfer. Innovative approaches, such as the design of thermomorphic systems,
particle-stabilised emulsions, and intensified reactor configurations (such as stirred tank
reactors, ejector reactors and microreactors), have shown brilliant results in addressing

these issues.

Ongoing research is crucial to deepen the mechanistic understanding of MPS and to
optimise their performance, with particular attention to scale-up and productivity, to make
multiphase-assisted processes viable for commercial applications. In addition, the
integration of biomass-derived feedstocks and bio-sourced molecules into such systems
further enhance the potential of this research area by the role of MPS into a circular and

sustainable chemical framework.

Having outlined the current knowledge and potential of multiphase catalytic systems, the
groundwork is now established to move towards a more specific case study. In particular,
the following section will focus on the selective oxidation of primary alcohols as a

representative application.
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2.2 Selective MP-Assisted Oxidation of Bio-Sourced Primary Alcohols
over Ru- and Mo-Carbon Supported Catalysts

This section is part of the experimental work carried out in this Thesis. Most of the work was
performed by the Author, who contributed to the optimisation, execution, and interpretation
of the multiphase reaction conditions, the catalytic activity investigations, and part of the
characterisation of the catalytic samples. The results described on this paragraph have been
published as the Research Article: C. Bersani, D. Rodriguez-Padron, D. Ballesteros, E.
Rodriguez-Castelldn, A. Perosa, M. Selva, ChemSusChem (2025), 18.

The reaction chosen for this study was a multiphase-assisted, heterogeneously catalysed
oxidation process where representative bio-based primary and benzyl-type alcohols were
selectively converted into aldehydes. The MPS consisted of three mutually immiscible liquid
components as water, i-octane, and methyltrioctylammonium chloride [Nsss1][Cl] (Figure
2.13) as a hydrophobic ionic liquid. The catalyst involved was either an ad-hoc synthesised

carbon-supported Mo or a commercial 5% Ru/C, and air was used as the oxidising agent.

The reaction proceeded as an interfacial process with Mo/C or Ru/C perfectly segregated in
the ionic liquid phase, and the reactants/products dissolved in the aqueous solution. This
environment proved excellent to convert quantitatively benzyl alcohols into the
corresponding aldehydes with a selectivity up to 99%, without overoxidation to carboxylic
acids. The nature of the catalyst, however, affected the operating conditions with Ru/C being
active at a lower T and t (130 °C, 4 h) compared to Mo/C (150 °C, 24 h). The phase
confinement was advantageous also to facilitate the products isolation and the recycle of
the catalyst. Notably, in the Mo/C-catalysed oxidation of benzyl alcohol, benzaldehyde was
achieved with unaltered selectivity (>99%) at complete conversion, for five subsequent
reactions through a semicontinuous procedure in which the catalyst was reused in situ,

without ever being removed from the reactor or treated in any way.
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Figure 2.13. Structure of methyltrioctylammonium chloride [Nsss1][Cl].
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2.2.1 Introduction

Heterogenous catalysis is fundamental to most diverse society needs, from the chemicals
and polymers synthesis to the energy and waste management, e-chemistry (fossil fuel-free)
transition, and more.%% In response to this global demand, the design of catalysts has
become so sophisticated that the properties of such systems, including stability and reuse
over time, are currently highly reliable and reproducible.®® Just think for example, to
heterogeneous single-cluster catalysts (SCCs) that promise to disclose a new frontier for
complex and technically relevant reactions.®” The selection of a catalyst for a given process,
however, is neither obvious nor straightforward. Issues and criticalities concern the use of
endangered metals, particularly Pt, Pd, Ir, Os, Rh and Ru which are consumed by more than
90% in the electronics and catalyst manufacturing,® the geopolitical instability of areas that
provide such elements and the volatility of the corresponding markets,® and their release in
the planet ecosystems. Interesting studies have been proposed to classify metals by both
their risk of depletion and ecofriendly character.”®”" Albeit at the date of the cited study
(2015), the depletion rate could not foresee the future development of recycling technologies
nor the discovery of new reserves, certain non-noble metals resulted far more sustainable
over precious ones (Figure 2.14, left: compare yellow, ochre, and red boxes). On the other
hand, a multicriteria evaluation with the TOPSIS methodology, demonstrated that ruthenium,
iron, and molybdenum systems were the most favourable alternatives from the standpoint

of toxicity, release, and life cycle assessment (LCA)-related parameters (Figure 2.14, right).
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Figure 2.14. Left: remaining years until depletion of known reserves of elements; right: ranking of
heterogeneous metal-based catalysts by their greenness. Reproduced from 7071 with permission.
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These concepts have been largely transposed by the recent literature on heterogeneous
catalysis, where hundreds of studies have been aimed to compare the performance and the
environmental impact of non-noble metal supported systems with respect to their noble
counterparts.’?-’6 An attractive field in this vast scenario deals with catalytic oxidations. The
research group where this Thesis was developed, recently contributed this subject by
designing a library of catalysts comprised of core-shell nanoparticles of metal/metal-oxides
based on nickel, iron, cobalt and molybdenum supported on bio-sourced N-doped carbons,
that proved effective for the oxidation of different primary alcohols.”” In the presence of air
as an oxidant, supported Mo was the most promising system to control the products
distribution and achieve conversion and selectivity both above 90% towards the
corresponding aldehydes as products of partial oxidation. Results were satisfactory, yet the
procedure required both a harmful solvent (acetonitrile) to ensure oxygen solubility and a
costly/time-consuming catalyst/product separation and catalyst recycle. These aspects
prompted us to reconsider the oxidation processes by designing different reaction

conditions, in a multiphase configuration.

Multiphase-assisted protocols for catalytic organic synthesis have been widely investigated
by our group, especially procedures based on combinations of two or more immiscible
liquids such as water, hydrophobic ionic liquids, and organic solvents, have been well

explored.3"340.78 The multiple advantages of the multiphase-methods include:

i) the built-in separation of reagents/products/catalyst;

ii) the tuning of the reaction kinetics and the selectivity thanks to the changes in
solvation and adsorption occurring at the liquid-liquid interphases;

i) the segregation of the catalyst in a phase different from that where the reaction
takes place;

iv) the catalyst reuse which improves sustainability through process intensification

and steps economy and minimises waste and energy/mass consumption.

In the current work, most, if not all, the i)-iv) characteristics were exploited to develop an
innovative methodology for the oxidation of primary and benzyl-type alcohols under batch
conditions. A multiphase-environment, never previously explored for such reaction, was
designed using two immiscible liquids as water and i-octane, with and without a hydrophobic
ionic liquid as methyltrioctylammonium chloride [Nsss1][Cl] as a third liquid component. The
reaction occurred in the aqueous solution in the presence of air as the cheapest available

oxidant, while a heterogeneous catalyst was segregated either in the j-octane or in the ionic
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liquid phase. An ad-hoc synthesised carbon-supported Mo catalyst (6.1 wt.%), as well as a
commercial 5 wt.% Ru/C catalyst were employed. Both were chosen with the aim to include
environmentally desirable metals active in oxidation reactions, and, in the specific case of
Mo, the choice was further motivated by its status as a non-noble element that is not in
danger of extinction.

Multiphase-conditions offered an original unprecedented arrangement to control the reaction
selectivity; particularly, the ionic liquid-assisted process allowed to achieve only partially
oxidised derivatives as aldehydes, notwithstanding the marked propensity of such products
towards overoxidation to carboxylic acids. Figure 2.15 below highlights the reaction of

benzyl alcohol (BnOH) as a model oxidation process.
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mixtures of products U
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Figure 2.15. The oxidation of benzyl alcohol under multiphase conditions (with and without the ionic liquid as
catalyst-philic phase) and in water, in the presence of Mo/C or Ru/C catalysts.

In water or in the water/i-octane biphase (MP1), mixtures of products were generally
achieved, and if experiments were prolonged up to 12—-24 h, benzoic acid was obtained as
an exclusive derivative (>99%; top). By contrast, the ionic liquid-assisted system (MP2)
proved excellent to isolate benzaldehyde in a >99% selectivity, at conversion above 90%
(bottom). The products distribution was mostly determined by the choice of the reaction
environment (water, MP1 or MP2), but the nature of catalyst affected the operating

conditions with Ru/C active at a lower T and t (130 °C, 4 h) compared to Mo/C (150 °C, 24
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h). Furthermore, a perfect phase separation of products and catalyst was achieved using
both MP1 and MP2: products were confined in the polar media (water), while the catalyst
was segregated in the hydrocarbon (i-octane) or in the ionic liquid phase, where it was
recycled. Changes in the properties of Mo/C after its use were thoroughly documented
across a variety of characterisation analyses. However, despite these transformations, the
activity and selectivity of the catalyst were preserved over five subsequent reuses. This
remarkable resilience due to the catalyst’s confinement not only ensured practical reusability
but prevented any metal contamination of the product or loss of metal into the water phase.
Similar results were also obtained with other benzyl-type alcohols bearing p-Br, p-OCHs, p-
OH, 0-OH or m-OCHs-p-OH as aryl substituents.

In contrast, the oxidation of aliphatic alcohols was far less selective, regardless of conditions
and catalysts. These substrates were not only overoxidised to the corresponding carboxylic
acids but also underwent competitive C—-C bond cleavage process, yielding shorter chain
derivatives. For example, n-butyl alcohol was quantitatively converted to a mixture of

butanoic, propanoic and acetic acids in a 70-75%, 20-23% and 3—6%, respectively.

2.2.2 Results and Discussion

Catalytic Materials

Ru/C

C-supported Ru is one the best options among heterogeneous catalysts for processing
water-soluble organic reactants, not only for its activity but also for its moderate cost which
is about 4% compared to that of other precious metals such as Au and Pt.14344.79.801 Ag
thoroughly discussed in Section 2.1.2, a substantial body of work from our group has
previously demonstrated that Ru/C-based systems are highly effective catalysts for a variety
of multiphase processes (such as hydrogenation and reductive aminations of levulinic
acid,*” hydrogenation of sugars,*' oxidation of HMF*8). These reasons, along with the easy
commercial availability, prompted us to choose a 5% Ru/C sample sourced by Aldrich, as a
benchmark catalyst for this study. The characterisation of this system (lot# MKBW5890 V)

for its structural, morphological, and acid properties was already available in literature.3"-38
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Mo/C

Mo-based materials have been largely explored in the literature as non-noble metal
alternatives for catalytic oxidations.®% One of the most famous examples is the Formox
process for the conversion of methanol into formaldehyde, where either the original catalyst
(ron molybdate on excess molybdenum oxide) or innovative systems as supported
molybdenum oxide on hydroxyapatites offer excellent conversions and selectivity, both
above 90%.848° This result, and more generally the catalytic behaviour of Mo in oxidation
processes, were explained also by theoretical studies that highlighted the role of the partially

filled metal d-band in enhancing the metal affinity for reactants or adsorbates.®

In this study, a carbon-supported Mo-based material was designed to achieve a catalyst
suitable for the multiphase oxidation of bio-sourced alcohols. The sample was ad-hoc
synthesised by adapting a procedure recently reported by our group,’” in which (NH4)2MoQ4
and microcrystalline cellulose (lot # MKBN6866 V), both supplied by Merck, were used as a

metal and carbon precursors, respectively.

Further ICP analyses proved that Mo-loading was 6.1 wt.%. It is worth noting that, in this
case, controlling the metal content on the catalyst was not straightforward, as it strongly
depended on the nature of the cellulose. It is indeed well-known that cellulose undergoes
depolymerisation upon heating; particularly, in presence of a N2 atmosphere and above 350
°C, an extensive cleavage of glycosidic bonds takes place, with the release of levo-glucosan
and the formation of a charred residue. However, the extent of this degradation process and
the corresponding weight loss of the starting biopolymer may vary significantly according to
its crystallinity.8”-88 In this work, the used cellulose proved an excellent choice to ensure a
reproducible preparation and to confer hydrophobicity to the final carbon support: the
resulting Mo/C sample was able to segregate in a non-aqueous phase as described above
for Ru/C. Details on the synthesis of Mo/C are provided in the experimental section, while

its comprehensive characterisation is discussed later on.
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Catalysts Characterisation

A comprehensive characterisation study of both fresh and spent Mo/C catalyst — thus before
and after the catalytic tests, respectively — was conducted by employing multiple techniques
such as XRD, XPS, TEM, and N2-physisorption. Particularly, if not otherwise specified, data
for the spent sample were gathered after its use for the oxidation of BhOH under the
optimised conditions of 150 °C, pair=20 bar, 24 h, which are further described later in the
Catalytic Activity section of this chapter.

XRD

The X-ray diffraction (XRD) patterns of the Mo/C catalyst are illustrated in Figure 2.16. Both
the fresh and the used sample displayed two distinctive peaks at around 25° and 43° which
were attributed to the (002) crystallographic plane of the parallel arrangement of graphene-
like layers and the (100) crystallographic plane of graphitic carbon within a honeycomb
network, respectively. The broad profile at ca 25° primarily stemmed from the amorphous
nature of the samples. The XRD diffractogram of the Mo/C fresh system also showed well-
defined peaks around 26°, 35°, and 51°, likely indicating the presence of MoO:2 species in
the bulk material. However, these signals were absent in the spent catalyst, possibly due to

a reduced metal concentration in this sample.
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Figure 2.16. XRD patterns of Mo/C catalyst before (fresh) and after (spent) the oxidation reaction of BnOH.
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XPS

The high-resolution C 1s, O 1s, and Mo 3d core level XP-spectra are shown in Figure 2.17,
with binding energy values (in eV) and surface chemical compositions (in at.%) detailed in
Table 2.2 below.
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Figure 2.17. High resolution C 1s, O 1s, Mo 3d core level spectra of Mo/C catalyst before (fresh) and after
(spent) the oxidation reaction of BnOH.

The C 1s core level spectrum of the fresh catalyst was deconvoluted into four contributions
at 284.8, 286.1, 287.3, and 288.8 eV, attributed to graphitic and adventitious carbon, C-OH
and C-O-C bonds, C=0 bonds, and carboxylic groups, respectively. The C 1s spectrum
showed minimal modification in the used sample, presenting four contributions at similar
binding energies, albeit with slightly different relative intensities. Additionally, the O 1s core
level spectra were deconvoluted into three contributions at 530.9, 532.3, and 533.7 eV for
the fresh sample and at 531.2, 532.1, and 533.6 eV for the spent catalyst.
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Although the values were similar, significant differences were noticed in the relative
intensities. For instance, contributions at lower binding energy (530.9-531.2 eV), assigned
to lattice oxygen of molybdenum oxide, exhibited lower intensity in the spent catalyst. This
was consistent with the loss (leaching) of metal during the use of the Mo/C sample. The
high-resolution Mo 3d spectrum for the fresh catalyst displayed three doublets Mo 3ds2-Mo
3d32 at 229.7-232.9 eV, 231.1- 234.2 eV, and 232.9-236.0 eV. The predominant doublet
was assigned to Mo(VI) as MoOs, while those at lower binding energy corresponded to

reduced Mo species, primarily Mo(lV).

Table 2.2. Binding energy values (eV) and surface chemical composition (at.%) of the constituent element of
the Mo catalyst (fresh and spent). Mo wt.% and Mo at.% are calculated via EDX (see HRTEM section).

Catalyst C 1s (%) O1s(%) Mo3ds2(%) C% O% N% Mo% Mowt% Mo at%

Mo/C fresh  284.8 (84)  530.9 (42) 2297 (3) 9027 854 1.19 3.53 0.46
286.1 (10)  532.3 (30) 231.1 (6)
287.3 (4) 533.7 (28) 2329 (91)

288.8 (2)

Mo/C spent  284.8 (80)  531.2 (20) 2326 (100) 86.87 1145 161  0.07 2.09 0.27
286.2 (11)  532.1 (39)
287.4 (5) 533.6 (41)

288.9 (4)

Apparently, XRD and XPS measurements indicated the prevalent presence of Mo (IV)
species in the bulk material, and of almost fully oxidised Mo(VI) on the surface of the sample,
respectively. A single doublet Mo 3ds2-Mo 3ds2 at 232.6— 235.8 eV, coherent with the
presence of Mo(VI), was observed also in the case of the spent catalyst. However, the
analysis of the surface chemical composition of Table 2.2 revealed that the Mo content
decreased significantly from 1.19% to 0.07% in the fresh and spent sample, respectively,

thereby indicating a substantial Mo leaching after the use of the catalyst.

This was further confirmed by the ICP-MS analyses (Table 2.3) which determined a metal
concentration of 1.5 wt.% in the used Mo/C, equal approximately to only 25% of the initial

Mo concentration (6.1 wt.%) in the fresh specimen. XPS also revealed the presence of a not
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negligible amount of nitrogen (1.61%) on the spent sample, which was more than likely
related to the adsorption of the ionic liquid ([Nsss1][Cl] in the MP2 system) on the catalyst
surface. Apparently, the ionic liquid strongly interacted with the carbon support so that it was
not removed in the post-reaction treatment, even after full rinsing by organic solvent during
filtration. By contrast, the fresh sample was nitrogen-free thereby confirming the full thermal

degradation of the precursor (NH4)2MoO4 during the catalyst preparation.

Further details regarding ICP-MS analysis will be discussed later in this section, in

conjunction with catalyst recycling experiments.

Table 2.3. ICP-MS analysis of the MP2 system and the catalysts before and after the recycle operations.

Entry Sample Mo upg/mL 2 Mo wt.% b Ru pg/mL 2
1 Water 0.04 0.05

2 i-octane 0.06 0.04

3 lonic liquid 1775 15

4 Spent catalyst 1.5

a Metal concentration (ug/mL) in each of the liquid components of the MP2 system.
b Content of Mo in the spent catalyst recovered after recycles of Figure 2.26B.

High-resolution Transmission Electron Microscopy

HRTEM micrographs revealed the laminar structure of the carbonaceous support, in the
fresh and used catalysts (Figure 2.18), from which is possible to appreciate that, in both
cases, molybdenum nanoparticles were uniformly dispersed within the carbonaceous
structure. In the fresh sample, Mo nanoparticles presented an average diameter of 8.1—4.3
nm, with most falling within the range of 4-8 nm. Conversely, the spent catalyst exhibited a
bimodal size distribution with most metal particles ranging between 4—6 nm and 10-14 nm
(average diameter: 9.5-4.9 nm). Such results suggested a partial sintering of Mo
nanoparticles under the conditions employed for the oxidation reaction. Mapping analysis

confirmed both a high dispersion and a uniform distribution of the metal (Figure 2.19).

Table 2.2 presents the atomic concentration percentage and total weight percentage

calculated via Energy Dispersive X-ray Spectroscopy (EDX).
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Figure 2.18. High resolution TEM images of the fresh (left) and spent (right) Mo/C catalyst.

MoC fresh

Figure 2.19. STEM and EDX images of the fresh (top) and spent (bottom) Mo/C catalyst, and Mo particle size
distribution.
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N>-Physisorption
The fresh Mo/C (Figure 2.20A) exhibited a type IV isotherm and type Il adsorption
hysteresis, indicative of the development of mesoporous material and the existence of

disordered networks.

The corresponding measures of the textural properties including surface area, pore
diameter, and pore volume, provided values of 520 m?/g, 4.3 nm, and 0.2 m3/g, respectively.
Compared to these features, the textural properties of the spent sample (Figure 2.20B)
underwent a drastic change, as shown, for example, by the reduction of the surface area
down to 4.3 m?/g as well as a decrease of the pore volume (0.01 m®/g) and a slight increase

in mean pore size (6.7 nm).
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Figure 2.20. N2-physisorption isotherms of Mo/C catalyst before (A, fresh) and after (B, spent) the oxidation
reaction of BhOH.

This was attributed to the experimental conditions used for the oxidation tests which resulted
in the breakdown of the carbonaceous architecture and the occurrence of pore occlusion
phenomena due to the adsorption of organic entities, most likely the ionic liquid, on the

catalyst support.

Despite these significant alterations, Mo/C was a recyclable catalyst when used under
multiphase conditions (MP2 system): its catalytic performance did not show any appreciable

change even after five subsequent reuses (see later in the Catalysts Recycling section).
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Catalytic Activity
The oxidation of benzyl alcohol

Benzyl alcohol (BnOH) was chosen as a model substrate to begin the investigation. The
partial oxidation of BnOH to benzaldehyde was the target of the study. This is a highly
desirable reaction in the design of biomass valorisation strategies, not only for BhOH is a
representative bio-based molecule but also for the intrinsic value of benzaldehyde as a
versatile intermediate and a flavouring agent.”” Oxidation tests were conducted in a batch
mode using a stainless-steel autoclave. In the presence of the catalysts above described (5
wt.% Ru/C or 6.1 wt.% Mo/C; 100 mg each), three different reaction environments (shown

in Figure 2.21) were explored. These were comprised of:

i) water (5 mL),

i) a liquid biphase of water (5 mL) and i-octane (5 mL), identified as system MP1,

i) a liquid triphase of water (5 mL), i~octane (5 mL), and methyltrioctylammonium
chloride [Nsss1][Cl] as an ionic liquid, 500 mg), identified as system MP2.

In the MP1 and MP2 systems, the relative proportions of each phase were calibrated from
our previous works to obtain a perfect separation of the liquids, with water on the bottom, i-
octane on top, and the ionic liquid (when present) in the middle (Figure 2.21). Even more
interesting was that both the carbon-supported catalysts appeared perfectly confined in /-
octane or, alternatively, in the ionic liquid phase. This confinement phenomenon was known
and expected for Ru/C,*4% put it could not be taken for granted for the Mo/C sample

investigated in this work. Further considerations on this aspect are given in this section.

i-octane
H20 [Nsss1][Cl]

H20

Figure 2.21. From left to right, pictorial representation of the Ru/C catalyst suspended/confined in: i) water; ii)
MP1 system comprised of water and i-octane; iii) MP2 system comprised of water, i-octane and [Nasss1][Cl].
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The substrate, BhOH (2 mmol) was dissolved in water according to its solubility limit (3.50
g/100 mL at 20 °C,%). The resulting solution was 0.4 M. Air was chosen as an oxidant, either
in water or in multiphase, to improve the safety and sustainability of the protocol. A variety
of experiments were carried out by varying temperature and pressure in the range of 110—
150 °C and 10-20 bar, according to both a literature inspection on the oxidation of BhOH

and previous results from our group.’” Results are summarised in Table 2.4.

Table 2.4. Catalytic oxidation of BnOH in water, MP1 and MP2 systems. Conversion and products distribution
were determined by GC and GC/MS.

Entry Medium Catalyst T (°C), p (bar), t (h) Conversion % Selectivity %
PhCHO PhCO,H
1 130, 20, 2 60 88 12
2 130, 20, 4 >99 14 86
3 Ru/C 130, 20, 12 >99 - >99
4 130, 10, 4 50 92 8
Water
5 110, 20, 4 85 70 30
6 130, 20, 24 60 >99 -
7 Mo/C 140, 20, 24 75 74 26
8 150, 20, 24 >99 10 90
9 130, 20, 2 45 48 52
Ru/C
10 130, 20, 4 >99 28 72
11 130, 20, 24 40 >99 -
MP1
12 Mo/C 140, 20, 24 58 77 23
13 150, 20, 24 98 5 95
14 130, 20, 2 50 >99 -
Ru/C

15 130, 20, 4 >99 >99 -
16 MP2 130, 20, 24 45 >99 -
17 Mo/C 140, 20, 24 68 >99 -
18 150, 20, 24 96 >99 -
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In water, no combination of temperature, pressure, and reaction time parameters enabled
the selective oxidation of BnOH to PhCHO using the Ru-based catalyst. Even at a moderate
conversion (60%, reached at 130 °C after 2 h) the reaction consistently produced a mixture
of products, with a non-negligible amount of benzoic acid (12%, entry 1). Doubling the
reaction time led to the complete conversion of the substrate, but with a further decrease in
selectivity, due to the overoxidation to benzoic acid that increased progressively to 86% after
4 h (entry 2) and 99% after 12 h (entry 3). The effect of reaction time on conversion and

product distribution is illustrated in Figure 2.22A.
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Figure 2.22A-B. Effect of increasing the reaction time (from 2 to 12 h) on the Ru-catalysed reaction conversion
and products distribution in: A) water and B) the MP2 system, where complete conversion and >99% selectivity
towards the partially oxidised product (PhCHO) were achieved after 4 h.

Achieving complete conversion of benzyl alcohol over Ru/C after 4 h at 130 °C and 20 bar
of air suggested that both the thermal input and the internal availability of O2 as oxidant were

already sufficient to drive the reaction forward and did not require any further increase.

However, to suppress substrate overoxidation and improve selectivity towards the partially
oxidised product, further experiments were carried out by lowering either temperature or
pressure. As shown in Figure 2.23 despite a slight improvement in aldehyde selectivity,
conversion dropped from 99% to 50% upon reducing air pressure from 20 to 10 bar (other
conditions were 130 °C and 4 h, entry 4), and from 99% to 85% upon lowering the
temperature from 130 to 110 °C (other conditions were 20 bar air and 4 h, entry 5). In both
cases, the amount of benzoic acid remained significant (10% and 30%, respectively),
indicating that such modifications were not beneficial. The most plausible reasons were

adverse effects on both the reaction energetics and the solubility of the oxidant (Oz) in the
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reaction mixture. Overall, this confirmed that both high temperature and pressure were

necessary to achieve complete conversion of the alcohol.%
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Figure 2.23. Effect of reduced pressure (from 20 to 10 bar, at 130 °C) and reduced temperature (from 130 to
110 °C, with 20 bar air) on the Ru-catalysed reaction conversion and products distribution in water.

Mo/C was far less active than Ru/C, though it was apparently more selective. The aldehyde

was achieved as an exclusive product (>99%) at 130 °C, but the conversion did not exceed

60% after 24 h (entry 6). Increasing the temperature to 140 and then 150 °C improved

conversion to 76% and then quantitative, respectively (entries 7 and 8); however, it brought

an abrupt drop of the aldehyde selectivity and made benzoic acid becoming predominant
(26 to 90%), as shown in Figure 2.24A.
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Figure 2.24A-B. Effect of increased temperature (from 130 to 150 °C, with 20 bar air) on the Mo-catalysed
reaction conversion and products distribution in: A) water and B) the MP2 system, where 96% conversion and
>99% selectivity towards the partially oxidised product (PhCHO) were achieved after 24 h at 150 °C.
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In the MP1 (water/i-octane) biphasic system, a satisfactory benzaldehyde selectivity was
obtained only at a moderate conversion (40%), while a not negligible to deep oxidation to
benzoic acid was prevalent otherwise. The oxidation of BhOH was slightly slower in MP1
because both Ru/C and Mo/C, confined in the i-octane phase, acted at the water-organic
interface, in contrast to the water-only system where the catalysts were directly suspended
in the reactants solution. This generally resulted in lower conversions, consistently with
previous studies on the kinetics of multiphase-assisted transformations3.3941.781  For
instance, the Mo catalyst gave 40% conversion at 130 °C in the MP1 system vs 60% in
water (entries 6 and 11, respectively), and the reaction required 24 h to reach an almost
quantitative conversion (98%) upon increasing the temperature up to 150 °C (entry 13)
Similarly, with Ru catalyst, only 45% conversion was reached in the MP1 system vs the 60%
in water under the same conditions (entries 1 and 9, respectively), and the reaction took 4
h for complete conversion (entry 10). Product distribution, however, appears to follow the
same general trends as in water, with the main issue always being the overoxidation of
BnOH to benzoic acid at high conversion (72 and 95%, entries 10 and 13 respectively). In

no way could the aldehyde be achieved as an exclusive product.

In the MP2 (water/i-octane/ionic liquid) triphasic system, an outstanding control of products
distribution was achieved using both the Ru/C and Mo/C catalysts: oxidation proceeded
exclusively through partial oxidation of BnOH to benzaldehyde, obtained with >99%
selectivity at 96-99% conversion. For Ru/C, benzaldehyde was the only observed product:
after 2 h at 130 °C and 20 bar air, conversion was moderate (50%, entry 14), but prolonging
the reaction time to 4 h, a complete conversion was reached while maintaining >99%
selectivity (entry 15; see Figure 2.22B). For Mo/C, selectivity towards benzaldehyde (99%)
was also consistently preserved in the MP2 system. In this case, however, conversion was
low-to moderate at 130-140 °C (45 to 68%, entries 16 and 17); only at 150 °C, the reaction
was quantitative (entry 18; see Figure 2.24B). Experimental conditions were identical to
those in water and in the MP1 system.
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The confinement effect

In the MP2 system, the catalyst was confined in the ionic liquid phase, while the reaction
occurred in the water solution. The role of i-octane, apparently inconsequential, was
necessary to achieve both phase separation and catalyst segregation, as already
extensively described in some works by our group.384078 Several previous investigations
demonstrated that the catalyst confinement in both organic media and in ionic liquids, was
observed for a variety of carbon-supported metals (Pd/C, Pt/C, and Ru/C) and in all cases,

it significantly impacted their catalytic performance.[4!:47:8%

As mentioned in section 2.1.2, the segregation phenomenon is far from being understood
because of the complexity of interactions occurring in MPS,%? but some aspects deserve
attention. An in-depth characterisation study of a variety of carbons led to conclude that only
some samples could segregate in apolar liquids, specifically those materials combining a
low surface acidity (due to carboxylic, phenolic, and lactonic groups) to the presence of Na-
based impurities (0.1-0.2%) on the carbon itself. The properties of the supports used in this
study for Ru and Mo, and in this case, the cellulose-derived material designed and used to
disperse Mo, apparently fulfiled these requisites, and made the investigated catalysts
suitable to the confinement in j-octane. Interestingly, the tuning of the
hydrophobic/hydrophilic balance was reported by acid pretreatments of a variety of carbons
as carbon nanotubes (CNTs), activated carbons (AC), and F-doped carbons used for the

synthesis of Pd-, Ni- and Au-based catalysts.*44°

On the other hand, in section 2.1.2, it was underlined the embodiment phenomena of metal
catalysts dispersed on carbons in ionic liquid media was associated also to the occurrence
of strong polar interactions between the dense and viscous liquids and (mostly) the surface
functionalities of the catalysts support.8 Whatever the reasons for the effects of the ionic
liquid, the catalysts segregation allowed an excellent benzaldehyde selectivity and was
advantageous for the separation of the liquid products without resorting to filtration and/or
centrifugation. Both these operations are costly and time-consuming especially for carbon-

supported systems.343°
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Catalysts Recycling

The findings of Table 2.4 demonstrated that Ru/C displayed a higher oxidation activity
implying a lower energy demand compared to the reactions catalysed by Mo. The latter,
however, was approximately 340 times less costly than Ru,®® and more sustainable since
not at risk of depletion like Ru. These aspects are critical in any liquid-phase reaction where
a metal-based catalyst may cost up to one third of the total cost of the process, and its reuse
is imperative.®* In this context, the potential of the MP2 system was explored to design
additional experiments aimed to an in-situ recycle of the catalyst in the ionic liquid phase.

The semicontinuous procedure schematised in Figure 2.25 (step1 1-3) was used.
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Figure 2.25. Semicontinuous design for the in-situ recycling procedure of the catalytic system.

A first reaction was carried out under the conditions of entry 15 or entry 18 of Table 2.4,
using Ru/C or Mo/C, respectively (step 1). After the experiment was complete, the aqueous
phase (containing the reaction products) was withdrawn using a syringe (step 2) and
replaced with an equal volume of a fresh aqueous solution of BnOH (5 mL, 0.4 M) (step 3).
Thereafter, a second oxidation was run. The overall sequence was repeated for five
subsequent reactions. Results are reported in Figure 2.26A and B which refer to the recycle

of Ru/C and Mo/C, respectively. The conversion dropped from 99% to about 80% in the case
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of Ru/C, and from >90% to about 75% for Mo/C, after the first run. Thereafter, from the

second reaction on, conversion remained substantially steady for both catalysts.
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Figure 2.26A-B. Semicontinuous recycle of the catalyst during the selective oxidation of BhOH to PhCHO
carried out in the MP2 system. Conditions for each run: aqueous solution of BnOH (0.4 M, 5 mL); j-octane (5
mL), methyltrioctylammonium chloride ([Nsss1][Cl]; 500 mg), 20 bar air. A) Ru/C (100 mg) as the catalyst,
130°C, 4 h; B) Mo/C (100 mg) as the catalyst, 150 °C, 24 h.

A similar behaviour was previously noticed by us for other multiphase-assisted
processes:3%80 the conversion drop after the 15t test was explained by the help of the visual
inspection of such systems during the recycle operations. At the start of the first reaction,
the catalyst appeared dispersed throughout the multiphase, i. e. partitioned in the three liquid
components (water, i-octane, ionic liquid). This meant that either Ru/C or Mo/C were partially
available for the direct adsorption of the reactants in the aqueous phase, thereby favouring
the kinetics of the oxidation. Upon stirring the multiphase, however, the catalyst
progressively moved in the ionic liquid layer where it appeared fully segregated from the first
recycle on. Under such conditions, the reaction was slower since it occurred only at the
phase boundary. Additional experiments — not reported in Figure 2.26 — were also carried
out even after the fifth use, by further recycling the ionic liquid-confined Mo/C twice at a
higher temperature of 160 °C. The conversion in these two reactions was not only steady

but even returned to values as high as those observed in the first oxidation cycle (>90%).

Figure 2.26 also indicated that the selectivity towards benzaldehyde was always =299% in
the case of Mo/C, while it progressively decreased to 88% for the Ru-catalysed reactions

due to the formation of benzoic acid up to 12% in the last recycle.
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This apparent drop in the catalytic performance (selectivity) was no longer investigated.
However, among plausible causes, it was hypothesised that the prolonged exposure of Ru
nanoparticles to both oxygen and reaction intermediates or by-products accumulated on
their surface across multiple cycles, did play a role in modifying the adsorption mechanism
and activation of reactants over Ru/C. This aspect will be the object of future studies.

ICP-MS Analyses and Sheldon Tests

ICP-MS analyses were performed to shed light on the reliability of the catalyst recycle. At
the end of the experiments shown in Figure 2.26A-B, each liquid component of the MP2
system and the spent catalysts were examined. Water and j-octane were quantitatively
withdrawn from the reactor using a syringe. The ionic liquid phase was doubly filtrated over
a microporous membrane (0.22 pm) to remove the solid catalyst. The three clear liquid
phases (Hz20, i-octane, and the ionic liquid) were then analysed. After filtration, the solid
catalyst was recovered and dissolved completely in a water solution by combining strong

oxidizing conditions and MW heating (further details are in the Experimental Section).

Results are reported in Table 2.3. The presence of both metals, Ru and Mo, in the aqueous
solution and in the i-octane was negligible (40-60 ppb, entries 1-2). In the ionic liquid phase,
the leaching of Ru was very low (ca 0.15 wt.% of the total metal amount in the starting
catalyst) and consistent with the behaviour of the same Ru/C sample in a variety of
previously explored reducing/oxidising conditions,?%8 while the loss of Mo/C was
remarkable (entry 3). The amounts of Mo found in ionic liquid phase and Mo loading of the
spent catalyst were, however, incongruent with the overall mass balance of the metal since
they accounted for only 16% and 25% (total 41%), respectively, of the metal concentration
in the fresh sample (6.1 wt.%). The reasons for this result were not yet clarified, but a
hypothesis was formulated based on the (unexpected) presence of nitrogen (1.61%, Table
2.2) detected by XPS analyses, on the surface of the used catalyst. This was associated to
the adsorption of organic moieties coming from the ionic liquid in the MP2 system. It was
reasonable to assume that this adsorption/deposition on the spent catalyst brought about
an increase of its content of carbon and a decrease of its Mo loading, respectively. The
adsorption of the ionic liquid as such or of species originated from it, was further
substantiated by the occlusion of the catalyst pores detected by the N2-physisorption

measures (Figure 2.21).
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Sheldon tests were designed to evaluate the activity of metals leached into the ionic liquid
phase and compared to a blank multiphase reaction carried out without any added catalyst.
To this purpose, an oxidation reaction was carried out with Ru/C under the conditions of
entry 15 in Table 2.4 (130 °C, 20 bar, 4 h), and with Mo/C under the conditions of entry 18
in Table 2.4 (150 °C, 20 bar, 24 h). Thereafter, the two solid catalysts suspended in the MP2
systems were filtered through a 0.22 pym microporous membrane. The corresponding
aqueous phases containing the products were removed and replaced by fresh aqueous
solutions of BnhOH (0.4 M, 5 mL). A second oxidation run was then carried out with both
systems, according to the procedure described in Figure 2.25. In parallel, a blank
multiphase reaction was performed without any added catalyst. In all cases, conversion,
selectivity and products nature were determined/assigned by GC and GC/MS. Results are

reported in Table 2.5 below.

Table 2.5. Sheldon tests for the oxidation of benzyl alcohol in the MP2 system. Conversion and products
distribution were determined by GC and GC/MS.

Entry Removed catalyst T (°C), p (bar),t (h) Conversion % Selectivity %
PhCHO PhCO.H
1 Ru/C 130/20/4 21% >99%
2 Mo/C 150/20/24 14% >99%
3 None (blank) 150/20/24 6% >99%

The corresponding conversion was 21% and 14% for the Sheldon test after using Ru and

Mo, and 6% in the blank test, respectively.

Notwithstanding its almost insignificant concentration (only 50 ppb of metal were determined
in solution after 5 catalyst recycles), dissolved Ru displayed a significant activity (entry 1).
However, the study of the catalyst recycles (Figure 2.26A) indicated that at a high
conversion, a substantial amount of benzoic acid was achieved. This drop of selectivity was
plausibly due to the effect of “homogeneous” Ru leached in the solution that was more active
towards the overoxidation of benzyl alcohol than the supported metal. By contrast, the
comparably higher amount of Mo soluble in the ionic liquid phase (whatever this species
was) did not affect the formation of benzaldehyde, which was always the exclusive product

(entry 2; see also Figure 2.26B). This indirectly demonstrated that the multiphase oxidation
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predominantly took place over the Mo/C solid, the performance of which, particularly the
selectivity, was steered by the adsorption of the ionic liquid on its surface. Overall, all
characterisation analyses were consistent with a profound alteration of the properties of
Mo/C during use and recycles, but the resilience of the catalyst was surprising: its
confinement in the ionic liquid layer of the MPS not only preserved in full its activity and
selectivity for five (and more) subsequent reuses, but it facilitated its practical reusability
avoiding any metal contamination of the product or metal loss in water/i-octane phases. The
reasons for Mo-leaching in the ionic liquid-phase will be explored in future studies, with the
aim of designing a more robust catalytic system and to further investigate its potential under

multiphase conditions.

Substrate Scope

The triphasic MP2 system was further explored to assess its general applicability to the
oxidation of other benzyl-type and aliphatic alcohols. Five benzyl-type alcohols including 4-
hydroxy-, 4-methoxy-, 4-bromo-, 2-hydroxy-, and 4-hydroxy-3-methoxy-benzyl alcohol were
initially considered (substrate 1-5, Table 2.6).

Vanillic alcohol (5) belongs to the so called “vanillin platforms” and is among the most
important derivatives of the lignin depolymerisation,®® while for anisyl alcohol (2) and
hydroxy-substituted benzyl alcohols (1 and 4), albeit still prepared from non-renewable
petrochemical resources, innovative bio-based approaches have been successfully
reported using engineered microbes and inexpensive feedstocks from protein waste
hydrolysate.®®%” These alcohols and their aldehydes find relevant applications in the
cosmetics, perfume and food industries. To the best of our knowledge, 4-bromobenzyl
alcohol (3) is not a bio-based compound, but it represents a good benchmark substrate to

compare the oxidation reactivity of the class of alcohols investigated here.

Reaction parameters were set according to entries 15 and 18 of Table 2.4, for Ru/C and
Mo/C catalytic systems, respectively. In particular, the reaction conditions were the same as
those employed for the oxidation of model benzyl alcohol in the MP2 system: an aqueous
solution of the selected benzyl-type alcohol (0.4 M, 5 mL) was set to react in the presence
of i-octane (5 mL), ionic liquid ([Nsss1][Cl]; 500 mg), and the catalyst (Ru/C or Mo/C; 100 mg),
under 20 bar air. Temperature and reaction time were set to 130 °C for 4 h with Ru/C, and
150 °C for 24 h with Mo/C.
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The results are reported in Table 2.6. Both catalysts displayed an exceptional performance
with conversion and selectivity to the aldehyde products above 92% and 98%, respectively,
in all cases except for 4-bromobenzyl alcohol (3) for which a slightly lower conversion was
observed for the reaction catalysed by Mo/C (76%, entry 3). The same behaviour was
noticed and previously reported for substrate 3 also during its oxidation over a Mo—-N/C
system in acetonitrile solvent.”” Electron-withdrawing properties of the p-bromide substituent
plausibly contributed to this difference. However, regardless of the used substrate, the MP2
system allowed the perfect segregation of the catalyst in the ionic liquid-phase from the

reactants/products in the aqueous solution.

Table 2.6. Oxidation of benzyl-type alcohols in the MP2 system using both Ru/C and Mo/C. Conversion and
products distribution were determined by GC and GC/MS.

Entry Substrate Product Conversion, selectivity %
Ru/C Mo/C
X
H
1 D/\O /©/\O >99, >99 95, >99
HO HO
A
H
i /©/\O /©/\O >99, >99 92, 98
MeO MeO
X
’ /©/\OH /©/\o 98, 98 76, >99
Br Br
OH \o
4 >99, >99 >99, >99
OH OH
OH o
5 >99, >99 >99, >99
HO HO
OMe OMe
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Comparison to Literature Results

A comparative assessment of the MP2-assisted protocol proposed in this work against a

selection of representative methods available in the literature for the selective oxidation of

BnOH was finally carried out. Reactions designed in water and water/organic biphase and

in the presence of supported Ru or Mo catalysts were considered. Results are summarised

in Table 2.7.

Literature procedures generally reported conditions milder than those used in this work, with

temperatures not exceeding 90 °C and ambient pressure, but they required both strong

hazardous oxidants as oxygen and concentrated H202, and a complex multistep design of

catalysts, co-catalysts and reactors. In the case of Ru, this meant:

i) the fabrication of single atoms (SA) anchored onto a nitrogen-doped carbon (entry

1) or bimetallic nanoparticles supported on carbon nanotubes (entry 2), and

i) the use of randomly methylated B-cyclodextrins as co-catalysts (entry 3) or super

amphiphilic carbon (entry 4) which made the metal active in Pickering emulsions.

Table 2.7. Comparison of the MP2-assisted procedure to selected literature methods for the oxidation of BhOH

in water and water/organic biphase.

Entry Cat. (recycle) Oxidant Medium T(°C), p(bar), t(h) Conv./Sel. % Ref.

1 Ru1/NCa (yes) 02 Water 90/1/2 99/99 8

2 Pt&Ruy/CNT® (none) 02 Water 80/1/3 59/90 99

3 Ru/C-RaMe-CDP (yes) 02 Water 75/n.i.9/24 99/99 100

4 Ru/C - s.a. Ce (none) H202 Water/toluene 90/1/2.5 94/94 101

5 Ru/C (yes) Air MP2 130/20/4 99/99 This work
6 (NH4)sMo7024 4H20f (none) H202 Water/alcohol 60/n.i.9/4 48/98 102

7 Py3PMo120409 (none) H202 Water/organic 70/1/3 n.i.9/85 103

8 Mo/C (yes) Air MP2 150/20/24 90/99 This work

a Ru single atom (SA) anchored onto a geometrically deformed nitrogen-doped carbon (Ru1/NC) support.
b Bimetallic nanoparticles supported on carbon nanotubes (CNT).
¢ 10 % Ru/C with randomly methylated B-cyclodextrins.

d n.i.: not indicated.

e 5% Ru/C in combination with a super amphiphilic carbon (s. a. C).
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f Ammonium molybdate in a flat membrane reactor.

For Mo, instead, the catalyst active phase was either made to flow through a flat membrane
reactor fitted with a hydrophobic polymeric film (entry 6) or made available as a pyridinium
exchanged a-Kegging anion, not suitable for recycle (entry 7). Overall, though inventive and
effective, all these methods implied the engineering of costly and environmentally impactful
syntheses and the use of expensive starting materials to obtain active metals and suitable
supports and reactors. By contrast, the MP2-based procedure was conceived for being
easily accessible via simple and safe combinations of catalyst/conditions for oxidation
reactions in water. This was achieved using air as an oxidant, cheap commercially available
compounds ([Nsss1][Cl], i~octane), and catalysts which were sourced from conventional
suppliers (Ru/C from Merck) or prepared by a straightforward synthesis (Mo/C) still from
commercial inexpensive precursors (ammonium molybdate and cellulose). The multiphase
protocol did not ensure the catalyst stability at least for Mo/C, but nonetheless it made
possible the control of the reaction selectivity and an effective recycle across successive

runs.

Two more considerations should be finally placed based on the CHEM21 toolkit for green
practices in chemical synthesis: ' a recent evaluation of ionic liquids through the metrics of
this standard, ranked onium salts as tetralkyl substituted ammonium cations and chloride
anion as green compounds/media for their positive technoeconomic impact; processes at
T=150 °C generally raise concerns for the energy costs. This aspect, however, appeared
mitigated, if not offset, for MP2-based oxidations catalysed by Mo, an element which is

characterised by a price steadier and far lower compared to precious metals. "%
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The oxidation of n-Butyl alcohol

n-Butyl alcohol (n-BuOH) was selected as a model substrate representative of water-soluble
primary aliphatic alcohols. Oxidation reactions were carried out in a batch mode using a
stainless-steel autoclave in the presence of the two Ru- and Mo-based catalytic systems
described earlier in this section, with air as the oxidant. In light of the results obtained with

the oxidation of benzyl alcohol, only two reaction environments were explored in this case:

i) an aqueous solution of n-BuOH (0.5 M, 5 mL) employed as such, and
i) a triphasic mixture of aqueous n-BuOH (0.5 M, 5 mL), i-octane (5 mL) and the
methyltrioctylammonium chloride ([Nsss1][CI], 500 mg) as an ionic liquid to

generate the MP2 system.

A preliminary screening highlighted that the reaction conditions previously optimised for
benzyl alcohol were not suitable for n-BuOH oxidation, as overoxidation was found to
dominate even at conversions far from quantitative. This prompted us to halve the amount
of catalyst (5 wt.% Ru/C or 6.1 wt.% Mo/C; 50 mg for each system).

However, simply lowering the catalyst loading did not alter the product distribution, and the
oxidation of n-BuOH still proceeded with extensive overoxidation and concurrent C—C bond
cleavage (Figure 2.27). Overall, the major product was butyric acid (1), accompanied by
smaller amounts of butanal (4), short-chain carboxylic acids such as propanoic acid (2) and
acetic acid (3), and minor amounts of esters (5) potentially formed through esterification

between residual alcohol and the carboxylic acids produced.

Aoy —2L M )J\OH

H,0 or MP2 1_2 4.5
cat: Ru/C or Mo/C 1 n=1, X=0OH; main product
2 n=0, X=OH
4 n=1, X=H

5n=0,1, X=OR; R=C,4H(

Figure 2.27. Schematic representation of the overoxidation of n-BuOH using Ru/C and Mo/C systems.

Therefore, a parametric study of the oxidation of n-BuOH was then conducted by varying
temperature (in the range of 110-150 °C), air pressure (from 10 to 50 bar), and reaction time

(from 2 to 24 h). Table 2.8 summarises the most representative results.
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Table 2.8. The oxidation of n-BuOH using Ru/C or Mo/C systems in water (or acetonitrile). Conversion and
products distribution were determined by GC and GC/MS.

Entry Catalyst Medium T (°C), p (bar), t (h) Conversion % Products distribution %

1 2 3 4 5

1 130, 30, 6 65 58 3 1 21 17
2 150, 50, 6 >99 75 20 3 1 1
3 140, 50, 6 92 66 27 4 1 2
4 130, 50, 6 88 63 20 3 3 1
5 120, 50, 6 70 60 20 2 12 4
6 110, 50, 6 58 55 14 1 25 5
7 150, 40, 6 95 66 22 3 2 7
8 Water 150, 30, 6 76 73 17 1 7 2
9 150, 20, 6 79 65 17 1 8 9
Ru/C
10 150, 10, 6 61 72 6 - 19 3
11 150, 10, 12 80 80 10 - 8 2
12 150, 50, 4 90 69 24 4 2 1
13 150, 50, 3 86 67 22 2 3 6
14 150, 50, 2 77 67 17 1 10 5
152 150, 50, 6 - >99 - - - -
16 150, 50, 6 79 76 4 1 9 10
17 Acetonitrile 150, 10, 6 52 62 5 1 20 12
18 150, 10, 12 62 72 5 1 8 14
19 150, 50, 6 3 - - - >99 -
200 150, 50, 24 42 36 15 4 15 30
Mo/C Water
21b 180, 50, 24 80 51 23 14 8 4
22b 200, 50, 24 >99 61 23 16 - -

a oxidation reaction was performed on butyric acid as the starting reagent.
b Mo/C loading was increased from 50 to 200 mg.
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In the case of the Ru-based catalytic system in aqueous environment, complete conversion
of n-BuOH was only achieved under relatively high temperature and pressure and prolonged
time (150 °C, 50 bar air, 6 h, entry 2). Nevertheless, none of the parameter combinations
tested, even under milder conditions and incomplete conversion, allowed us to drive the
reaction selectivity towards a single product. Specifically, the effect of temperature variation
was evaluated by gradually lowering the reaction temperature from 150 to 110 °C (entries
2-6; see also Figure 2.28A). At each temperature decrease, a slight but consistent
reduction in the short-chain derivatives (2 and 3) was observed, accompanied by a modest
increase in butanal (4) up to 25%. The selectivity towards butyric acid (1) also decreased,
while on the other hand the substrate conversion dropped consistently from >99 to 58%.

Similarly, lowering the air pressure from 50 to 10 bar (entries 7-10; see also Figure 2.28B)
resulted in a significant decrease in conversion, from >99% to 61%, without producing any
meaningful improvement in selectivity except for a small, but appreciable reduction of short-
chain products at 10 bar. This result prompted us to further investigate the reaction at low
pressure and at a prolonged time, extended to 12 h. Under these conditions, selectivity
towards butyric acid (80%) was slightly improved, although conversion did not exceed 80%
(entry 11). By contrast, progressive reduction of the reaction time from 6 to 2 h (entries 12—
14; see also Figure 2.28C) had no impact at all on the products distribution but caused,

once again, a decrease in overall yield from >99% to 77%.

[ Conv Butyraldehyde -4 - Butyric acid - - Propionic acid Acetic acid - @-Esters
@ 100 100 { 100 {
90 1 90 4 90
80 1 80+ 80 4
70 70{ e 70
80 60 4 60 4
50 50 4 50 4
40 40 1 40
30 1 30 4 304
20 20 20
10 1 10 4 104

0 0 0
110 120 130 140 150 10 20 30 40 50 2 3 4 6

Temperature °C Pressure (bar) Time (h)

Conversion and Selectivity (% by

Figure 2.28A-C. Effect of A) temperature, reduced from 150 to 110 °C; B) pressure, reduced from 50 to 10
bar air; and C) reaction time, reduced from 6 to 2 h, on the Ru-catalysed oxidation reaction of n-BuOH in terms
of conversion (green bars) and products distribution (lines).

The observed C-C bond (oxidative) cleavage of unstrained alcohols is not a new process.

Excellent reviews have been reported on this subject. .19 Given the inertness of the Csp?-
Csp® o bond, the cleavage requires activation by transition metals and the predominant

pathway for such a process is -carbon elimination. Coordination of the alcohol to the metal
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via the oxygen atom facilitates interaction with the adjacent B-position, which in turn
promotes bond cleavage. In support of this mechanistic interpretation, when n-BuOH was
replaced with a 0.5 M aqueous solution of butyric acid under identical conditions (entry 15:
50 mg Ru/C, 150 °C, 50 bar air, 6 h), the carboxylic acid was recovered unaltered, indicating
that the B-carbon elimination mechanism was exclusive for the alcohol. On this basis, a
tentative mechanistic scheme for the oxidative C-C cleavage of n-BuOH is proposed in
Scheme 2.1. Nevertheless, it should be noted that the proposed pathway is intended as a
plausible interpretation rather than a definitive mechanism, and further experimental

investigations are required to validate the individual steps involved.

o 7 R on
2 IM] \
(l)H
M ]
O._R
OH /(ﬁ-carbon elimination
R-OH |
MR CO

Scheme 2.1. Proposed catalytic cycle for the metal-mediated 3-carbon oxidative cleavage of a primary alcohal,
leading to the loss of one carbon unit.

A strategy based on B-C-C bond breaking coupled to decarboxylation has been recently
demonstrated also for carboxylic acids, but it required copper-mediated photoredox

catalysis.'%8

An additional test (not reported in Table 2.8) was performed using toluene as the starting
substrate. In this case, 2.5 mmol of toluene (immiscible in water, and therefore potentially
reacting “on water”) were oxidised under Ru/C catalysis at 150 °C and 50 bar of air for 24 h,
affording 63% conversion and the following products distribution: 2% benzaldehyde, 66%
benzoic acid, and 32% of other oxidised derivatives, mainly benzoic acid esters (such as
benzyl benzoate). Similarly to the methylene moiety of toluene, the shorter-chain fragment
generated from the 3-C-C bond cleavage can undergo further oxidation, enable new metal
coordination and promoting additional B-scission steps, and ultimately leading to a cascade

of oxidative degradations promoted by the same catalytic system. Such a pathway provides
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a plausible explanation for the observed mixture of C4, C3, and C2 carboxylic acids detected
in the product mixture, and highlights the intrinsic difficulty of controlling selectivity in the

oxidation of aliphatic alcohols under the present conditions.

The most promising experiments (entries 2, 10, and 11) were repeated by replacing water
with acetonitrile as solvent, while keeping all other reaction conditions unchanged (entries
16, 17 and 18). In these cases, an improvement in selectivity towards butyric acid was
observed (76%, 62%, and 72%, respectively), though conversion was always penalised, as
the oxidation of n-BuOH proved slower using this solvent. The larger fraction of unreacted
alcoholic substrate also resulted in an increased formation of ester derivatives, while
extending the reaction time to 12 h was not sufficient to achieve a complete conversion
(62%, entry 18). Apparently, the best result achieved with the Ru/C catalyst remained that
obtained at 150 °C and 50 bar of air for 6 h in water, corresponding to >99% conversion and

75% selectivity towards butyric acid (entry 2).

The Mo-based catalytic system was then evaluated in water. Initially, the reaction conditions
optimised for the oxidation of n-BuOH over Ru/C were reproduced, obtaining a substrate
conversion surprisingly low (3%, entry 19). The catalyst loading was therefore increased to
200 mg, and the reaction time was extended to 24 h. This led to 42% conversion of the
aliphatic alcohol (entry 20) with predominant overoxidation and C—C bond cleavage:
observed products were butyric acid (36%), C3-C2 short-chain acidic derivatives (19%),
butanal (15%), and esters (30%). A temperature screening was also carried out, increasing
the temperature from 150 to 180 °C (entry 21) and ultimately to 200 °C (entry 22), where full
substrate consumption was finally achieved. The best results obtained with both catalytic
systems in water were then reproduced under multiphasic conditions, using the MP2

system. Results are summarised in Table 2.9.

In the presence of Ru/C or Mo/C, the selectivity for the oxidation of n-BuOH in the MP2
system proved far less satisfactory than that obtained for benzyl alcohol. Not only more
moderate conversions were achieved here (82% and 70% after 6 h with Ru/C and 24 h with
Mo/C, respectively; entries 2 and 4) moving from water to the MP2 system, but also no
improvement at all in selectivity towards a single product was observed: butyric acid, short-
chain derivatives, butanal, and butyl esters were all formed following the same general

trends as in the water-only system.
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Nonetheless, in the MP2 system the confinement of Ru/C or Mo/C was still effective in the
ionic liquid phase, so that the catalyst/product separation was successful and the catalyst

recycle — though not further explored herein — was likely possible under such conditions.

Table 2.9. The oxidation of n-BuOH using Ru/C and Mo/C catalysts (50 and 200 mg, respectively) in the MP2
systemin comparison to results obtained in water from Table 2.8. Conversion and products distribution were
determined by GC and GC/MS.

Entry Catalyst Medium T (°C), p (bar), t (h) Conversion % Products distribution %

1 2 3 al 5

1 Water >99 75 20 3 1 1
Ru/C 150, 50, 6

2 MP2 82 74 15 3 4 4

3 Water 80 51 23 14 8 4
Mo/C 180, 50, 24

4 MP2 70 63 16 9 6 6

2.2.3 Conclusions

The proposed study unveils insights into a pivotal process of contemporary chemical
reactions as the catalytic oxidation of primary benzyl-type alcohols. The design of an
innovative sustainable method is described where the potential of MSP is integrated with
the use of air as a green and safe oxidant, and carbon supported catalysts based on
environmentally desirable metals, particularly the non-noble Mo. In the presence of an ad-
hoc prepared Mo/C or a commercial Ru/C catalyst, the comparison of different reaction
environments proves that a specially designed liquid triphasic system (MP2: water/i-
octane/[Nsss1][Cl]) is an extraordinary option to control the products distribution of the
oxidation of benzyl alcohol. The selectivity towards the formation of the partially oxidised
derivative, benzaldehyde, can be enhanced up to 99% at complete conversion. The general
viability of the multiphase protocol has been confirmed for a small, but representative library
of benzyl alcohols (five examples), including substrates bearing para- and ortho-substituents
with different electronic properties, such as methoxy, hydroxy and bromo groups, which were

quantitatively transformed into the corresponding aldehydes.
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Crucial to these results is the role of the ionic liquid component [Nsss1][Cl] of the MPS that
acts as a catalyst-philic phase able to confine both Mo/C and Ru/C and keep them separated
from water-soluble reactants and products. This confinement phenomenon, mostly due to
the properties of the carbon supports of the catalysts and their adsorption/interactions with
the ionic liquid, makes the oxidation proceeds as an interfacial process which is not only
critical to the selectivity control, but it also allows the recovery of products from an aqueous
medium, free from metal contaminations, and an in-situ semicontinuous recycle of both
catalysts. The behaviour of the two catalytic systems, however, has been different from each
other upon subsequent reuses. Ru/C is comparably more active and stable over time, while
Mo/ C undergoes both a leaching of the active metal in the ionic liquid phase and a significant
alteration of its morphological properties and carbonaceous architecture. Notwithstanding
this, Mo/C is extremely resilient during recycles allowing a steady conversion from one run
to another and a selectivity (always >99% to benzaldehyde) even better than that achieved
with Ru/C. The reasons of this robustness are not yet clarified: albeit the cellulose-derived
carbon support and/or the procedure used to prepare Mo/C do not preserve its structure
under multiphase conditions, they might allow a dynamic leaching/adsorption of the metal in
the ionic liquid and on the support which confers the peculiar behaviour of the catalyst in the
recycle operations. It is agreed that leaching and sintering are detrimental phenomena for a
catalyst. However, in the specific case of Mo/C, adverse effects due to alterations of its
properties appear strongly mitigated, if not offset at all, by the experimental conditions
studied here. The integration of Mo/C into a MPS offer a unique design fulfilling requisites of
practical reusability of the catalyst with performance integrity and prevention from metal
contamination of the product and/or metal loss, which in the last analysis, are compelling

evidence towards improving of the process sustainability.

The MP2-assisted protocol (nor the same reaction in water or water/j-octane) does not prove
equally efficient for aliphatic alcohols. As demonstrated for the case of n-butyl alcohol,
phenomena such as overoxidation and oxidative C-C bond cleavage through a -carbon
elimination mechanism, took place during the reaction, producing mainly carboxylic acids
and shorter chain acid derivatives. Both reactions are interesting, but their competitiveness
and modest selectivity make the procedure less attractive at the present stage. This aspect
along with the design of more stable Mo-based catalysts offer some stimulating challenges

that will be the object of future studies in our Labs.
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2.2.4 Experimental Section

Materials and Equipment

Benzyl alcohols (XCsH4CH20H; X=H, p-Br, p-OCHs, p-OH, 0-OH, m-OCHs, p-OH), n-butyl
alcohol, (NH4)2Mo0O4, 5% Ru/C, 2-propanol, microcrystalline cellulose were commercially
available compounds sourced from Sigma-Aldrich. If not otherwise specified, reagents and
solvents were employed without further purification. Compressed air was supplied from
SIAD, ltaly. GC-MS (El, 70 eV) analyses were performed on an HP5-MS capillary column
(L=30 m, @=0.32 mm, film=0.25 mm). GC (flame ionisation detector; FID) analyses were
performed with an Elite-624 capillary column (L=30 m, @=0.32 mm, fim=1.8 mm). 'H and
13C NMR spectra were recorded using a Bruker Advance Il HD 400 WB equipped with a 4
mm CP/MAS probe, at 400 and 101 MHz, respectively. Chemical shifts were reported
downfield from tetramethyl silane (TMS) and MeOD, DMSO-ds and CDCl; were used as
solvents. Further equipment is described in the catalyst’s characterisation section.

Synthesis of the Mo/C Catalyst

The preparation of the Mo/C sample was accomplished by adjusting a procedure recently
reported by our group and based on a two-step run-in protocol (Figure 2.29).”” The
molybdenum salt (NH4)2MoO4 (1 mmol) was dissolved in 2-propanol (60 mL) under stirring.
The solution was then added with microcrystalline cellulose (5 g) and kept under magnetic

stirring for 9 h at the reflux temperature (80 °C).

O
|: 0 HO’ (NH4)2M004

n Propanol / ii) calcination

80°C,9-12h AN/ 500 °C, 1 h, N, MoIC

i) drying (100 °C, o.n.)

Cellulose

Figure 2.29. Schematic representation of the two-step synthetic protocol of the Mo/C catalytic material.

The suspension was filtered, dried at 100 °C, and the recovered solid was subjected to a
thermal treatment at 500 °C under a N2 flow for 1 h (10 mL/min, heating rate of 5 °C/min).

The final sample was ground to powder, stored in a glass vial, and labelled as Mo/C.
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Catalyst Characterisation Analyses

Both fresh and exhausted catalysts used in this work were characterised by a multi-

technique approach.

The X-Ray Diffraction (XRD) analysis, using Cu Ka radiation as the X-Ray source, was
employed to examine the crystalline structure of the samples. This involved monitoring the

206 values within the range of 10-80° at a rate of 0.08° min™.

Textural properties such as surface area, pore volume, and pore size were determined
through N2-physisorption at -196 °C. The samples underwent a 2-h outgassing at 120 °C
before recording adsorption—desorption isotherms at -196 °C. Specific surface areas, pore
volumes, and pore size distributions were calculated using the BET method for adsorption

isotherms and the Barrett, Joyner, and Halenda (BJH) algorithm.

The surface of the fresh and used catalysts was analysed by X-ray photoelectron
spectroscopy (XPS). The experiments were carried out in an ultrahigh vacuum chamber
using a Physical Electronics VersaProbe Il Scanning XPS spectrometer equipped with a
monochromatic X-ray Al Ka source (1486.6 eV). The C 1s line of adventitious carbon was
used for binding energies calibration at 284.8 eV. The accuracy of the binding energy (BE)

values was 0.2 eV.

ICP-MS analyses were performed using a Perkin Elmer Nexion 350X spectrometer, to
quantify the metal content of the catalysts and evaluate metal leaching after use. To the
scope, both fresh and used (post-reaction) catalysts (5 mg each), and a small fraction (100-
200 pL) of each one of the liquid components of the MP2 system, were subjected to a MW-
assisted (Ethos UP Milestone) digestion procedure under oxidant conditions. In particular,
samples were treated with 5 mL of a 3:1 HCI:HNO3 mixture and 2 mL of ultrapure H202, then
heated at 210 °C for 20 min. The resulting solutions were diluted to 50 mL with ultrapure
water and analysed. Mo(A=202.031) and Ru(A=240.272) were quantified by means of an
external seven-point calibration curve (100, 200, 500, 1000, 2500, 5000, 10000 ppb). The
linear fit was automatically calculated by the ICP software, with correlation coefficients of
0.9999 (Ru) and 1.0000 (Mo). The metal content recorded for each analysis was the average

of 6 subsequent acquisitions.

Morphology of the materials and nanoparticle distribution were obtained with a High-
Resolution Transmission Electron Microscopy (TALOS F200x), that also operate in STEM

mode (Scanning Transmission Electron Microscopy). The instrument possesses a HAADF
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detector, working at 200 kV and 200 nA. The mapping images were obtained with an EDX
Super-X system provided with 4 X-ray detectors and an X-FEG beam. The molybdenum
particle size distribution was performed by Image J software, counting at least 700 particles

selected in several different parts of each sample.

Catalytic Activity

The oxidation of alcohols was explored using both Ru/C and Mo/C catalysts and air as an
oxidant. All reactions were performed in duplicate to verify reproducibility. Unless otherwise
stated, conversions, selectivity, and yields (determined by GC-FID and GC-MS) differed by
less than 5 % from one test to another. The structure of the products was assigned by
GC/MS. Multiple consecutive/parallel processes of oxidation (to aldehydes and carboxylic
acids), C—C bond cleavage and esterification were observed in this work. Accordingly, the
selectivity towards any of the observed products was not defined for a single reaction but
calculated with respect to the total amount of the products derived by all the occurring

processes. The following expression was used:
Si = [moli/con, -alcohol]-100

where S; is the selectivity (%) for the single compound i and mol; stands for the total moles

of compound i (by GC calibration).
Three different reaction environments were examined:

i) Water. A 15-mL round-bottomed glass reactor was charged with a solution of the
chosen alcohol (2 mmol) in water (5 mL) and the catalyst (100 mg). The reactor
was placed in a stainless-steel autoclave equipped with two needle valves and a
manometer, charged with air at 8-20 bar, and heated under magnetic stirring at
the desired temperature for 2-24 h. The autoclave was then cooled to rt, gently
purged, and opened. The aqueous phase was syringed out, strained through a
microporous filter (0.22 ym) and analysed by GC and GC/MS.

ii) Water/i-octane. The procedure above described for water was followed with the
further addition of i-octane (5 mL) to obtain a biphase liquid system (MP1).
Interestingly, the catalyst appeared clearly confined within the organic upper
phase (i-octane). The reaction and the resulting final mixture were subjected to

the same treatment outlined in point i).
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i) Water/i-octane/[Nsss1][Cl]. The procedure above described for water was followed
with the further addition of i-octane (5 mL) and methyltrioctylammonium chloride
(500 mg) as an ionic liquid to obtain a triphase liquid system (MP2). Interestingly,
the catalyst appeared clearly confined within the ionic liquid phase (middle layer).
The reaction and the resulting final mixture were subjected to the same treatment

outlined in point i).

Catalysts Recycle

The recycle of the catalysts was investigated when the MP2 system was used. Once a first
reaction cycle was complete, the aqueous phase containing the products was syringed out
and replaced by an equivalent volume (5 mL) of fresh solution of the reactant alcohol. Then,
a second oxidation test was run. The overall sequence was repeated for five subsequent
experiments. Both the ionic liquid-phase containing the catalyst and the hydrocarbon were

never removed from the reactor.
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Chapter 3. Biowaste Valorisation

The steady growth of world’s population and the rising global demand for energy are tightly
interwoven with the expansion of agriculture and food production sectors. A direct
consequence is the generation of a large amount of biowaste, including agricultural and
forestry residues, food processing by-products, fishery waste, gardening waste, livestock
manure, sludge, natural fibres, as well as any biodegradable material of biological origin."
Among these, food waste is the largest share, defined as edible or non-edible food discarded
at any stage of the food chain, from manufacturing, logistics, and storing, to postconsumer
phase.? According to the 2019 State of Agriculture report by the Food and Agriculture
Organisation (FAO) of the UN, approximately 14% of the annual food produced globally is

lost or wasted between harvest and retail.?

The disposal of this massive waste volume brings major challenges in terms of pollution and
land required for its storage. When organic waste ends up in landfills or dumpsites, it
decomposes anaerobically and produces methane, that has a GWP 28 times higher than
CO2, and accounts alone for nearly 90% of the waste sector’s direct contribution to GHG
emissions.* Beyond climate impacts, poorly managed biowaste can lead to contamination
of soils and water, harming biodiversity, and even entering human food chain. An additional
issue is the loss of an incredible variety of valuable materials, bioactive compounds and

energy®, whose recovery could promote more resilient food and energy systems worldwide.

“Valorisation” refers to the process of transforming something that is traditionally considered
waste into a product with new added value, by applying innovative technologies and green
methods. In a sustainability framework, rethinking waste through a circular approach can
offer opportunities to save resources, reduce pollution and help addressing the actual
climate and energy crisis®. Whitin this Chapter, the concept of valorisation has been framed
as a strategy to recovery and re-use waste streams from the fishery supply chain, a topic
that is further discussed in Section 3.1 as a prelude to another central theme of this Thesis:
the extraction of a precious bioactive compound, i.e. chitin, from biowaste, which will be

explored more specifically in Section 3.2.
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3.1 Fishery waste upgrading: an overview

The valorisation of by-products from the fish and seafood industry is gaining increasing
attention due to two main reasons: the large volumes generated worldwide, together with
the associated environmental drawbacks, and their remarkable richness in valuable

nutrients, which are certainly worth recovering and upgrading.

Humble strategies to address these matters include composting or converting the organic
residues into animal feed or fertilizers. Fishery waste is particularly rich in amino acids,
peptides, collagen, chitin, and other nitrogen-based compounds’, a valuable element for soil
nutrition. However, these low-tech and non-selective processes rely on uncontrolled thermal
degradation or enzymatic digestion, which break down raw materials and lead to products
of limited nutritional quality and low added value. Although these options are preferable to
landfilling, current research is focused on developing more refined and sustainable
valorisation pathways for fishery by-products (Figure 3.1).8

Among the compounds worth recovering are w-3 fatty acids, originally synthesised by algae
and phytoplankton and accumulated in fish as lipid reserves. These molecules play an
essential role in cardiovascular and neural functionality, and their dietary deficiency — since
they cannot be synthesised endogenously by mammals — may lead to health disorders®°.
Other bioactive compounds, such as essential amino acids and enzymes represent a high-
value protein fraction due to their excellent nutritional properties. Collagen and gelatine are
also interesting: they are widely employed in cosmetic formulations (like anti-aging creams)
and food additives, respectively' 2. Many products and supplements derived from a wide
range of bioactive compounds obtained from fish waste are commercially in high demand
because of their antioxidant, antihypertensive, antibacterial, and immunomodulatory
properties. Overall, these bioactive compounds are extensively used in the nutraceutical,

pharmaceutical, cosmetic, agrochemical, and biomaterials sectors.

Among many valuable components of fish by-products, chitin, a structural polysaccharide
mainly found in the exoskeletons of marine arthropods, is gaining increasing attention from
the scientific community, both for its unique properties and for the enormous quantities
produced: within the global fishery waste stream, chitin-containing residues are estimated
at 10'>-10"* tons per year.”® Given chitin’s relevance to the present work, the following
section is dedicated to frame this research within the context of the current scientific

literature.
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Figure 3.1. Schematic representation of fish waste recovery and valorisation pathways. Adapted from 4.
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Chitin

Chitin was firstly discovered in 1799 by Charles Hatchett, who reported it as “a material
particularly resistant to usual chemicals”.’® Today we know that chitin is a structural
polysaccharide composed by N-acetyl-D-glucosamine units connected by glycoside linkage
B-(1—4)'®, mainly found in the exoskeleton of crustaceans and insects, in the cell walls of
fungi, in the cartilage of molluscs, and in marine sponge. About 7 wt.% of chitin is made up
of nitrogen (Figure 3.2), which gives the biopolymer unique properties that make it superior

to cellulose, its structural analogue to which chitin is second only in abundance in nature™’.

,Cx OH . OH
o OH

Chitin Cellulose

Figure 3.2. Schematic representation of Chitin and Cellulose chemical structures.

Thanks to its biocompatibility, biodegradability and non-toxicity, chitin, together with its
deacetylated product chitosan, has been intensively studied in recent decades for a wide
range of pharmaceutical, nutraceutical (food additives and supplements), cosmetical,

physiological, and biomedical applications.'”

Indeed, chitin and chitosan have shown haemostatic and antimicrobial activities against a
variety of pathogens, including fungi and bacteria, as well as the promotion of wound
healing,’® with chitosan-based dressings enabling the acceleration of blood clotting via
platelet aggregation while suppressing bacterial growth when in combination with TiO2
nanoparticles. Chitosan also exhibit mucoadhesive properties, meaning it can cling to
mucosal membranes found in nose, mouth, and gastrointestinal system, which is useful for
the development of medication delivery systems for oral and nasal administration.™
Moreover, chitin and chitosan also proved to elicit biological responses and enhance
immune activity, which make them perfectly suitable as adjuvants (chemical compounds that

boost immunity and promote a vaccine’s potency) in formulation and development of
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vaccines.?%?" Nanocomposites of chitin have been widely studied as tissue engineering
scaffolds,??2* and for a range of drug delivery applications,?* diagnosis and treatment of
various types of cancer cells, such as human monocyte and myeloid leukemia cells, human
melanoma cells, and HelLa cells.?>2” An example within this context is the use of chitin
nanocomposites embedded with other antimicrobial agents, such as silver or copper
nanoparticles, that exhibited an enhanced cytotoxicity in human breast cancer (MCF-7) cells

compared to the metal nanoparticles alone.?®

Beyond medical uses, chitin and chitosan have also been used in packaging materials to
maintain the quality of a wide range of food items and partially replace conventional
plastics,?® but also in textiles applications,® as well as electronics and nanotechnologies,
where they are employed in biobased electric devices®*? or as precursors for nitrogen-
doped carbon materials useful for catalytic applications.3® As discussed in Chapters 1 and
2, combining biomass-derived activated carbons with nitrogen doping represents a
promising strategy to enhance the selectivity of sustainable catalytic systems, thanks to the
presence of defects generated on the surface of the carbon matrix by differences in
electronegativity, atomic radius, and bond structure between carbon and nitrogen. These
defects cause an uneven distribution of charge density, leading to formation of active sites

and strong coordination centres for metal ions.'”

The countless properties of chitin and its derivatives, and consequently all the potential
applications to them associated, are due to the unique structural characteristics of this
biopolymer. Chitin is known for having striking mechanical properties due to its high level of
crystallinity, provided by the presence of intra- and intermolecular hydrogen bonding
between the chains of the biopolymer, which confers to the material a low chemical reactivity
and high resistance to solubilisation and degradation, in water and most organic solvents.3*
Chitin occurs in three crystalline allomorphs (Figure 3.3) — a-, -, and y-chitin — which differ

mainly in the direction arrangement of their polymer chains.!”:3%36

a-Chitin is the most abundant and stable form, commonly found in crustacean shells, insect
cuticles, and fungal cell walls. Its chains are arranged in an anti-parallel orientation, allowing
for a dense network of both intra- and inter-molecular hydrogen bonds. The result is a

material that is highly crystalline, rigid, and resistant to swelling in water.

B-Chitin, by contrast, is characterised by a parallel chain arrangement, which allows fewer
hydrogen bonds to form between adjacent sheets, lacking this way the strong intramolecular

interactions typical in a-chitin. Therefore, B-chitin is less crystalline, more flexible, and more
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susceptible to hydration and chemical modification. Indeed, in the presence of water
molecules, which can act themselves as hydrogen bond donors and acceptors, under acidic

conditions B-chitin tends to swell and convert spontaneously into more stable a-chitin.®”

y-Chitin is relatively rare and structurally more complex. It contains a mixture of parallel and
anti-parallel arrangement sections, which gives it intermediate properties between a- and -

allomorphs.38

a-Chitin B-Chitin y-Chitin
el el
€ > >
> 3> -
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Figure 3.3. From left to right, the schematic representation of the three crystalline allomorphs a-, -, and y-
chitin. Reprinted from 3° with permission.

In crustacean shells, where a-chitin predominates, the crystalline polymer is embedded in a
highly organised hierarchical composite material, which includes an inorganic mineral phase
(mainly calcium carbonate) and an organic matrix of proteins and chitin fibres, arranged
across multiple length scales, from the nanoscale to the macroscale (Figure 3.4), following
Bouligand's structure].° Each level of structural rearrangement provides an added
contribute to the mechanical strength and toughness of the final material, whose resilience
towards diverse physical and chemical treatments is therefore unsurprising, and fulffills the

exoskeleton’s primary function of protection.
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epicuticle

axncuticle

Figure 3.4. Schematic representation of the structural levels of crustacean shells, from nano to macroscale.
Chitin nanofibers composed of a-chitin chains are braid with proteins and mineral nanocrystals into Bouligand
structures. Reprinted from 40 with permission.

Up to date, crustacean (prawns, crabs, lobsters, shrimps) shells are the primary industrial
source of chitin, which content can vary widely from species to species, but also according
to age, sex, season, nutrition, and health status. This variability in the chemical composition
of chitinous biomass, although completely natural, can impact the extraction process, and
therefore the outcome.*'#2 Regarding crab shells, specifically, their composition is generally
made up of about 57-58% of minerals, 21% proteins, 20% chitin, and a small fraction of
lipids, pigments, and metal traces, as will be better discussed in Section 3.2, which illustrates
how this biowaste was studied as starting material for the extraction of chitin through a green

method optimised in our lab.4®

The hardness of these materials requires the employment of extraction techniques that need
to be both efficient and robust, capable of coping with the compositional variability of the
organic feedstock. Conversely, the valorisation of fishery waste for the production of
bioactive compounds and advanced materials should not rely on processes that use or
generate large amounts of hazardous chemicals. Conventional industrial extraction methods
still rely on strong acids and bases in multistep processes, which generate significant waste
streams. Therefore, the development of truly sustainable methodologies for biowaste

valorisation is both highly desirable and increasingly urgent.
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Conventional extraction methods

Most industrially produced chitin is obtained from the extraction of chitinous biomass (mainly
shrimp shells) through multistep procedures. Conventional chemical treatments typically
involve inorganic minerals removal (demineralisation) by strong mineral acids, proteins
removal (deproteinisation) by alkaline solution and finally, — since the product has usually a
yellowish colour — a final decolouration step oxidising agents like KMnO4, H202, or NaCIO,

to remove residual pigments. Other details will be given in section 3.2.1.

Efforts to replace aggressive reagents have included the use of milder organic acids (like
formic and acetic acid) in the demineralisation step,* as well as chelating agents such as
ethylenediaminetetraacetic acid (EDTA, which binds to metal ions such as calcium and
magnesium) and CO2,% though these have shown lower efficiency compared to mineral

acids.

However, chitin extracted by conventional chemical methods is generally not suitable for
food, pharmaceutical, or cosmetic applications, due to the potential presence of chemical
residues.*® To overcome these drawbacks, several eco-friendly extraction methods are
getting common, offering the dual advantages of expanding the potential applications of the
— generally less contaminated — extracted chitin, and enabling the simultaneous recovery of
proteins and minerals for reuse in other processes.4’” Among these, enzymatic hydrolysis
and microbial fermentation have shown promising: enzymes, bacteria, and fungi can
produce organic acids and proteolytic enzymes able to remove CaCOs and proteins.*849
Main drawbacks of these approaches lie in their extreme sensitivity to small oscillations in
parameters such as pH and temperature, as well as long processing times and high costs,

which limit their broadening to highly specialised industrial plants.%-5'

Alternative extraction pathways

While biological methods represent a valid, yet limited, alternative to conventional extraction
methods, efforts have been made to develop new green approaches for chitin extraction,
employing deep eutectic solvents (DESs), natural deep eutectic solvents (NADESSs), and
ionic liquids (ILs), which are capable of the disruption of chitin’s hydrogen bonding network,
and thus demonstrated great potential for increased yields and improved quality of the
extraction outcome, especially when used in combination with other non-conventional

treatments such as ultrasound, steam explosion and microwaves.5>-54

129



DESs are binary or ternary mixtures in which acceptors (HBA, Figure 3.5A) and hydrogen
bond donors (HBD, Figure 3.5B) are combined in an extensive hydrogen-bonding network
which confers unique properties to the system, such as melting points significantly lower

than the single components.
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Figure 3.5. Schematic representation of commonly used A: HBA and B: HBD in DESs. Adapted from 53,

Choline chloride/urea (ChCl/urea) DES, for example, was found to have a melting point of
12 °C, compared to 302 °C for choline chloride and 133 °C for urea alone.®® This richness
in hydrogen-bonding species makes DESs perfectly suitable for biomass valorisation
purposes, including chitin pulping (which is the process of dissolving everything but chitin).
For instance, a ChCl/malonic acid (CCMA) DES proved efficient in isolating chitin from
lobster shells with a crystallinity index of 67-80 % and a yield (20 wt.%) higher than that
obtained for conventionally extracted chitin, after treating a 7 wt.% biomass loading at 50 °C
for 2 h, followed by a decolouration step carried out using 10% w/v H202 at 80 °C.% Among
DESs, NADESs represent a subclass composed entirely of natural compounds. A
ChCl/lactic acid (1:1) NADES effectively extracted chitin from Brown crab (Cancer Pagurus)
shells with 98 % purity after a treatment at 130 °C, followed by a H20:2 decolouration step,

yielding chitin with properties comparable to those of the conventionally extracted material.>’

As already mentioned in Chapter 2, ILs, also called liquid organic salts, consist exclusively

of equivalent amounts of oppositely charged and mostly organic ions®® (Figure 3.6).
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Figure 3.6. Schematic representation of commonly used A: cations and B: anions in ILs. Adapted from 53,

The pioneering work of R.D. Rogers over the past three decades has been key to unlocking
the industrial potential of biopolymers like chitin and cellulose using ILs.%® Among these,
imidazolium-based ILs with basic anions, such as 1-ethyl-3-methylimidazolim and 1-butyl-
3-methylimidazolim acetate and chloride ([Czmim][OAc], [Camim][OAc], [C2mim]Cl, and
[C4mim]CI) — widely common for biopolymers and biomass valorisation — proven effective in
isolating chitin from shrimp shells, crab shell, and squid pens.®®8" Another interesting
example involves 1-allyl-3-methylimidazolium bromide ([AMIM][Br]) used for chitin extraction
from crab shells treating 10 wt.% of biomass at 120 °C for 24 h, followed by citric acid
demineralisation to yield a 12.6 % chitin recovery, a degree of acetylation of 93 %, and a
molecular weight up to 1.5 x 105.%2 DFT studies showed that the effectiveness of this IL lies
in the bromide anion, which is able to penetrate between the biopolymer chains and
promotes a “peeling” mechanism by destabilising interchain hydrogen bonding.% Moreover,
a binary mixture of two imidazolium-based ILs — 1-ethyl-3-methylimidazolium acetate
([EMIM][OAC]) and 1-butyl-3-methylimidazolium bromide ([BMIM][Br]) — was found to
efficiently extract chitin after treatment at 110 °C for 24 h, followed by citric acid—assisted
demineralisation. The resulting extracted chitin exhibited yields 1.14—2.04 times higher than
those obtained through conventional chemical extraction, properties comparable to
commercial chitin, and a noticeable bleaching effect, confirming the potential of such ILs

mixtures for chitin-rich biomass valorisation.?*
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3.2 Green Extraction of Chitin from Hard Spider Crab Shells

This section is part of the experimental work carried out in this Thesis. The author
contributed to the design and the execution of the extraction tests, and to part of the
characterisation tests of the extracts. The results described on this paragraph have been
published as a Research Article in: C. Campalani, |. Bertuol, C. Bersani, R. Calmanti, S.
Filonenko, D. Rodriguez-Padron, M. Selva, A. Perosa, Carbohydrate Polymers (2024), 345.

Abstract. A green protocol to extract chitin from crab shells using water compatible ionic
liquids is here reported. Compared to conventional multistep acid-base extraction methods,
this one-pot procedure achieves pulping of recalcitrant crustacean waste shells by
employing ammonium acetate, ammonium formate and hydroxylammonium acetate as
water-compatible, low-cost and easy to prepare ionic liquids. An extensive parametric
analysis of the pulping process has been carried out with different ionic liquids, different
ratios, temperature and time. The optimised protocol provides a high-quality chitin
comparable, if not better, to commercial chitin. The best results were obtained at 150 °C with
ammonium formate prepared in-situ from aqueous ammonia and formic acid (Figure 3.7):
chitin was isolated in a 17 wt.% yield (based on dried crab shells as starting biowaste), a
degree of acetylation (DA) above 94%, a crystallinity index of 39—46%, a molecular weight

up to 6.6 x 10° g/mol and a polydispersity of ca 2.0.

100-150 °C
2-4h

.‘ 4

. HCO,H
II. NH,OH 30-33 wt.%

Figure 3.7. Schematic representation of our one-pot pulping method to isolate chitin from hard Spider crab
shells using in-situ prepared ionic liquids.
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3.2.1 Introduction

The Food and Agriculture Organisation (FAO) has reported that fishery and aquaculture
production will reach 202 million tonnes/year by 2030.” This sector is recognised in the
context of food security and nutrition by the UN 2030 Agenda for Sustainable Development.
A consequence of the increasing consumption of fishery derived food is the production of
waste, which is currently estimated in the order of dozens of million tons per year. Fishery
waste represents a valuable source of chemical richness as it includes oil (such as w-3 fatty
acids), as well as amino acids, bioactive peptides, collagen, chitin, gelatine, and
pigments.”-®> The recovery and upgrading of such waste. Not only it provides marketable
products but also contributes to reducing the effect of the anthropic exploitation of marine

resources and to preserve coastal environments.

Crustacean shell biorefining places a special emphasis on chitin, (poly 8-(1—4)-N-acetyl-D-
glucosamine), which is the second most abundant natural polysaccharide after
cellulose. 667 |ts total annual production is estimated around 2.8 x 10'° kg from species
of freshwater and 1.3 x 102 kg from species of marine ecosystems, respectively, the latter
including prawns, crabs, shrimps, and lobsters.® Crustacean exoskeletons are composed
of ca. 20-30% chitin, 30-50% minerals (mainly calcium carbonate), 30—40% proteins and
other substances including lipids (up to 14%) and pigments (such as astaxanthin).®® Since
chitin is insoluble in water and in most organic solvents, its isolation is a laborious multistep

process based either on chemical or on biological (microbial) methods*’ (Figure 3.8).
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Chemical pulping involves initial crushing and/or milling of the biomass, followed by
deproteinisation, demineralisation, and decolouration to remove protein, inorganic
components and pigments (astaxanthin, canthaxanthin, astacene, lutein and B-carotene),
respectively’®’" (Figure 3.9). Such treatments typically take advantage of highly
concentrated solutions of strong mineral acids, alone or in mixtures, to remove the mineral
phase. The most common are HCI, HNOs, and H2SO4, usually employed for 1-3 h at room
temperature.’ Deproteinisation is then carried out under strongly alkaline conditions, often
using concentrated solutions of NaOH, KOH, Ca(OH)2, Na:COs, NasPOs4, Na2S at
temperatures ranging from 65 to 160 °C for several hours or days.” Discolouration is
generally achieved using organic solvents, such as acetone, ethyl acetate, or ethanol, which
dissolve and extract pigments, or bleaching treatments with oxidising agents like KMnOa4,
H202, or NaCIlO, sometimes assisted by physical treatment such as ultrasound as alternative

to conventional heating

Washing,
drying and
grinding  Crab shell powder

Crab waste

Chitosan Deacety]ation Chitin @

Figure 3.9. lllustration of the conventional chemical extraction route. Reprinted from % with permission.

These different treatments imply several drawbacks. On one hand, they may induce
potential adverse effects on the properties of extracted chitin: e.g., if acid/basic conditions
for demineralisation and deproteinisation are not strictly controlled, hydrolysis of the
glycosidic bond may cause the formation of oligomers,’ while the degree of acetylation and
the crystallinity index can both decrease.” Moreover, compared to biological methods,
chemical procedures are generally aggressive for ecosystems, energy-intensive,*’ time
consuming and generate large amounts of wastewater.
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For instance, in a typical chemical extraction, about 1 L (972 mL) of concentrated HCI (35
wt.%) is required to demineralise 100 g of chitin from crab shell waste, releasing 220 g (112
L at standard temperature and pressure) of CO2 in the atmosphere.” Nonetheless, chemical
treatment of arthropod shells is still the preferred route for the extraction and production of

commercial chitin.

In search of alternative solvents for chitin isolation, other approaches were conceived by the
combined application of microwave energy and highly solvating ionic liquids such the
imidazolium-based salts mentioned in the previous paragraph. For example, 1-ethyl-3-
methylimidazolium acetate ([EMIM][OACc]) proved effective not only to dissolve pure chitin,
but also directly shrimp shells.”” It was demonstrated that cheaper and readily accessible
ionic liquids, including 2-hydroxyethyl ammonium acetate ([NH3(CH2)2OH][OAc]) and
hydroxylammonium acetate ([NH3:OH][OAc]) were effective in the pulping of shrimp shells.”®
Chitin was obtained in good yields (ca. 75-95%) with around 70-80% purity using 10%
loading of biomass in the ionic liquid. However, some Authors noticed that a partial
hydrolysis of chitin occurred due to the highly acidic nature of hydroxylammonium acetate
that afforded lower MW chitin. Additional issues were the toxicity and explosive nature of
hydroxylamine, the large amounts of ionic liquids that in view of an economically viable
process must be recovered and reused, and the nature/consistency of the biomass source
(shrimp shells, for example, are softer and more easily pulped compared to harder crab
shells).®® Based on this seminal work by Rogers et al., part of this Thesis work has been
developed with the aim of designing a more accessible, efficient and robust pulping protocol

applicable to a wider variety of crustaceans and particularly including hard crab shells.

Our pulping technique was based on cost-effective, safe and easily available ionic liquids,’®
and targets spider crab shells (Maja Squinado,®), one of the biggest and most abundant
crabs, that in our view represents a benchmark waste biomass source for chitin extraction.
Spider crab shells possess a higher chitin content and are more tenacious and resistant to
processing than commonly described shrimp shells.®' A reported procedure for the treatment
of crab shells as a biowaste described the use of 1-allyl-3-methylimidazolium bromide
([AMIM][Br]) but due to the tenacity of the matrix, the extracted chitin required further
purification with aqueous citric acid to remove the excess calcium carbonate yielding chitin
in only 13% yield.5282

In this Thesis work, the pulping of Maja Squinado shells was carried out with ammonium

acetate (AA) and ammonium formate (AF), two easy to synthesise and low-cost ionic liquids
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illustrated in Figure 3.10. These compounds were prepared either ex-ante or by sequential

addition of agqueous ammonia and acetic or formic acid to the biowaste.
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Figure 3.10. Schematic representation of the ionic liquids used in this study.

Both ionic liquids contained an alkaline anion and an acidic cation that contributed to the
deproteinisation and the demineralisation of the target biowaste in a single step. Chitin was
obtained in ca. 17-20 wt.% vyield (this value was close to a quantitative extraction yield
calculated based on the chitin content in the dry biomass), with a MW of 6.6x10° g/mol, 39—
46% crystallinity, and a DA of 94%. The pulping performance of AA and AF were compared
to that of hydroxylammonium acetate (HA) which, to date, has been reported as the most

effective ionic liquid for the pulping of shrimp shells.”

3.2.2 Result and Discussion
Characterisation of the starting feedstock

Spider crab shells were sourced as a waste of a local restaurant in Venice. The shells were
initially ground, and the powder was analysed by TGA and FT-IR, as reported in Figure
3.11A-B. The thermogram displayed three main weight losses of ca. 6, 20 and 33%, at
around 100, 330 and 720 °C, associated with loss of water, decomposition of the organic
fraction and decarboxylation of calcite, respectively.®® The FT-IR spectrum exhibited bands
consistent with O—H and N-H stretching vibrations and the presence of amide and
carbonate groups. Overall, both TGA and FT-IR confirmed the presence of proteins, chitin,

and a high mineral content, mainly calcite.
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Figure 3.11. Spider crab shells characterisationby A: TGA, in the range of 30-800 °C under N2 atmosphere,
and B: FT-IR spectroscopy, 1 mg in KBr pellet (100 mg).

Next, the chemical composition of the shells was determined, as illustrated in Figure 3.12.
Inorganic components were measured by the standard test method (ASTM E1755-01,
details of the procedure are discussed in the Experimental Section at the end of this Chapter)
for determining ash in biomass by dry oxidation, while protein content was measured by
difference between dry biomass and deproteinised biomass. The measured contents of ash
and protein were 57 wt.% and 21 wt.% respectively, relatively to the weight of the starting
dry crab shells, thereby confirming that inorganic matter was the major component of crab

shells. The percentage of chitin was estimated by difference, around 20 wt.%.

chitin 20%

0,
ashes 57% lipids, pigments,

metal traces 2%

proteins 21%

Figure 3.12. Graphical representation of the chemical composition of the Spider crab shells used in this study.
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Finally, the content of calcium salts, mainly carbonate, was quantified by ICP-OES, resulting
to be 52 wt.% on a dry basis. This result was consistent with the ash content analysis and
proved that almost 90% of ash residue in the treated biowaste was due to the presence of
calcium salts. Lipids, carotenoids, and metal traces constituted only a minor fraction of the
matrix. All these results (chemical composition and ICP analyses) were in good agreement

with previous works on the characterisation of Spider crab shells (Maja Squinado,®°).

Conventional stepwise extraction of chitin from Spider crab shells

A sample of powdered crab shells was subjected to a conventional stepwise procedure for
the extraction of chitin with HCI and NaOH. More details about this procedure, that was
adapted from a reported method,® are discussed in the Experimental Section. Chitin was
obtained as a white solid in 17 wt.% yield, and characterised by TGA, FT-IR and "H-NMR.

TGA (in Figure 3.13A-B) showed two weight losses of 3-5 and 70-74% at 100 and 334 °C,
correlated to the release of water and to the decomposition/depolymerisation of the material
through deacetylation and cleavage of glycosidic linkages, respectively. A further
progressive weight-loss at higher temperatures (415-670 °C) was related to the thermal
destruction of the pyranose ring and the decomposition of the residual carbon containing

fraction.

A 100-
90-
80-
701
60-

Weight (chitin, %)

50

Weight (chitin comm.

40

30

100 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800
Temperature (°C) Temperature (°C)

Figure 3.13. TGA of A: conventionally extracted and B: commercial chitin, 30-800 °C under N2 atmosphere.
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The FT-IR spectra of both conventionally extracted and commercial chitin (Figure 3.14A-B)
exhibited signals between 1700 and 1000 cm™, related to stretching of C—O in amide | group
in the neighbouring intrasheet chain, to hydrogen bonding between carbonyl and hydroxyl-
methyl groups of two-chitin moieties in the same biopolymer chain, to N-H bending (amide
II) and to C—-N stretching (amide Ill), respectively.

A B
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Figure 3.14. FT-IR spectroscopy analyses of A: conventionally extracted and B: commercial chitin, 1 mg in
KBr pellet (100 mg).

Compared to the IR spectrum of the Spider crab shells, the disappearance of the carbonate
band (around 1400 cm) and the sharp peak at 870 cm™ typical of calcite confirmed the

removal of the mineral portion.®

Further characterisation tests were carried out by '"H NMR analyses. An issue with NMR
experiments was the poor solubility of chitin in any solvent including water. This required the
design of a specific analytical procedure adapted from the literature,® whereby a mixture of
DCI 35 wt.% in D20 was employed as NMR solvent upon thermal treatment of the sample
at 50 °C. No resonances other than the ones attributed to the chitin structure were observed,
indicative of a good purity achieved. However, the time needed for dissolution of chitin in
acidic D20 remarkably affected the "H-NMR spectrum. As shown in Figure 3.15, 'H-NMR
spectra recorded after 10, 20 and 30 min of dissolution treatment revealed the progressive

appearance and increase of signals characteristic of depolymerisation.

Specifically, a comparison of the spectra indicated variations in the relative intensities of the
different signals assigned to anomeric H-1 in the region between 4.5 and 5.5 ppm after 10,

20 and 30 min (box highlighted in light blue in the Figure). These changes indicated a
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decrease of the H-1 resonance associated with the native polymeric chitin chain,
accompanied by the appearance of a-H-1 and B-H-1 typical of the terminal proton generated

upon hydrolysis (depolymerisation) of the glycosidic bonds due to the acidic conditions.
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Figure 3.15. '"H-NMR spectra of commercial chitin treated at 50 °C in DCI 35 wt.% for A: 10, B: 20 C: 30 min.

To ensure maximum reproducibility of the results, all NMR experiments were conducted
under identical standardised conditions: spectra were acquired using 35 wt.% DCI in D20
as deuterated solvent, in which chitin was treated at 50 °C for 30 minutes. Under these
conditions, depolymerisation unavoidably occurs, yielding to a mixture of oligomers and
glucosamine monomer, and thus reducing the proportion of intact native chitin in the final
solution. Nonetheless, the rate constant for hydrolytic depolymerisation is much faster than
deacetylation® yet allowing us to use 'H-NMR analyses for the determination of the degree

of acetylation (DA) of chitin.

NMR analyses of chitin from both the commercial supplier and the conventional (chemical)
extraction above described, are compared in Figure 3.16A-B. The protein content and
degree of acetylation (DA) of the two samples were determined according to the procedures
and the equations described in the Experimental Section. A DA of 92% for both the
conventionally extracted and commercial chitin was calculated based on the resonances of
the characteristic protons. This preliminary investigation led us to conclude that the

conventional treatment of the waste Spider crab shells allowed to extract chitin which, based
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on characterisation by TGA, FT-IR, and NMR, showed properties comparable to those of a

commercial chitin specimen.
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Figure 3.16. "H-NMR spectra of A: conventionally extracted and B: commercial chitin in DCI 35 wt.%.

Pulping strategies based on the use of ionic liquids for chitin extraction

The complexity of biomass and especially biowaste processing is such that any change on
the feedstock usually requires rethinking the treatment conditions and the implementation
of novel protocols. Indeed, the lack of broad-based conversion technology is still a major
challenge of modern biorefineries,®” and the ionic liquid-assisted extraction of chitin from
crustacean shells is not an exception. Most, if not all, of the available studies on the pulping
of arthropods shells with ionic liquids for the extraction of chitin have been referred to shrimp
shells as the starting feedstock. The seminal work by Shamshina et al. (2016) pioneered
this protocol, demonstrating the efficacy of hydroxylammonium acetate as an extraction
medium and exploring the transition of ionic liquid-based extraction from academia to
industrial application.” As previously mentioned in the introduction, Spider crab shells are
particularly rich in chitin, but their structure is tougher and more resistant to processing than

that of shrimp shells.

The ionic liquids selected for this study were two commercially available protic ammonium
salts, ammonium acetate (AA) and ammonium formate (AF), which can be directly and
easily derived from a weak acid and a weak base, and have already found applications in
energy storage and in the treatment of lignocellulosic biomass.?8 The behaviour of both
AA and AF was investigated in comparison to that of the above-mentioned

hydroxylammonium acetate (HA), was synthesised according to a method reported
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elsewhere.” Further details on the synthesis and characterisation of ammonium salts are

available in the Experimental Section, and in the Appendix Section.

Once ground to powder, the Spider crab shells were initially processed by testing three

alternative approaches, illustrated in Figure 3.17 and summarised as follows:

i) the selected neat ionic liquid — AA, AF, or HA, prepared ex-ante or purchased —
was directly mixed with 10 wt.% of crab shells powder and heated at 130 °C, a
temperature high enough to melt the onium salt (Strategy 1, left);

ii) the selected acid, acetic or formic, was mixed with 10 wt.% of crab shells powder.
Then an aqueous ammonia or hydroxylamine solution was added dropwise to
generate in-situ the corresponding onium salt, and the resulting suspension was
heated at 100 °C under stirring (Strategy 2, middle);

i) the in-situ formed onium salts were obtained by reversing the addition order of
point ii), thus mixing the base with 10 wt.% of crab shells powder, then adding the
corresponding acid and heating at 100 °C under stirring (Strategy 3, right).

In each case, the heating treatment was carried out for 2 h. Thereafter, the suspension was
cooled to room temperature, added with water, and filtered. The residual white solid was
further rinsed with water, dried under vacuum, and characterised by TGA, NMR, ICP-OES,
and FT-IR. The solid was isolated in different yields ranging from 16 to 30 wt.% (based on
the weight of starting crab shell powder) that depended upon the use of different onium salts

and alternative strategies (1, 2, or 3). The main results are summarised in Table 3.1.

- ~ - Base - Acid
IL Acid Base
Strategy 1 Strategy 2 Strategy 3
Neat IL 1)Acid —2)Base 1)Base —2)Acid

Figure 3.17. Schematic representation of the three different pulping strategies investigated in this study for
chitin isolation from Spider crab shells.
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Table 3.1. Experimental conditions and outcome of the pulping strategies (1, 2 or 3) for chitin extraction using
ionic liquids.

Entry IL Strategy T (°C) Yield (wt.%) CaCO; (wt.%) Caz* (wt.%) DA (%) by NMR®P

by TGA2 by ICP-OES2 Method 1 Method 2

1 1 130 16 - 4 99 99
2 AA 2 100 30 14 33 88 93
3 3 100 27 9 19 97 97
4 1 130 20 6 1 94 95
5 AF 2 100 17 - 1 97 97
6 3 100 18 - 1 94 95
7 1 130 29 10 37 - -

8 HA 2 100 20 7 18 96 97
9 3 100 21 6 24 93 94

a Amount of carbonates (wt.%) and calcium (wt.%) species were determined after the pulping treatment.
b The degree of acetylation (DA, %) was determined by NMR according to two methods based on Equation (3) and Equation
(4), respectively, reported in the Experimental Section.

In most cases the extract still contained a significant residual amount of CaCO3s (up to 37
wt.% entry 7), highlighting that an incomplete demineralisation of the starting material
occurred, especially when using AA (entries 2 and 3) and HA (entries 7-9). The presence of
mineral residues was confirmed from TGA profiles (available in the Appendix Section), which
showed a weight loss between 700 and 800 °C due to the release of CO2 from calcium
carbonate decomposition. A more accurate quantitative determination of Ca?* content was
obtained by ICP-OES analysis following complete acid digestion of the samples (further
details about the procedure are discussed in the Experimental Section). It should be noted,
however, that the two techniques provide different analytical information and rely on different
sensitivities. TGA selectively determines carbonate species through thermal decomposition,
whereas ICP-OES measures the total calcium content with high sensitivity, independently
of its chemical speciation. As a result, discrepancies between content values derived from
the two techniques are expected and primarily reflect the intrinsic limitations and detection

principles of the two methods.
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An incomplete demineralisation, and, therefore, the presence of inorganic residues within
the extracted products explained why several AA- and HA-assisted pulping experiments,
regardless of the temperature or strategy applied, gave an extraction yield apparently higher
(27-30%, entries 2, 3, and 7) than the theoretical chitin content in Spider crab shells (17-
20%). By contrast, AF-assisted pulping of crab shells powder performed at 100 °C showed
the best performance, giving yields (17-18%, entries 5 and 6) consistent with the expected
amount of chitin in the starting biowaste. Both TGA and ICP-OES of the extracts from AF-

treatment confirmed a negligible content of mineral residue (<1 wt.%).
These preliminary results led us to conclude that for the extraction of chitin:

i) despite the higher temperature applied, the direct suspension of crab shell powder
into neat ionic liquids (strategy 1) often resulted in a less efficient demineralisation
step. The only exception was that of entry 1 in Table 3.1. The higher viscosity of
neat ionic liquids, compared to that of the in-situ synthesised ones, where water
is present, plausibly hindered the diffusion and efficient interaction between the
pulping agents and the chitin chains, thereby resulting in an incomplete
demineralisation;

i) notwithstanding the good result with AA (entry 1), an aspect emerging from Table
3.1 was that less energy-intensive conditions for the in-situ formation of AF and
HA at 100 °C, generally afforded better results. A complete demineralisation was
observed using AF (CaCOs < wt.1%, entries 5 and 6), while AA was far less
effective under comparable conditions (CaCOs 9-33%, entries 2 and 3). This
difference was attributed to the higher acidity of formic acid compared to acetic
acid, which made the in-situ generated ammonium formate more effective in
dissolving minerals;

i) as for the in-situ preparation of the ionic liquids, apparently, the order of addition
(acid first or base first) seemed to play secondary role, as yields and mineral
contents were generally comparable within each ionic liquid tested (see entries 2
vs 3, 5vs 6, and 8 vs 9).

'H-NMR analyses of the samples in Table 3.1 were carried out under the previously
described standardised conditions (35 wt.% DCI in D20 at 50 °C for 30 min). The calculated
degree of acetylation (DA) was generally very high, above 94% in almost all cases. This
confirmed that the pulping conditions did not significantly compromise the acetylation degree

of the polysaccharide, regardless of the strategy employed. A partial exception was
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observed with the AA-assisted extraction of entry 2, which gave a slightly lower DA.
Moreover, when neat solid HA was used, the determination of the DA was hindered by the
overlapping of H-2 signals of internal deacetylated units with impurities possibly still present

in the sample (entry 7).

A representative "H-NMR spectrum of chitin obtained via AF-assisted pulping treatment of
entry 5, found to give the best performance, is reported in Figure 3.18B in comparison to
commercial chitin (Figure 3.18A). Both spectra showed all the characteristic signals of the
glucosamine structural units; though, the spectrum of the pulped chitin displayed additional
broad resonances between 1.0 and 1.5 ppm (highlighted area) attributed to methyl groups
from residual proteins of the crab shells (bottom, °%°"). To confirm this assignment, the
pulped sample was subjected to chemical deproteinisation using an alkali solution of 1.0 M
NaOH?®, as described in the Experimental Section. "H-NMR spectrum of the alkali-treated
sample showed the disappearance of the 1.0-1.5 ppm signals as illustrated in Figure 3.18C,

thereby corroborating their protein origin and the proposed assumption.
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Figure 3.18. "H-NMR spectra of A: commercial chitin compared to chitin pulped with AF B: before and C: after
the deproteinisation treatment. Spectra recorded using 35 wt.% DCI in D20 as solvent.

Further characterisation by XRD was carried out on the chitin samples obtained by using
the AF-assisted pulping protocol. Figure 3.19 reports the results (right) and the comparison
of XRD profiles with commercial chitin (left), which gave insight on the crystallinity of the

pulped samples.%? The extracts prepared by using AF as a solid salt or by sequential addition
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of formic acid followed by ammonia displayed comparable crystallinity index (Cl = ca. 39%
in both cases), while by using the strategy 3 (base first, then acid), a higher CI value of 46%
was determined. These values were slightly lower than the Cl of the commercial sample
(56.5%).
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Figure 3.19. XRD diffractograms of commercial chitin (left) and chitin pulped with ammonium formate in the
form of solid salt (blue, entry 4) or prepared in-situ by sequential addition of acid and base (black, entry 5) or
base and acid (red, entry 6) at 100 °C.

Parametric analysis of the pulping procedure

Experiments of Table 3.1 allowed us to identify AF as the most convenient ionic liquid for
chitin isolation: the best result so far was achieved by pulping crab shells powder at 100 °C
for 2 h. Although residual proteins were still detectable after the pulping procedure, a
parametric analysis of the extraction conditions was performed in order to evaluate the effect
of biomass loading wt.%, pulping time and temperature. Among the different strategies
investigated, the less energy-intensive and easier to operate in-situ preparation of ionic

liquids was selected as the preferred option.

Three different experiments were simultaneously carried out. Starting from the extraction
conditions of entry 5, Table 3.1, biomass loading was varied from 10 to 20 wt.%, pulping
time was extended from 2 up to 24 h, and temperature was increased from 100 to 150 °C.

Extracts were characterised by "H-NMR. Results are reported in Figure 3.20.

For all the experiments: i) the extraction yield was within the expected range (17-18%); ii)

the mineral content was negligible (carbonate decomposition was never detected by TGA;

Figure 3.21 shows the profile of chitin pulped at 100 °C for 24 h, as an example); and iii)

the DA (294%) was comparable to that reported in Table 3.1. The results indicate that none
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of the three parameters varied in these preliminary screening tests led to highly significant
changes in the characteristics of the final extracts. Though, the protein residue around 1.0—
1.5 ppm was persistent in all cases, indicative of incomplete deproteinisation (Yellow dashed

box, right side, Figure 3.20).
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Figure 3.20. 'H-NMR spectra of A: commercial chitin and chitin pulped using in-situ prepared AF, varying B:
loading (from 10 to 20 wt.%), C: pulping time (from 2 to 24 h), D: temperature (from 100 to 150 °C).
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Figure 3.21. TGA of chitin pulped using in-situ prepared AF (10 wt.%, 100 °C, 24 h), 30-800 °C under Na.
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Since organic residues from proteins were subjected to mould proliferation that could alter
the characteristics of the extracted biopolymer, efforts were directed to a further investigation
of the extraction conditions to ensure a complete deproteinisation. In the crustacean shells,
proteins are covalently anchored to chitin and are get together within the matrix due to an
extensive of Hydrogen-bonding network. Therefore, the hydrolysis and denaturation
processes that are typically required for the removal of proteins (deproteinisation) are rather
slow reactions. Bearing this in mind, further experiments of the AF-assisted extraction of
chitin were designed by using a biomass loading within a range of 5-20 wt.%, and by

prolonging all pulping tests up to 24 h.

Tested conditions are summarised in Table 3.2.

Table 3.2. Study of the biomass loading (wt.% of crab shells powder) variation on the AF-assisted pulping
procedure performed at 100 °C for 24 h.

Entry Biomass loading (wt.%) Yield (wt.%) DA (%) by NMR2
at 100 °C,24 h Method 1 Method 2
1 5 22 97 94
2 10 17 94 92
3 15 19 97 96
4 20 20 94 97

a The degree of acetylation (DA, %) was determined by NMR according to two methods based on
Equation (3) and Equation (4), respectively, reported in the Experimental Section.

"H-NMR spectra of the obtained samples are reported in Figure 3.22. The intensity of all
spectra was normalised with respect to the intensity of the acetyl group signal at 2.76 ppm.
Thus, any other variations in the intensity or chemical shift of other signals related to the
pyranosidic ring in the region between 3.5-5.5 ppm, were attributable to minor differences
in acquisition timing, which did not actually affect the protein content of the chitin samples.
NMR analyses show a slightly decreasing trend of the residue protein content in
correspondence of increasing biomass loadings. This apparently counterintuitive result was
correlated to an increase in the viscosity of the system with the increase of the biomass
loading. The higher viscosity — though not excessive enough to prevent diffusion — was

considered sufficient to exert a stronger abrasive force on the surface of crab shells during
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agitation of the mixture, thereby leading to a more effective deproteinisation. Such results

prompted us to select a biomass loading of 20 wt.% for further tests.
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Figure 3.22. Comparative "H-NMR spectra of AF-assisted pulping of crab shells powder at 100 °C for 24 hours
with A: 5 wt.%, B: 10 wt.%, C: 15 wt.%, D: 20 wt.% biomass loading.

New experiments were carried out to investigate the effect of both the pulping time in the
range of 2 to 4 h, and a higher temperature of 150 °C. The residue protein content was

evaluated at progressive hourly intervals, as summarised in Table 3.3.

Table 3.3. Study of the AF-assisted pulping procedure performed at 150 °C for 2, 3, and 4 h, with a biomass
loading of 20 wt.% crab shells powder.

Entry Pulping time (h) Yield (wt.%) DA (%) by NMRa
at 150 °C, 20 wt.% load. Method 1 Method 2
1 2 18 95 96
2 3 18 92 94
3 4 17 93 94

a The degree of acetylation (DA, %) was determined by NMR according to two methods based on
Equation (3) and Equation (4), respectively, reported in the Experimental Section.
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Figure 3.23 shows the corresponding 'H-NMR spectra. Nearly complete deproteinisation
was finally achieved after 4 h at 150 °C, as indicated by the disappearance of the signal

between 1.0 and 1.5 ppm.
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Figure 3.23. Comparative "H-NMR spectra of AF-assisted pulping of crab shells powder (20 wt.% loading) at
150 °C for A: 2h, B: 3h, and C: 4 h.

A scalability test was then carried out under the optimised conditions of Figure 3.23C (i.e.
20 wt.% of biomass loading, 150 °C, 4 h) by increasing the extraction volume by a factor of
5. Remarkably, no mineral content was detected in the extract, but residual proteins were
still observed by 'H-NMR (Figure 3.24B) highlighting the challenges associated with
extraction efficiency upon scale-up. This led us to conclude that further process
optimisations were required. This study, however, was beyond the scope of this work and

will be the object of future investigations.
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Figure 3.24. Comparative "H-NMR spectra of A: commercial chitin and B: scaled-up pulped chitin.
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Residual protein content could be estimated also by UV-spectroscopy. Indeed, proteins
typically contained in the crab shells absorb in the near-UV region (280 nm) primarily due to
their Tyr and Trp content, with minor contributions from Phe and disulfide bonds. UV
analyses were carried out on two representative samples from extractions performed: i) at
100 °C for 24 h, and ii) at 150 °C for 4 h, with in-situ prepared AF. The results are reported
in Figure 3.25 and confirmed the trend observed by NMR analyses: compared to 100

°C/24h, a clear reduction (by four times) of the protein content was achieved at 150 °C/4h.

Chitin pulped at: [l 100°C, 24 h [l 150°C, 4 h

Absorbance

1 2 3 4 5
Repetitions

Figure 3.25. Protein estimation by Near UV Absorbance (280 nm) on two representative sample of pulped
chitin at different conditions. More details are discussed in the Experimental Section.
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Further characterisation of the pulped chitin
Molecular weight

The MW distribution of the pulped chitin was evaluated for 6 different samples obtained by
the procedure 2 carried out at different temperatures (100 and 150 °C), pulping times (2—24
h), and a biomass loading of 20wt%. Each sample was dissolved in a 5% LiCI/NMP (N-
methyl-2-pyrrolidone) solution,®® and analysed by GPC, using polystyrene as internal
standard (more details are discussed in the Experimental Section). MW and polydispersity

are reported in Table 3.4 while GPC curves are reported in the Appendix Section.

Table 3.4. Study of the AF-assisted pulping procedure performed at 150 °C for 2, 3, and 4 h, with a biomass
loading of 20 wt.% crab shells powder.

Entry t (h) T (°C) Wt.% loading MW (g/mol)*105 PD
1 24 100 5 11.9 22
2 24 100 10 1.4 25
3 24 100 20 1.4 2.3
4 2 150 20 6.7 20
5 3 150 20 43 1.7
6 4 150 20 5.1 1.9
7 Commercial chitin 5.9 23

Compared to commercial chitin (entry 7), samples extracted at 100 °C for 24 h exhibited a
nearly double MW regardless of the ionic liquid/substrate ratio (entries 1-3), potentially
indicating reduced hydrolysis under these conditions. Polydispersity was similarly high for
both commercial and pulped chitin, though in the first case it was due to a broad yet
symmetrical molecular weight distribution, while for the latter an additional high molecular
weight component was observed. This feature was attributed to the presence of protein
residues still anchored to the chitin fibres extracted through the pulping process at 100 °C
(as shown in Figure 3.22), and it reflected the milder (extraction/deproteinisation) action of
these ionic liquids compared to the conventionally used acids and bases.””% Pulping at 150

°C for 2—4 h reduced the MW of the extracts closer to the value of commercial chitin, and
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resulted in complete deproteinisation, as indicated by a symmetrical distribution with

polydispersity (PD) narrower than that of commercial chitin (entries 4-6).

This outcome may suggest that the ionic liquid-assisted pulping enabled an extraction of
chitin with completely unaltered mechanical properties and good processability, thus
establishing itself as a competitive alternative to the conventional routes for chitin isolation.
Overall, the higher temperature revealed necessary to sustain the energy requirement to
reach a complete deproteinisation, yet preserving a degree of polymerisation comparable to
the one achieved through strong acid/base treatment. The resulting chitin displayed good
MW and a narrower PD, further supporting the reliability, the reproducibility, and the efficacy

of this pulping process.

Scanning Electron Microscopy

The morphology of chitin extracted under the optimised conditions (crab shells powder
loading 20 wt.%, 150 °C, 4 h) was investigated by SEM. Figure 3.26 below compares SEM
images of Spider crab shell powder (A-B), commercial chitin (C-D), chemically extracted
chitin (E-F), and chitin extracted through the AF-assisted pulping (G-H).

The differences between the samples are evident: the Spider crab shells showed a compact
texture sealed with proteins and carbonate, while in the commercial chitin from shrimp shells
and in the conventionally extracted chitin from ground crab shell deproteinisation and
demineralisation revealed a porous network of chitin fibres, with few or no surface granules.
Finally, the ionic liquid-pulped chitin displayed a highly fibrous morphology with loose and
separated fibres, confirming the effectiveness of the pulping procedure, but also highlighting
the unique effect of the ionic liquid-assisted extraction, which avoided fibre hornification. The
ionic liquid-treatment was likely less aggressive than other methods and helped to preserve
the native morphology of the biopolymer, improving its processability towards new materials.
Such results are promising also in view of further functionalisation of the extracts (for
example, via deacetylation to obtain chitosan), that could be favoured by a better diffusion

of the reactants inside the fibrous network. 9%
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Figure 3.26. SEM images of A-B: Spider crab shells powder; C-D: commercial chitin; E-F: conventionally
extracted chitin; G-H: chitin extracted through the AF-assisted pulping at 150 °C for 4 h. Magnification, A: 5.00
K; B, D, G, F, H: 10.00 K; C,E: 20.00 K.
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Insights into the effect of formic acid on the chitin arrangement

Pulping tests demonstrated that AF was the most efficient agent for the extraction of chitin
from crab shells. However, "H-NMR spectra of the samples obtained by the AF-assisted
treatment, particularly when formic acid was used via Strategies 2 and 3, always displayed
an additional signal at 8.4 ppm (as shown in Figure 3.27A) which was consistent with the
resonance typically associated to the singlet peak of an aldehydic moiety (—CHO).%
Interestingly, this signal persisted even after neutralisation with NaOH 1 M (Figure 3.27B),
suggesting either the entrapment of ammonium formate within the polysaccharide network
or the interaction between chitin’s free -NH2 or secondary —OH groups with formic acid

generated by partial degradation of AF at T > 120 °C.%"
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Figure 3.27. Comparative "H-NMR spectra of A: chitin pulped through the AF-assisted treatment, B: chitin
after neutralisation with NaOH 1 M; C: chitin pulped replacing HCO2H with DCO2H in the AF-assisted method.

To probe this hypothesis, the AF-assisted pulping of crab shells powder (10 wt.% loading)
was performed using deuterated formic acid (DCO2H) at 150 °C for 4 h. Under these
conditions, the 8.4 ppm signal was absent in the "H-NMR spectrum of the chitin sample
(Figure 3.27C), supporting the presence of a strong interaction between pulped chitin and
formic acid. While the formation of covalently bound formyl species, such as formate esters
or formamides, cannot be excluded, the available spectroscopic data do not allow precise

discrimination of the nature of this interaction.
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Sustainability assessment of the ionic liquid-assisted pulping

The sustainability of the here proposed pulping method was evaluated using the unified
metrics toolkit proposed by Clark and coworkers within the CHEM21 project.®® Although
originally designed to compare the greenness of chemical reactions, the metrics used by
CHEM21 provided a benchmark to monitor the green credentials of the extraction protocol
at least within the limits of the zero/first pass analysis that characterises the structure of the
metrics toolkit. Particularly, the parameters that were taken into consideration, included the
extraction yield (Y), the process mass intensity (PMI), the impact of the workup techniques,
the energy use (E), and H-statements to identify chemicals (reagents and solvents) of
concern (health and safety). This analysis compared the extraction of chitin carried out by
the AF-assisted protocol to the conventional extraction process (CEP), with results reported
in Table 3.5. The output of the CHEM21 metric toolkit (CMT) are green, amber or red
indicators that mark acceptability of a given variable, with green as “preferred”, amber as

“acceptable/some issues” and red as “undesirable”.

Table 3.5. Evaluation of chitin extraction processes from Spider crab shells using CHEM21 metrics toolkit.

PMI E

Entry  Procedure Y (%) Steps Work-upf Health and Safety

(9/g)° (T°C)
Step 1: DM  Neutralis.  Centrif. 25 Ach 120, Bo14
Conventional ’
1 (CEP) 85 241
Step 2: DPe  Neutralis.  Centrif. 70 NaOl_Il-Ié1I-E|329|)_|0‘,‘OI-2|314,
100
AF-assisted Aqueous

2 protocol? 90 29 Single step it Centrif. - AF

a Chitin extraction AF-assisted carried out under optimised conditions described in this work.

b Yield of extracted chitin based on the maximum amount of chitin (20 wt.%) on the dry biomass used as a feedstock.

¢Process Mass Intensity.

d DM: demineralisation.

e DP: deproteinisation.

f Before centrifugation, neutralisation or washing with fresh water of the extracted chitin were necessary. These operations
were considered as equivalent to a quenching into water.98

The CEP and the AF-assisted protocol provided a comparable 85-90% yield of chitin, based

on the theoretical amount of chitin (20 wt.%) present within the dry biomass used as a

feedstock. Such a yield (£90%) ranked both procedures with an amber flag. The evaluation

of the workup techniques and of the H-statements of the reagents did not discriminate
156



between the two methods of chitin extraction: both ranked one amber and two green flags,
respectively. However, the AF-assisted protocol is a single step, which was remarkably more
advantageous in terms of step economy and process intensification compared to the two-
step CEP.%

While this ranking effectively mitigated the environmental burden of the pulping, nonetheless
it was partly offset by the higher energy demand of the method that, especially when carried
out at 150 °C (E: red flag), was out of the acceptable standard temperatures defined by the
CHEM21 toolkit. The most striking difference between the two extraction procedures
emerged from the comparison of one of the most important metrics that measures all mass-
based inputs: the process mass intensity (PMI), defined as the ratio between the total mass

used in a process and the mass of the desired product.

total mass in a process step

PMI (Process Mass Intensity) = mass of product

Thanks to a more efficient and reduced use of reagents, the AF-assisted protocol achieved
a >8 times lower PMI| than CEP (details on the calculation are shown in Table 3.6 below).
This result contributed the competitiveness of the AF-assisted pulping compared to CEP and

pointed the way for its future optimisation.

Table 3.6. Evaluation of the Process Mass Intensity for the AF-assisted protocol.

Batch of 5 . .
Entry waste (g) Y (%) Extraction pulping step Work-up PMI (g/g)2
Acid (g) Base (g) Water (g) Including H,O Excluding H,O
1 25 17 7.5 2.5 250 600 29
2 500 17 1500 500 50,000 617 29

a PMI was evaluated with both the inclusion and the exclusion of water in analogy to the concept of simplified and
complete E-factor.

Finally, a rough techno-economic analysis based on the standard costs of energy (in Italy)
and research-grade reagents supplied by Merck and used in this work, was carried out to

estimate the cost of chitin pulped from crab shells (Table 3.7). Scaling up the AF-assisted
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pulping protocol from 2.5 g to 500 g of crab shell waste under otherwise identical conditions
would lead to a substantial decrease in the estimated production cost, from 1208 €/kg to
approximately 205 €/kg. This value represents a worst-case-scenario estimate and therefore
reflects a laboratory-scale operation (and the cost of research-grade reagents supplied by
Merck) rather than an optimised industrial process. Accordingly, the real overall cost of the
pulping would be much lower by optimising both the utilisation of reagents and solvents
through their sourcing via more cost-effective suppliers for bulk orders and the scaleup of
the protocol. Additionally, enhancing the market acceptance of ionic liquid-assisted pulping

technology would further contribute to cost reduction.

Notably, the chitin obtained under these conditions exhibited a molecular weight of 5.1+105
g/mol and a DA >94% that placed it on par with Merck commercial samples (MW = 5.9°105
g/mol and DA = 94%), with a catalogue price of more than 700 €/Kg (research grade, verified

on www.sigmaaldrich.com in December 2025). By contrast, the actual procurement costs of

bulk chitin at industrial levels are typically much lower often ranging between 50-100 €/Kg

for large-volume orders, depending on purity and supplier, and therefore more competitive.

Table 3.7. Techno-economic analysis of chitin extraction from crab shells by the AF-assisted protocol 2.

Energy ® Reagents P Estim.
Entry “oste Y Peak . NHs HCO,H cost
(9) (%) adsorp. Consum. Cost (h) (E€/Kg)
W) (kWh) (€/kWh) g € g €
1 25 17 25 0.074 7.5 0.44 1208
650 2.8 0.025¢ 4
2 500 17 500 14.70 1500 87.98 205

a Chitin extraction AF-assisted carried out under optimised conditions described in this work.
b Standard costs of energy (in Italy) and research-grade reagents supplied by Merck.

¢ https://luce-gas.it/business/offerte/costo-kwh-aziende.

d Estimated cost per kilo of product (extracted chitin).

It should be noted here that the treatment of 0.5 kg of biowaste (crab shells, entry 2) was
not carried out in this work. Moreover, our preliminary investigation of the scale-up of the
method, from 0.5 to 2.5 g, indicated that further studies were necessary to improve the
deproteinisation step. Within these limits, the cost of the product (chitin) should be intended

as an expected value, subject to experimental validation.
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3.2.3 Conclusions

In conclusion, a sustainable and cost-effective one-pot method for the extraction of chitin
from Spider crab shells was developed using easily available, affordable and non-hazardous
ionic liquids. Among the strategies tested (using the ionic liquid as a solid salt or by in-situ
preparation), in-situ prepared ammonium formate (AF) exhibited the best performance,
enabling quantitative isolation (17-20% yield) of highly pure chitin with degree of acetylation
(DA) > 94%. AF resulted to be highly efficient in mineral removal, leading to a complete
dissolution of all inorganic salts (confirmed via TGA, ICP-OES and FT-IR analyses) present
in the starting material within 2 h of treatment at 100 °C. A complete parametric analysis was
carried out to optimise the deproteinisation step, achieving the best results at 150 °C for4 h
of treatment with complete protein removal. Noticeably, the process produced chitin with
high MW and narrow PD, paving the way towards an innovative, economically effective and
greener alternative to conventional acid/base extraction, with improved reproducibility,

scalability, and reduced environmental impact.

The growing interest in valorising fishery by-products and especially crab shells as a source
of chitin, goes well beyond simple waste management. SEM analyses of extracts produced
in this work revealed that, once proteins and minerals are removed, the resulting chitin
structure displays a highly organised fibrous network with great potential for materials
synthesis. Some members of our group have shown that natural chitin framework can be
used as an excellent precursor to synthesise supports for anchoring metal nanoparticles, in
particular, nitrogen-doped carbon-based materials for the preparation of Ni-, Fe-, Co- and
Mo-based catalysts capable of highly controlling the selectivity of alcohol oxidation
reactions, with the Mo-N/C material showing best performance in promoting the partial

oxidation of benzyl alcohol to benzaldehyde.®®

As mentioned earlier, both fishery waste and purified chitin have found valuable uses in the
development of advanced materials. A further example of this approach will be presented in
Chapter 4 as well, where chitin and Australian Spanner crab shells are explored as starting

materials for the synthesis of additives for zinc batteries.
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3.2.4 Experimental Section

All reagents and solvents were used without further purification. Commercial chitin from
shrimp shells, NaOH, HCI, 50 wt.% NH20H solution, acetic acid, 30-33 wt.% NH3 solution,
formic acid, ammonium formate (solid salt), ammonium acetate (solid salt) and KBr were
ACS grade, and all purchased from Sigma-Aldrich. Spider crab shells were obtained from a
local restaurant in Venice, gently washed with a detergent solution, ground to powder, sieved
into three different meshes (20, 60 and = 150), and finally stored in glass sample vials at

room temperature until use.

Crab shells composition

Ash content was determined using the standard test method (ASTM E1755-01) for
determining ash in biomass by dry oxidation. 1.00 g of dried crab shells powder (oven-dried
overnight at 105 °C and cooled in a desiccator prior to weighing) was weighed in a ceramic
crucible and placed into a preheated muffle furnace at 600 °C for 3 h. The crucible was
removed, cooled to room temperature in a desiccator and weighed. The sample was then
returned to the furnace and heated at 600 °C for 1.0 h, cooled in the desiccator and re-
weighed, repeating these three last steps until the change in crucible mass between
consecutive weighing was < 0.3 mg, at which point the weight was considered constant and
recorded as the ash mass. The ash content (wt.%) was calculated relative to the oven-dried
sample weight using Equation (1), where mash is the final weight of ash and crucible (g),
Mecrucible IS, unsurprisingly, the weight of crucible (g), and mary sample is the weight of the dry

crab shell powder (g) before the treatment:

Ashes (wt. %) = (M)* 100 (1)

Mdry sample

Protein content was determined by chemical deproteinisation of the crab shells through an
alkali treatment. 0.50 g of crab shells powder was suspended in 20 mL of 1 M NaOH solution
and heated at 70 °C for 3 h under stirring. The solid residue was centrifuged at 6000 rpm for
10 min, then washed with 50 mL of water for 5 times until neutral pH was reached, and finally
oven-dried at 60 °C under vacuum (15 mbar) overnight. Protein percentage was calculated
relative to the crab shells dry weight using Equation (2), where mresique is the dry weight of

the deproteinised residue, and muiomass refers to the weight of the dry crab shell powder.
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Proteins (wt.%) = 100 — (M *; 100) (2)

Mpiomass

Chitin percentage was estimated by employing the conventional stepwise chitin extraction

protocol described below.

Conventional stepwise chitin extraction protocol

In a typical procedure, a powdered sample (1.00 g) of Spider crab shells powder was
suspended in 40 mL of HCI 0.5 M and stirred at room temperature for 15 min. The residual
solid was centrifuged at 6000 rpm for 10 min, then washed with 50 mL of water for 5 times
until neutral pH was reached, and the resulting solid was oven-dried at 60 °C under vacuum
(15 mbar) overnight. The so demineralised residue was then suspended in NaOH 1 M (20
mL of solution per g of solid residue) and heated at 70 °C for 3 h under continuous stirring.
The resulting mixture was centrifuged at 6000 rpm for 10 min, washed with 50 mL of water
for 5 times until neutral pH was reached, and oven-dried at 60 °C under vacuum (15 mbar)

overnight, to obtain a white solid as the final product (0.169 g, yield 17%).

Synthesis of hydroxylammonium acetate (HA)

Hydroxylammonium acetate (HA) was synthesised according to a procedure reported in
literature (Shamshina et al., 2016).

A 50 wt.% NH20H solution (26.42 g, 0.4 mol) was stirred at 0 °C under N2 atmosphere in a
250 mL round-bottom flask, while acetic acid (26.4 g, 0.44 mol) was added dropwise over 3
h, then it was allowed to reach room temperature overnight under continuous stirring. The
solution was gently purged with air and concentrated by heating at 40 °C. The resulting
precipitate was washed with methanol (100 mL) and diethyl ether (100 mL) to remove
residual acetic acid and then dried under reduced pressure (15 mbar) for 2 h. The final
product was obtained as a white solid (11.9 g, yield 32%) and was characterised by 'H- and
BC-NMR spectroscopy (using DMSO-d6 or D20 as solvent, see Appendix Section), with a
Bruker NMR spectrometer Ascend 400 (AV400), operating at 400 MHz for 'H nuclei and 100
MHz for 3C at ambient temperature (298 K).
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Pulping of crab shells using ionic liquid as solid salt (Strategy 1)

0.5 g of crab shells powder were mixed with the selected neat solid ionic liquid (AA, AF or
HA; 4.5 g each) in a round-bottom flask equipped with a condenser. The suspension was
stirred at 130 °C for 2 h. After complete melting of the ionic liquid, vigorous bubbling/foaming
could be observed. A yellowish solid precipitated after 2 h, while impurities were confined in
the aqueous phase. The mixture was diluted with 50 mL of deionised water and centrifuged,
then the solid residue was washed with 50 mL of water for 5 times until neutral pH was
reached, and finally oven-dried under reduced pressure (15 mbar) overnight. The final

product was obtained as a pale yellow-white solid.

Pulping of Spider crab shells using in-situ generated ionic liquids (Strategies 2 and 3)

0.5 g of crab shells powder were placed in a two-neck round-bottom flask equipped with a
condenser. Acetic acid or formic acid (60 mmol each) was added, followed by dropwise
addition of an aqueous base (ammonia or hydroxylamine, 60 mmol each) in the case of
strategy 2; otherwise, the aqueous base was added first to the shells powder, followed by
the dropwise addition of acid in the case of Strategy 3. The mixture was then heated at 100
°C for 2 h under stirring. Purification and isolation were performed as described in the pulping

procedure carried out with ionic liquids as solid salts.

Pulping of Spider crab shells using in-situ generated ionic liquids at increased temperature

The selected amount of crab shells powder was placed in a two-neck round-bottom flask
equipped with a condenser. Acetic acid or formic acid (60 mmol each) was added, followed
by dropwise addition of aqueous ammonia (60 mmol), following Strategy 2. The mixture was
stirred for 0.5 h at room temperature until foaming ceased, then placed into a stainless-steel
autoclave equipped with a Teflon reactor and heated at 150 °C for the selected pulping time
under stirring. The autoclave was then cooled to room temperature. Purification and isolation
were performed as described in the pulping procedure carried out with ionic liquids as solid
salts. A biomass loading of 10 wt.% relative to the total mass of mixture (ionic liquid +

biomass) was employed in all experiments.
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Characterisation of extracted chitin

For FT-IR (Fourier-transform infrared spectroscopy) analyses, dry powdered chitin samples
(1 mg) were blended with KBr salt (100 mg) and pressed into 5 mm pellets using a hydraulic
press (10 tons) for 1 min. All spectra were recorded on a Perkin-Elmer Spectrum One FT-IR
spectrometer in the middle infrared region (4000—450 cm-") with a resolution of 4 cm™' in the

absorbance mode, for 16 scans at room temperature.

For 'H-NMR analyses, chitin samples were treated under standardised conditions: 15 mg of
powder were dissolved in 1 mL of deuterium chloride solution (35 wt.% DCI in D20) under
vigorous stirring at 50 °C for 30 min, then analysed within a maximum of 10-15 minutes. 'H-
NMR spectra were recorded using a Bruker UltraShield 300 operating at 300 MHz at
ambient temperature (298 K) for 64 scans and a 20-ppm spectral window. The degree of

acetylation (DA) was calculated from the NMR spectra using two different methods:

i) basing on the integrals of H-1 and H-2 signals, with Equation (3);2¢
ii) based on the area of the H-2 of the glucosamine (GIcN) units and of the acetyl

protons of N-acetyl glucosamine (GIcNAc) units, with Equation (4).7%°

Minimal deacetylation occurred during dissolution of all samples in the deuterated solvent,
as indicated by slight increases in acetic acid and H-2 proton signals, however, not resulting

in a change in the results of the calculated DA.

DAY = (laHlA+IﬁH1D+H1D+IH1A)_IH2D + 100 (3)
IqH14+1gH1D+H1DHIH1A
1
=A

DA% = M x 100 (4)

3AcH3TAGIeN

Chitin signals (see also Figure 3.29): "H-NMR (300 MHz, 35 wt.% DCI in D20, 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/H6), 2.53 (s, H-Acetyl), 2.13 (s, H-acetic acid).
Signals marked with an asterisk correspond to the glucofuranosyl oxazolinium ion, which

exists in equilibrium with GIcNAc in concentrated DCI.

Thermogravimetric analyses (TGA) were carried out in a TA instruments SDT 2960.
Approximately 5 mg of each sample were heated in an alumina crucible from room
temperature to 800 °C at 10 °C/min under Nz flow (20 mL/min).
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Inductive Coupled Plasma-Optical Emission Spectroscopy (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 a final volume of 10 mL, and heated at

150 °C for 20 min to ensure complete dissolution.

X-Ray Diffractometry (XRD) measurements were carried out on a Philips diffractometer with
a PW 1319 goniometer (Bragg-Brentano geometry), equipped with a focusing graphite
monochromator and a proportional counter with a pulse-height discriminator. Nickel-filtered
CuKa radiation was used with a step size of 0.05° in 268 and a collection time of 30 s per
step. Background subtraction and peak deconvolution allowed separation of crystalline and
amorphous domains for accurate determination of the crystallinity index (Cl) of the chitin
samples, which was calculated using Equation (5), where lois total intensity of the corrected
diffractogram after subtraction of the parasitic background, lcr is the crystalline scattering

intensity, Fer is the crystalline scattering area, and Fam is the amorphous scattering area: "’

Cl= [I,do /[lydo =F, /(F + Fpp) (5)

Molecular weights of commercial and pulped chitin were determined by Gel Permeation
Chromatography (GPC). For each analysis, 5 mg of chitin were dissolved in 5% LiCI/NMP
(1 mg/mL) under stirring at room temperature, then filtered through a 0.45 pm syringe filter.
GPC analyses were carried out on a GPC-Agilent/PSS 1260 Iso Pump instrument by using
a PSS-gram-100 and a PSS-gram-1000 column in series, after a PSS-gram-precolumn.
Elution was performed with 5% LiCI-NMP (flow rate of 0.5 mL/min, injection volume of 100
ML, temperature of 70 °C, measuring time of 60 min) and PSS SECcurity-UV-300 nm-1260
VWD and PSS SECcurity-RI-1260 RID were used as detectors. Calibration curves of log
(Da) from retention time were built by consequently measuring a sequence of PS

(Polystyrene) internal standards with molecular weight ranging from 1306 to 2,520,000 Da.

Protein estimation by Near UV Absorbance (280 nm)

Two representative dried chitin samples (50 mg each) were suspended in 20 mL of NaOH
1.25 M and heated at 100 °C for 2 h. After cooling down to room temperature, the mixtures
were centrifuged, and several aliquots of the supernatant were collected and stored in the
refrigerator (~4 °C) for protein determination. The absorbance of the samples at 280 nm was
measured using the Eppendorf Bio-Spectrometer® basic, repeated for 4 times.
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Exemplificative determination of the degree of acetylation (DA) on commercial chitin

Three representative samples (15 mg each) of commercial chitin were treated in 35 wt.%
DCI in D20 under vigorous stirring at 50 °C for 10, 20 and 30 minutes, respectively. The so
obtained solutions were then analysed through 'H-NMR spectroscopy to determine the
degree of acetylation (DA) basing on the resonance of the characteristic protons according
to Equation (3), here used as an exemplificative model of calculation. All spectra (reported

in Figure 3.28 below with integrated signals) were recorder after a maximum of 10-15

minutes from the end of the dissolution treatment.
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Figure 3.28A-C. Comparative 'H-NMR spectra of commercial chitin treated in deuterium chloride solution (35
wt.% DCI in D20) under vigorous stirring at 50 °C for A: 10 min, B: 20 min, C: 30 min.

DA values of 94, 94 and 93% were calculated for the three samples of commercial chitin
treated under the above-described conditions for 10, 20 and 30 minutes, respectively.
Despite the hydrolysis of the glycosidic bonds clearly occurring during the dissolution
treatment, the DA does not remarkably change, demonstrating that the deacetylation
process requires different conditions to take place consistently. It is also worth noting that a

slight underestimation of the DA could instead happen under these conditions.
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Figure 3.29. "H-NMR peaks assignment of a commercial chitin sample.
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Chapter 4. Waste valorisation for the synthesis of nanomaterials

The topic of biomass and bio-sourced substances valorisation has been introduced in both
Chapter 2 and Chapter 3 in relation to the synthesis of advanced catalytic materials and the

recovery of valuable compounds from biowaste from the fishery industry.

Building on Chapter 3, the current chapter is dedicated to a deeper investigation of this field,
with a focus on the use of these valuable compounds for the preparation of advanced
functional nanomaterials. This research was carried out within the framework of the Cotutelle
PhD program between Universita Ca’ Foscari Venezia (Unive), Universita degli Studi di
Trieste (Units) and The University of Sydney (USYD), Australia. During this collaboration,
the author of this Thesis had the opportunity to spend one year at USYD, conducting studies
on the synthesis of advanced nanomaterials — specifically chitin- and crab shells-derived
Carbon Dots (CDs) — and investigating their application in batteries as reversible energy
storage systems, particularly their influence on the plating behaviour of zinc-anodes. The
general concept is described by the formation of a layer of self-assembled CD modulating
the zinc anode plating behaviour through electrostatic interactions such that damaging

dendrites are suppressed.

4.1 Carbon Dots: synthesis, modulation and applications

Carbon Dots (CDs) were discovered in 2004 by Xu et al. during an attempt to isolate and
purify single-walled carbon nanotubes.' This case of serendipity marked a significant turning
point in nanomaterials research. Since then, CDs have become the focus of thousands of

studies over the past two decades and have found applications across a wide range of fields.

CDs are effectively zero-dimensional (typically <100 nm in all three directions) carbon
nanoparticles which gained fame thanks to their optical properties, especially their
fluorescence, which primarily originates from two main phenomena: the quantum
confinement effect, resulting from their nanoscale dimensions comparable to the Bohr radius
of an exciton, and the degree of carbonisation within their carbonaceous matrix. During the
carbonisation process, graphitic clusters form in the carbonaceous core, leading to a dense
network of conjugated sp? domains, which can absorb photons, stabilise the excited states
through delocalisation of 1T electrons, and subsequently re-emit energy through a radiative

de-excitation mechanism (photoluminescence).>
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An interesting feature of CDs is the possibility of tuning their optical properties by adjusting
both the nature and ratios of the reagents used as well as the synthetic procedures
employed. Both these aspects influence particle size, morphology, the degree of
graphitisation, the presence of dopant heteroatoms and surface functionalities. In particular,
heteroatom doping, promoted by the incorporation of elements such as nitrogen, oxygen,
sulphur, and many others — either within the carbonaceous core or as functional groups
decorating their shell —has been widely reported in literature. Such doping strategies modify
the electronic structure of the material, introducing defects and enabling fine control over
emission wavelength, quantum yield, their interaction with the external chemical

environment, and photostability.>©

Among the synthesis routes available, bottom-up approaches (Figure 4.1, right) offer
significant advantages for the control of the characteristics of the final materials by tuning
the type and ratio of the molecular precursors (usually fine chemicals), employing
hydrothermal, solvothermal, or pyrolytic reaction types. These processes promote the
formation of the nanoparticles through consecutive steps such as condensation, nucleation,

aggregation, carbonisation and, if the temperature is high enough, graphitisation.

By contrast, top-down methods (Figure 4.1, left) rely on physical or chemical breakdown of
bulk carbon-based materials (such as graphite rods) into nanoscale entities using
techniques such as pulsed laser ablation, electrochemical oxidation, arc discharge, or
ultrasonication. In this case the tuneability of the resulting material is more limited as it is

largely governed by the intrinsic characteristics of the parent bulk material.’

It has been demonstrated that high temperature (=160 °C) plays a crucial role in the
formation of CDs by enabling subsequent stages of aggregation, which produce the
crystalline graphitic domain,® and limiting the production of low molecular weight by-
products, namely fluorophores. The latter are small, conjugated molecules, with a structure
similar to 5-oxo0-1,2,3,5-tetrahydroimidazo[1,2-a]pyridine-7-carboxylic acid, often identified
as IPCA-like species, which frequently dominate the fluorescence emission of the final

(unpurified) product, but lack an extended nanostructured character.®°

In the synthesis of CDs several challenges still need to be addressed. Among them, reaction
times are often long, the overall yield is limited by the difficulty in promoting the energy-
demanding aggregation, and the purification process (typically performed by dialysis to
remove fluorophores and by-products) is time-consuming.'® The bottom-up valorisation of

biomass as a carbon source, seems a more suitable approach to address and overcome

175



these issues. Indeed, a wide range of carbon-rich precursors, including biowaste, can be
used to synthesise CDs. This drastically reduces the cost of the starting materials and
enhances both the environmental and the economic sustainability of the synthesis

protocol.'":18

Top-down Bottom-up
approaches approaches
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Figure 4.1. CDs synthesis routes (top-down and bottom-up approaches) and classification. Adapted from .

Fluorescent CDs can be classified into:

i) graphene Quantum Dots (gQDs, conjugated single or multiple graphene layers),
and Carbon Quantum Dots (CQDs, quasi-spherical mixture of sp? and sp? carbon)
when exhibiting the quantum confinement effect and crystalline clusters;

ii) Carbon Nanodots (CNDs, amorphous quasi-spherical dots), when lacking the
quantum confinement effect;

i) Carbon Polymer Dots (CPDs, nano-scaled t-conjugated polymers),%°

iv) graphitic Carbon Nitride (g-CsN4, highly structured 2D tri-s-triazine polymeric

material composed of carbon and nitrogen).
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Thanks to their low cost, non-toxic, biocompatible, water-compatible, versatile, robust, and
environmental friendly nature, CDs have found extensive applications in many fields,?! such
as photocatalysis,?>?® sensing,?* drug delivery and diagnostics,?®?® bioimaging,?” photo
dynamic therapy (PDT),?® wastewater treatment,?® optoelectronics and solar cells,***' and
pollutant photodegradation.3>33

Our research group at Ca’ Foscari has long-standing experience in the development of
preparation methods for CDs and their applications.3*%2 For instance, a set of
nanocomposites made of CDs-decorated graphitic Carbon Nitride (g-CsN4) were recently
synthesised comparing two different approaches, consisting of a hydrothermal treatment
and a mechanochemical extrusion. The catalytic activity of the materials was evaluated in
the model reaction of oxidation of benzyl alcohol in acetonitrile, achieving 80% selectivity

towards benzaldehyde and demonstrating excellent stability and reusability.*®

More recently, CDs have gained attention also as materials for electrocatalysis, transducer
technologies, and energy storage systems, such as supercapacitors and batteries.** Indeed,
the combination of the quantum confinement effect with the presence of dopant heteroatoms
induces a separation between the valence and conduction band, conferring excellent redox
activity to the CDs. Additionally, their high specific surface area, the presence of surface
defects, and their colloidal nature make them suitable as functional additives next-

generation batteries.

4.1.1 CDs towards sustainable energy storage systems

Lithium is dominating the field of rechargeable batteries thanks to its high theoretical specific
capacity (3861 mA/g) and good cycling stability. However, the flammability and chemical
reactivity of lithium along with its limited reserves and the use of toxic solvent-based
electrolytes pose not only safety risks and environmentally hazards*® but also issues for
large-scale recycling technologies. Only about 6% of lithium-ion batteries (LIBs) consumed

are currently recycled, while most end up in landfills.4®

Aqueous zinc-ion batteries (AZIBs) are emerging as alternative to conventional lithium-
based energy storage systems. Zinc has a considerable theoretical specific capacity of 820
mA/g (compared to other materials, such as graphite — 372 mA/g*®), a low redox potential
of -0.76 V vs SHE, low toxicity, low cost, excellent water-compatibility, and high safety which

make it a promising candidate for the optimisation of eco-friendly aqueous batteries.
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However, some drawbacks still limit a broader use of AZIBs, with zinc dendrite formation on
the anode surface representing one of the most critical. These needle-like protuberances
can pierce the battery separator and cause short circuits, shortening life cycle. They can
also form electrically disconnected ‘islands’ of zinc, reducing capacity on cycling. Moreover,
parasitic side reactions due to water activity, such as corrosion and the hydrogen evolution

reaction (HER), also remain major challenges.*’

Research is currently addressing these issues through different strategies.*® The most
promising ones include anodic material design or direct application of protective coatings
(e.g. TiO2, ZrO2, Al2O3) on the electrode surface.*®-%® However, such approaches are often
sensitive to physical defects generated during manufacturing, leading to degradation over
time, ultimately weakening zinc deposition during repeated plating and stripping processes.
An alternative is represented by electrolyte engineering, which involves the direct inclusion
of functional additives into the electrolyte. This strategy is operationally simple, reproducible,
cost-effective, and scalable,’%¢ but the progressive consumption of the additive in solution
via irreversible side reactions may limit the control of these configurations over time. In
recent years, among other approaches to improve the performance of AZIBs, the use of
nanomaterials, including CDs, have been explored as potential additives or surface coating

agents for regulating zinc deposition.

The action of CDs in modulating zinc deposition on the electrode surface can be attributed
to one or more regulation mechanisms that operate in parallel to stabilise consecutive anodic

plating and stripping cycles (Figure 4.2A-B). Among the most supported in literature are:

i) the interaction with Zn?* in solution and the consequent modification of its
solvation shell,

i) the formation of a dynamic self-assembled layer acting as a protective coating on
the anodic surface, and

i) the modulation of the electric field lines across the electrode surface.

Among these, solvation shell modification and electric field homogenisation are generally
regarded as the most influential factors governing zinc deposition morphology, while the self-

assembled interfacial layer primarily contributes to long-term cycling stability.>°

178



2n- = zn i
zn? Zni*
e 0t 5P L o, 0
= 20 e
2nt n
I
n i
¢ 2 20 gy 2z 20
oz oz /
2n "
Zn
-~ e zn znt
m Zn* n Znt 2Zni+
zn
. Zn Zn -~ S o
)

Figure 4.2. Pictorial representation of A: zinc-dendrites formation during the plating process due to electric
field inhomogeneities, and B: zinc plating regulation mechanisms of CDs-based additives.

Typical [Zn(H20)6]?>* solvated complex tends to form as most stable structure in low-
concentration zinc-based aqueous solutions.%® Although water is an environmentally benign
and non-toxic solvent, in zinc-based energy storage systems it could represent the origin of
several critical issues that may require careful consideration.®’ The strong interaction
between Zn?* and water molecules within the solvation shell activates water, leading to
lengthening and weakening of the O-H bond. This effect lowers the LUMO energy level of
water, making it more easily reducible and promoting undesired side reactions such as
hydrogen evolution (HER). The consequent H* depletion near the electrode surface can
induce local pH fluctuations, formation of zinc hydroxide species like Zn(OH)4SO4, surface
passivation, corrosion, and roughening, all of which favour the tip effect.®? This refers to the
aggregation of electrons and corresponding intensification of the electric field in regions with
large curvature, resulting in locally increased surface electric potential, inhomogeneities of

the electric field distribution and promotion of dendrite growth.3.64

As previously discussed, CDs are zero-dimensional nanoparticles characterised by a high
density of surface defects and functional groups. The presence of conjugated domains and
heteroatoms embedded in their carbonaceous matrix alter the local electron density, thereby
generating active sites. Theoretical (DFT) calculations and computational simulations have
shown that heteroatom-doped CDs and the resulting functional groups that decorate their
outer shell, can establish strong interactions with zinc species. The estimated interaction
energy between CDs and Zn?* is lower than that between Zn?* and water.%® These
interactions occur through their coordination to Zn?* partially replacing water molecules in

its hexa-coordinated solvation shell, thereby modulating ions migration within the electrolyte
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and reducing their nucleation overpotential.®®*® As a result, zinc ions become pre-
concentrated near the electrode surface acting as a permanent zinc reservoir all over the
entire area, preventing localised aggressive plating and promoting a more homogeneous
galvanisation. This process yields a greater amount of nucleation sites and the uniform
deposition of fine zinc crystals that form a smooth and compact plating layer.

More specifically, the presence of defects associated with electronegative elements in the
carbonaceous core was demonstrated to alter the electronic properties of these
nanomaterials, making them moderately conductive and able to respond to the application
of electrical potential within the cell by arranging themselves at the interface between the
electrode and the electrolyte, where the CDs self-assemble into a protective coating on the
electrode surface, thus regulating Zn?* diffusion and preventing uncontrolled and uneven
zinc deposition.®® Their moderate conductivity also results in their ability of interacting, thus
modulating and homogenising the distribution of the electric field lines across the electrode
surface (Figure 4.3), preventing their unhindered extension deep into the electrolyte, where
Zn?>* would otherwise align along them and easily form dendrites. Consequently,
uncontrolled zinc deposition along preferential growth paths is suppressed, and dendritic

protrusions are effectively inhibited.®®

10° Vim
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Figure 4.3. The electric field distribution of A: bare Zn electrode and B: CDs coated Zn electrode showing the
suppression of high-field hotspots at protrusions and the resulting uniform current density across the electrode
surface. Reprinted from 8 with permission.

In general, it has been demonstrated that the interaction between CD additive
nanomaterials, Zn?* and the electrode surface, strongly depend on their chemical surface
features.®”.8 However, there is broad consensus that further efforts are still required to

obtain a clearer understanding of this relationship and to establish a more robust description
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of the action mechanisms of these nanomaterials.®® A well-established factor is the strong
dependence of the CDs activity on the inclusion of element of various nature within the
carbonaceous matrix, which enhances their zincophilicity and mitigates water reactivity,

thereby improving overall battery performance.

Among the most representative examples of CDs-based additives reported in literature,
gQDs obtained by treating graphite powder with a 1:3 concentrated mixture of HNO3 and
H2S04 at 90 °C for 11 h, followed by purification through dialysis for 4 days, demonstrated
significant improvement in Zn anode stabilisation up to 2200 h at 0.8 mA/cm?. Theoretical
(DFT) and experimental investigations confirmed the correlation of this effect to the
interaction of oxygen-containing functional groups (-COOH, —-OH, —O-) decorating the CD’s
surface with the surface of the Zn anode, which regulates ions mobility within the electrolyte,
reduces their nucleation overpotential and in turn promotes uniform zinc deposition.’®
Doping with electronegative elements such as nitrogen also represents one of the most
interesting strategies®” for zinc coordination and stabilisation, efficiently suppressing
dendrite growth.

Many studies have reported nitrogen and sulphur co-doping strategies.”! For instance,
negatively charged N,S-doped CDs synthesised from cysteine, acetaldehyde, and a NaOH
7.5 M solution, proved effective in coordinating Zn?*, reducing its nucleation overpotential
thereby accelerating homogeneous galvanisation on the anodic surface. Symmetric Zn||Zn
cell showed stable cycling for up to 2000 h at 1 mA/cm?, while a full Zn||NVO cell maintained
a specific capacity of 147.4 mAh/g at 1 A/g after 600 cycles and a coulombic efficiency of
99.5% after 250 cycles.”? Similarly, S-doped CDs obtained from citric acid and poly(lithium-
4-styrene sulfonate) via pyrolysis at 200 °C for 2 h and subsequent dialysis purification for
3 days, were used as an additive into a hybrid DFM/H20/ZnSO4 electrolyte, enhancing Zn
anode stability. Their negatively charged, defect-rich structure, combined with the ability of
DMF to regulate the solvation shell of Zn?*, provided a synergistic improvement in zinc
nucleation and deposition during the plating/stripping processes, extending the symmetric
Zn||Zn cell life to 4000 h at 1 mA/cm?. Moreover, in a Zn||NVO full cell this material enabled

the retention of a specific capacity of 119.2 mAh/g after 5000 cycles at 5 mA/g.”

Graphitic carbon nitride quantum dots (gCsN4QDs) synthesised from thiourea and citric acid
via calcination at 200 °C for 30 min and purified by dialysis for 2 days, proved effective in
suppressing anodic surface side reactions and enabling dendrite-free, homogeneous zinc

deposition by forming a protective nano-layer that dynamically assembled/disassembled
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during repeated charge/discharge cycles (Figure 4.4), maintaining 99.6% of coulombic

efficiency over 200 cycles and stable operation up to 1200 h in a full Zn||MnO2 cell.*®

+C4N,QDs Regen
> —
in each cycle
Plating Stripping

Dynamic reconstructed SEI strategy

Defects ‘

-
-
-

Suppressing C4N,QDs
dendrite growth encapsulation
Prolonged cycling Further plating

Figure 4.4. Dynamic protective layer mechanism. Reprinted from %° under the terms of the Creative Commons
CC BY license.

However, the high electronegativity and hydrophilicity of these doping elements may
sometimes act as an intrinsic limiting factor when it comes to regulating parasitic reactions
occurring at the electrode interface which mainly depend on water activity, such as HER and
corrosion.®”* In this sense, different types of doping with diametrically opposed
characteristics have demonstrated interesting properties. For instance, commercially
available Cl-doped gQDs were reported to be effective in forming a dynamic hydrophobic
adaptive interphase on the electrode surface responsible of generating electrostatically
repulsion towards water, reducing its activity, and thus delaying corrosion and suppressing
Zn(OH)4? passivation caused by HER.” [ref] This electrostatic shield efficiently promoted
also uniform zinc plating, achieving stable operation in a symmetric Zn||Zn cell for up to 2000

h at 1 mA/cm? and 1 mAh/cm?, seven times longer than the control test.

The introduction of zincophilic dopants has also occasionally demonstrated to promoted
preferential Zn deposition along the (002) plane, resulting in a smooth electrode surface and
extending the overall lifetime of the cell.”>"® Co-doped CDs with N inclusions within the

carbonaceous core and S atoms decorating the outer shell were prepared from citric acid
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and metanilic acid via a solvothermal treatment at 160 °C for 5 h using DMF as solvent,
followed by ethanol precipitation and purification through dialysis for three days.®® When
used as an electrolyte additive, this material being extremely rich in functional groups such
as -COOH, -NH2, -OH, and -SOsH, showed effective in suppression of dendrite formation
and parasitic reactions, promoting a uniform Zn plating along the specific (002) crystal plane
and stabilising a symmetric Zn||Zn cell for up to 3000 h at 1 mA/cm? and 0.5 mAh/cm?,
compared to a control cell that short-circuited after only 380 h under identical conditions.
DFT calculations also demonstrated multiple beneficial roles of these nanoparticles in
promoting Zn?* solvation, as well as stabilisation of the electrode/electrolyte interphase by

reducing water activity and forming a protective surface layer.

When supported by DFT calculations or in-depth analyses of the plated electrode surface,
all these strategies are univocal in establishing an electrostatic nanoparticles-based
shielding layer, which modulate the uneven electric field distributed on the anodic electrode.
This mitigates the “tip effect”, preventing parasitic electric discharges to permeate through
the electrolyte and promote dendrite growth.”” At the same time, these additives again
strongly interact with the Zn?* solvation shell, influencing both ion transport and surface

approach dynamics, improving the overall zinc deposition process.

General CDs action parameters contributing to the zinc plating regulation mechanisms are

summarised in Table 4.1.

Table 4.1. CDs contribution mechanisms on zinc plating regulation in AZIBs.

Parameter Contribution on Zn-plating regulation Ref.

Creates active sites and increases zincophilicity;
increases local electron density; 74-76
reduces H20 activity and parasitic reactions

Heteroatom doping
(N, O, S, Cl, etc.)

Surface functional groups Regulate Zn2* coordination; reduces nucleation
(-COOH, -OH, -NHz2, -C=0, etc.) overpotential; suppress dendrites formation

59,65,70

Increase conductivity; promotes self-assembled
Conjugated sp? domains/graphitisation nanolayer; increases nucleation sites; 59,70
suppress dendrites by flattening surface electric field

Ensure nanoparticles dispersion; cycling reversibility; 59

Colloidal stability good resilience at high current density
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Overall, all this evidence suggest that CDs act as multifunctional regulators of
plating/stripping processes in AZIBs systems, simultaneously influencing Zn?* solvation,
nucleation kinetics, surface electric field distribution. However, several challenges remain
unresolved, including the possible consumption of CDs during prolonged cycling and their
stability under high current densities. In addition, most CDs-based additive syntheses
reported still rely on fine chemicals and sometimes require harsh reagents, such as DMF or
concentrated NaOH, enhancing the cost of the final material and reducing the overall
sustainability of the process. The high cost of these materials still represents a critical
problem in a scaling up perspective, thereby cheaper carbon sources still need to be
investigated.®® This is why combining biowaste valorisation with the production of non-toxic,
water-stable, and tuneable functional materials, such as CDs, can represent a promising
route towards the type of additive (in itself sustainable) that is crucial in realising the
environmentally benign and sustainability promise zinc-based energy storage systems
(AZIBs). Building on the chitin extraction protocol from Spider crab shells described in
Chapter 3, the next section will compare hydrothermally synthesised chitin- and crab shells-
derived CDs with a model material obtained from fine chemicals (citric acid and
diethylenetriamine), exploring their performance as additives in AZIBs through in situ optical

microscopy visualisation.
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4.2 Bio-sourced Nitrogen-doped Carbon Quantum Dots (CQDs) as
Additives for Near Dendrite-free Zn Batteries

This section has been adapted from an advanced Research Article draft. The Author of this
Thesis contributed to the optimisation of the synthetic procedures, to part of the
characterisation of the CDs materials and CDs-based additives, and execution of the plating

experiments. The results described below.

Abstract. A mixture comprised of a bio-sourced carboxylic acid (citric acid) and
diethylenetriamine as a N-source, has been used to produce N-doped Carbon Quantum
Dots (N-CQDs). These proved effective in suppressing Zinc dendrite formation during Zinc-
plating experiments mimicking the anodic recharging process in AZIBs. The properties of N-
CQDs were tested through electrochemical measurements and in-situ optical microscopy
investigations. Thereafter, further N-doped nanomaterials were obtained from bio-based
polymers such as commercially sourced chitin (Aldrich) or biowaste-extracted (Australian
Spanner crab shells). During plating experiments these nanomaterials effectively promoted
uniform Zinc deposition and prevented dendrite formation, with the best additives enabling
current densities of up to 20 mA/cm? for 4 hours of plating (i.e. yielding 80 mAh/cm?).
Differences in the microstructure of the zinc plating surfaces could be rationalised and linked

to additive structure-functionality relationships based on their physicochemical properties.
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Figure 4.5. Schematic representation of the synthetic strategies for AZIBs additives preparation in this work.
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4.2.1 Results and Discussion

Nitrogen-doped carbon nanomaterials

N-doping has been widely recognised to affect the properties of carbon nanomaterials
through different effects: it changes the electronic distribution of the carbon matrix, boosting
the local electron density and raising the HOMO energy level, thereby improving the
conductivity of the material. Regions of the carbon lattice with enhanced electron density
work as active sites for the adsorption and stabilisation of reactive species. This reduces the
overpotential for some critical electrochemical reactions, including oxygen reduction
reaction (ORR), oxygen evolution reaction (OER) and hydrogen evolution reaction (HER)."®
Through this mechanism, surfaces that are functionalised with polar organic groups
comprised of nitrogen and (depending on the method of preparation) oxygen heteroatoms,
can modify the chemical reactivity of these nanomaterials.*¢5%7° |n the case of zinc plating
as conducted in aqueous zinc batteries, the heteroatom doping enhances the zincophilic
properties of the nanoparticles, resulting crucial in promoting the absorption of Zn?*.8
Moreover, the study of N-doped carbon materials as plating additives combines the study of
renewable biowaste-based materials with an investigation into renewable energy storage

technology.

Synthesis from citric acid and diethylenetriamine (N-CQDs)

The N-CQDs used within this work were synthesised adjusting a hydrothermal (HT)
procedure previously reported by some of us. Further details in the Experimental Section.
The relative proportions of citric acid and diethylenetriamine (DETA) were tuned to obtain a
N/Cmolar ratio as similar as possible to that of commercial chitin (N/Cmolar = 0.125, considering
a degree of acetylation of 100%). DETA acted simultaneously as a nitrogen source and as
a promoter of crosslinking between the citric acid moieties, thereby facilitating the
incorporation of nitrogen into the carbonaceous core. Specific precautions were taken to
ensure reproducibility and consistency of the physicochemical properties of the
nanomaterial: at 180 °C, the above-quoted HT treatment used for the N-CQDs synthesis
was prolonged up to 24 h, to guarantee the conversion of low-molecular-weight precursors

into a well-defined nanostructured solid.

ESI mass spectrometry (Figure 4.6) performed on the crude material confirmed the

presence of species with MW in the range of 1000-1850 Da, while the formation of light
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residual species was minimised, especially those of structure similar to 5-oxo-1,2,3,5-
tetrahydroimidazo[1,2-a]pyridine-7-carboxylic acid (IPCA-like compounds) which are typical

fluorophores found in carbon dots prepared from citric acid and DETA.®'
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Figure 4.6. Electrospray ionisation mass spectrometry (ESI-MS) analysis of crude N-CQDs.

The crude material was purified by dialysis using 1 kDa MWCO (molecular weight cutoff)
membrane bags under a meticulous pH control. It has been reported that N-CQDs are highly
pH sensitive due to the presence of surface functional groups including amine, hydroxyl,
and carboxylic ones (and their potential derivatives formed during synthesis).8 Aggregation
and precipitation were observed at pH<4, while fluorescence quenching was noted in the
pH range of 8-9 likely due to reversible surface protonation/deprotonation and ionic
interactions. Therefore, the dialysis was carried out by alternating and repeating neutral,
acidic, and basic cycles. Neutral cycles primarily removed freely soluble impurities. Acidic
cycles protonated surface amines, weakening electrostatic and H-bond interactions and
facilitating desorption of weakly bound species. Basic cycles deprotonated carboxylic
groups, increasing negative surface charge, which enhanced dispersion of aggregates and
promoted release of impurities that are otherwise stabilised under acidic conditions. At each
stage, water was replaced to maintain concentration gradients, and the sequence was

repeated until no fluorescent impurities were detected outside the membrane, typically after
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48-56 hours and 6-7 cycles. Finally, the resulting neutral aqueous solution of purified N-
CQDs retained its characteristic blue fluorescence and could be characterised for its optical

properties.

Overall, the procedure enabled a high degree of reproducibility in the production N-CQDs
and the isolation of nanoparticles with significant size and purity, as confirmed by NMR
analyses. '"H- (Figure 4.7A) and "*C- (Figure 4.7B) NMR spectra showed a near-complete

silent profile after the dialysis, thereby highlighting the colloidal nature of the final material.

A B

Figure 4.7A: 'H- and B: '3C-NMR spectra of N-CQDs crude (red lines, bottom) and after dialysis purification
(green lines, top). D20 was used as solvent and acetonitrile as internal standard.

Synthesis from Chitin (CTN-CDs) and Spanner crab shells (CRB-CDs)

Both commercial chitin (purchased by Sigma-Aldrich) and a biowaste, as Australian Spanner
crab shells (sourced from the local Sydney Fish Market), were used as starting materials to

obtain N-doped carbon dots.

Mechanochemical pretreatment. The use of chitin as a starting biopolymer to obtain bio-
sourced N-doped carbon nanomaterials was not without issues. The extremely robust
polysaccharidic structure of chitin confers to it a very low chemical reactivity and high
resistance to solubilisation and degradation, in water and most organic solvents.® For
example, compared to other similar polysaccharides as cellulose and hemi-cellulose that
depolymerize and dissolve into high temperature/supercritical water, the presence of the N-

acetyl groups in crystalline chitin makes its hydrolysis a not uniform process that alternates
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phases of surface erosion and hydrogen bonding disruption,32% and results in a

fragmentary degradation despite the harsh and energy demanding conditions.

Interestingly, however, mechanochemistry offers a promising strategy to promote the
amorphisation of chitin and enhance its solubility without resorting to strong acids or high
temperatures.®”-8 This approach was also employed in this work, where chitin was
subjected to a mechanochemical pretreatment via ball miling. Raw commercial chitin (0.5
g) was placed in a zirconia jar (50 mL) equipped with a zirconia grinding ball (1.5 cm
diameter), and ball-milled at 25 Hz (15 min; =1500 rpm). The milling was then paused for 15
min to avoid overheating, after which another ball-milling cycle was started. The overall
sequence was repeated 7 times. PXRD analyses of the resulting solid confirmed a drastic

reduction of its crystalline domain, with details reported below in Figure 4.8.
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Figure 4.8. Powder X-ray diffraction analyses spectra of a commercial chitin sample prior (red line) and after
(blue line) milling, respectively. Peaks were assigned based on available literature®:8°. Raw chitin exhibited

the characteristics diffraction peaks of chitin crystalline domain, with two main intense reflection at 26 = 9.2°
and 19.2°, corresponding to the (020) and (110) crystallographic planes, respectively.

Compared to the spectrum of the starting commercial sample that displayed reflections at
20 = 9.2°,19.2° 12.6°, 20.6°, 26.2°, 34.7°, and 38.8° typical of crystallographic planes and
the crystalline unit cell, the PXRD profile of ball-milled solid displayed a hill-like profile typical
of a quasi-amorphous structure, thereby indicating a loss of long-range order within the

material and a strong reduction of the crystallinity of the solid.

189



Similar conclusions were drawn by FT-IR analyses. The spectrum (reported in Figure 4.9)
recorded after the mechanochemical treatment showed that the main chemical backbone of
chitin was preserved, except for signals related to both strong and weak intra- and inter-
chains hydrogen bonding in the chitin fibres. In particular, the following signals were almost
lost or less intense compared to the starting sample:

i) the O-H stretching at 3439 cm related to weak hydrogen-bond vibrations parallel
to the fibre axis (intra-chain interactions between -O3H~0O%- and between -
O3H"-O7=C-);9°'91

i) the N-H stretching around 3263 and 3103 cm™ related to the strong inter-chain
hydrogen-bonding perpendicular to the fibre axis (between -N?H--O”’=C-) due to
the amide-amide interaction breakage;®’

i) the vibrations around 1653 and 1620 cm™ (related to the C=0O stretching
frequencies of the amide | region, typically found in the crystalline allomorph a-
Chitin) merge into a single signal, as it is frequently seen with the more amorphous
allomorph B-chitin;%

iv) the signal around 1257 cm™ of the CH2 wagging associated with the change in

dipole moment during the transition from crystalline to amorphous domain.
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Figure 4.9. Fourier Transform Infrared (FT-IR) analyses spectra of a commercial chitin sample prior (red line)
and after (blue line) milling, respectively. Peaks were assigned based on available literature. 8889
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Finally, the unchanged intensity of the vibrational band around 899 cm-', characteristic of
the beta-linkage between the N-acetyl-glucosamine monomers, demonstrates that the
mechanochemical treatment does not impact the glycosidic bond.®" Overall, both PXRD and
FT-IR proved that ball miling did not affect the polymer chain length but was effective to
induce an almost complete disruption of the hydrogen-bonding network in chitin.

Hydrothermal (HT) synthesis. The impact of the mechanochemically-assisted amorphisation
of chitin on its solubility in water was investigated through a HT processing aimed to the
synthesis of chitin-derived carbon nanoparticles. Raw (commercial chitin as such) and
treated samples were compared. A suspension of raw or milled chitin (1.5 g each) and milli-
Q water (40 mL) was placed into a sealed autoclave and heated at 220 °C for a time interval

variable from 20 min up to 24 h. The mixture was then filtered under suction to obtain:

i) a solid residue which was dried overnight in vacuum at 60 °C and weighed. The
weight difference between the starting chitin sample and the solid recovered after
the HT treatment corresponded to the amount of either chitin or its low molecular
weight derivatives formed during the HT treatment, which was soluble in water.
This was referred to as “soluble fraction”;

i) a solution which was added with 10 mL of NaOH 0.1 M to prevent nanoparticles
aggregation, filtered on a syringe filter (0.22 pym) to remove eventual macro
residues, and finally dialysed against water (1 L) using 1 kDa MWCO membrane
bags for 48-56 hours. During dialysis, water was replaced many times until no
fluorescent impurities were detected outside of the bag. The final solution was

then freeze dried to powder and labelled CTN-CDs (chitin-derived carbon dots).

In analogy to N-CQDs, Figure 4.10 displays NMR analysis of the CTN-CDs after purification,

showing a silent profile and thereby confirming the effectiveness of the dialysis.

|
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Figure 4.10. "H-NMR spectra of CTN-CDs crude (red lines, bottom) and after dialysis purification (green lines,
top). D20 was used as solvent and acetone as internal standard in the purified sample.
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The same ball-milling pretreatment and the subsequent HT processing were then applied
using Australian Spanner crab shells (1.5 g) as biowaste-derived instead of raw chitin. In
this case, crab shells were collected at the local Sydney Fish Market, gently cleaned with

water, dried under vacuum at 60 °C overnight and coarsely ground before ball milling.

At the end of the overall work-up, a brownish fine powder was obtained and labelled CRB-
CDs (crabs-derived carbon dots). Results of combined mechanochemical treatmentand HT

synthesis are summarised in Table 4.2.

Table 4.2. Combined mechanochemical and HT experiments on chitin and crab shells. Raw chitin (1.5
g/sample) was subjected to HT treatment at 220 °C (entries 1-4). Milled chitin and milled crab shells (1.5
g/sample each) were subjected to 7 cycles of ball milling (15 min each at 25 Hz) followed by HT treatment at
220 °C (entries 5-8 and 9).

. . HT treatment, Soluble fraction2 Carbon dots yield
Entry Starting material Time (h) SF, (wt.%) (wt.%, mg)
1 0.3 9 Nd b
2 2.0 18 0.9, 14
Raw chitin
3 6.0 23 1.7, 26
4 24.0 48 2.5, 38
5 0.3 20 Nd b
6 2.0 40 2.0, 30
Milled chitin
7 6.0 46 2.5, 38
8 24.0 62 3.9, 59
9 Milled crab shells 24.0 27 3.4, 51

a Soluble “chitin” in water: this fraction was determined gravimetrically by the weight difference between the starting chitin
sample and the solid recovered after the HT treatment.
b Not determined.

Both the soluble fraction and the yield of carbon-dots were affected by the duration of the
HT treatments and the nature of starting material. The solubilised fraction of raw chitin
increased from 9 to 48 wt.% as the HT treatment was prolonged from 20 min to 24 h (entries
1-4). However, at comparable HT processing times (20 min-6 h), the amount of milled chitin
(or its light derivatives) soluble in water was almost doubled than for the raw polymer (cf.
entries 1-3 to 5-7). This trend was consistent with the above-described XRD and FT-IR data
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from which milled chitin resulted as an amorphous solid with a substantially poor H-bonding
network, features that made the polymer more water-soluble. At a prolonged HT time up to
24 h, the increase of solubilised fraction, albeit evident and still higher for milled than for raw
chitin, was less pronounced, thereby suggesting that the solubilised fraction itself was
probably reaching a threshold/saturation solubility limit (cf. entries 4 and 8).

A negligible, apparently not determinable yield of carbon dots was achieved after a HT
treatment as short as 20 minutes (entries 1 and 5). Though, the liquid fraction recovered at
the end of the experiments with both raw and milled chitin exhibited a blue fluorescence
under UV irradiation (365 nm), indicating the onset of processes of rearrangement and
aromatisation of some surface chitin functions towards the formation of carbon dots.
Increasing the HT processing time from 2 to 24 h brought about an increase of the CDs yield
from 0.9 t0 2.5 wt.% and 2.0 to 3.9% for raw and milled chitin, respectively (entries 2-4 and
6-8). This trend closely resembled that observed for the soluble fraction: this led us to
conclude that compared to raw chitin, the larger formation of CDs yield obtained for
mechanochemically pretreated chitin was plausibly due to a larger amount of amorphous

chitin (or its lighter derivatives) acting as a CDs precursor in solution during the HT process.

A separate consideration should be made for the results achieved for milled crab shells.
Crustaceans’ shells are comprised of ca. 20-30% chitin, 30—50% minerals (mainly calcium
carbonate), 30—40% proteins and other substances including lipids (up to 14%) and
pigments (e.g., astaxanthin).®® This composition could explain the moderate SF observed
after the HT processing of milled crab shells (27 wt.%, entry 9). However, the corresponding
CDs yield was surprisingly high and comparable to that obtained for milled chitin (3.4 vs 3.9
wt.%; cf. entries 8 and 9), thereby contrasting the above-mentioned assumption that the
solubilised fraction and the formation of CDs were related to each other. This discrepancy
has been associated to the fact that the final nanocarbon material incorporated some
mineral components of the crab shells, which could not be removed during the purification
(dialysis) step. This aspect will be further elucidated in the next paragraphs where the

characterisation of CDs is described.
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Zinc plating experiments
Edge plating experiments in asymmetric Zn||Cu and Zn||Cu-In cells

In-situ optical microscopy investigations were carried out to evaluate the dendrite
suppression effect of the synthesised nanomaterials. Zinc plating experiments were carried
out using customised asymmetric Zn||Cu cells (as shown in Figure 4.11), each filled with
0.6-0.7 mL of an aqueous 2M ZnSOs electrolyte containing one among our additives: N-
CQDs, CTN-CDs, or CRB-CDs. A current density of 10 mA/cm? was applied for four hours
while a microscopy camera was set on top, focused on a 1.0 mm length of the Cu-electrode

to observe the metal deposition process from a side perspective.

Figure 4.11. The customed asymmetric Zn||Cu cell assembled using Zn and Cu thin metal foils folded onto
the side edges of two 0.1 cm thick microscope glass slides, used as structural support. The two electrode-
slides were positioned parallel to each other at 7 mm distance, and two additional glass slides were then glue
on the top and bottom, effectively immobilising the configuration.

Firstly, our model material N-CQDs was tested. A control experiment was also set up at the
described conditions to represent the worst-case scenario, using as an electrolyte the same
2 M ZnSO0Os solution without any additive (pH = 4.24). In the absence of the CDs-based
additive, aggressive zinc deposition occurs from the very beginning of the experiment,
leading to a non-uniform plating characterised by bulky metallic formations, containing
evolving hydrogen gas bubbles, resulting overall in dendritic growth across the entire area
observed (Figure 4.12A). When the citric acid-derived nanoparticle modified N-CQDs-

ZnSO0Oq electrolyte (pH = 4.38) was used exceptional improvement could be observed. The
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nanoparticles efficiently promoted the uniformity of the zinc deposition, resulting into a tightly
packed layer of regular small crystals, completely suppressing dendrite formation even after

four hours of plating (Figure 4.12B).

The voltage polarisation recorded during the plating experiment performed with the modified
electrolyte doubled that of the control test, moving from 0.08 V to 0.16 V, consistent with a
reduced conductivity, due to the N-CQDs material interacting with Zn?*, regulating zinc

deposition.

Step: Charge, Current:10.0 mA/cm2, Copacity: 10.0 mAh/cm2, Voltage: 0.1556

Step: Chorge, Current:10.0 mA/cm2, Capacity: 20.01 mAh/cm2, Voltage: 0.158:-

Step: Charge, Current:10.0 mA/em2, Copacity: 30.01 mAh/ecm2, Voltage: 0.1509

3h plating

Step: Chorge, Current:10.0 mA/em2, Capacity: 40.01 mAh/em2, Voltage: 0.1243

)
i

L 4

.-.'_4h plating

4h plating

Figure 4.12. Zinc plating experiments performed at 10 mA/cm? for 4 h, in asymmetric Zn||Cu cells using A:
bare 2M ZnSQs4 as control test and B: our modified N-CQDs-ZnSQ4 electrolyte.

At the end of the 4 hours of plating, the cell was stripped under symmetric electrochemical
conditions to evaluate the reversibility of the zinc deposition. The current was inverted to
induce a controlled anodic process at the Cu-electrode surface, while maintaining the same

current density magnitude (10 mA/cm?) and current flow duration (4 h) to promote the
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dissolution of the previously deposited zinc back into the electrolyte. The stripping behaviour
was carefully monitored with the same in-situ optical setup for both the control test and the

modified N-CQDs-ZnSO4 electrolyte operating cell.

As for the plating experiment, the control cell operating with just an 2M ZnSO4 solution as
an electrolyte exhibited irregular dissolution features during the stripping, with disruptive
detachment of whole metallic zinc chips and clusters from the electrode surface, indicative
of a heterogeneous and inefficient stripping process (Figure 4.13A). By contrast, the
electrolyte containing the N-CQDs-based additive promoted a more homogeneous and
gradual stripping, allowing a fine redissolution of metallic zinc into the electrolyte and its
conversion into Zn?*, ultimately confirming the enhanced stability of the electrode-electrolyte
interphase and reversibility of the zinc plating/stripping process (Figure 4.13B).

rent:—=10.0 mA/cm2, Bgpacity: 10.76 mAh/em?2, Voltage: —0.0709 Step: Discharge, Currenti=10.0 mA/cm2, Capacity: 0.83 mAh/cm2, Voltage: —0.1205

.
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Figure 4.13. Zinc stripping experiments performed at -10 mA/cm? for 4 h, in asymmetric Zn||Cu cells using A:
bare 2M ZnSO4 as control test and B: our modified N-CQDs-ZnSO4 electrolyte.
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These experiments clearly demonstrate that the introduction of the N-CQDs nanomaterial
as an electrolyte additive significantly improves the cell stability and the overall zinc plating

on the electrode surface, resulting in a more controlled and uniform metal deposition.

Although the use of our N-CQDs-based electrolyte led to excellent results in terms of
dendrite suppression, it was not sufficient to fully inhibit HER on the electrode surface.
Attempts to eliminate the gas evolution by progressively increase the dots concentration up
to 3.5 mg/mL (also identified as the solubilisation limit of the material in 2M ZnSO4 aqueous
solution) were unsuccessful. Not only were HER never completely mitigated, at
concentrations higher than 3 mg/mL, bubbles (gas) generation increased. This is consistent
with a reduction of the HER overpotential, induced by the presence of the dots. Indeed,
some of the functional groups can be viewed as catalytic for the HER, in contrast to, e.g.,

glassy carbon surface that exhibits a very high HER overpotential.

The N-CQDs were derived from commodity chemicals and in that sense serve as a model
material. The main focus in the context of the Thesis was the generation and use of CDs
from renewable and waste sources, i.e. chitin and crab shells. Accordingly, CTN-CDs-
ZnS0O4 (pH = 4.36) and CRB-CDs-ZnSO4 (pH = 4.26) electrolytes, were also tested for the
suppression of dendrite formation under identical plating conditions (10 mA/cm?, 4 h). In
contrast to the N-CQDs-ZnS0O4 electrolyte, the zinc deposition process within these systems
appeared less uniform and progressively disturbed by the developing of hydrogen bubbles.
Indeed, a pronounced HER occurred in both cases at the Cu electrode, starting from the
very beginning of the experiments (Figure 4.14A-B).

When comparing to the control without additives (Figure 4.12A), the zinc plating observed
for both chitin- and crab shells-derived nanomaterial additives was still more regular, i.e.
disruptive nucleation and dendrite formation did not occur along the entire electrode surface,
but was limited to the area where the bubbles were emerging from (and anchored to) the
surface, suggesting that there was an interplay between the lower overpotential associated
with sites where HER takes place preferentially and zinc nucleation. This can be rationalised
by those sites having a higher surface energy and the zinc plating reducing that energy.
Over time, these preferential zinc nucleation sites will lead to an increasing disruption of the
local electric field homogeneity and consequently induce non-uniform current densities

across the electrode, which, in turn, will lead to a further acceleration of dendrite formation.

Consistent with this model, in both cases the zinc deposition became increasingly irregular,
and from the third hour of plating additional dendritic structures were observed to form
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at/near the bubble adhesion sites, suggesting that, although the CDs-based additives
themselves exhibited potential for promoting homogeneous metal deposition, their
stabilising effect was hindered by HER, which prevented their aggregation locally and largely

inhibited their protective effects.

t:10.0/mA/em2, Copacity: 19.84 mah/em2, Voltoge: 0.136, 02:09:00
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Figure 4.14. Zinc plating experiments performed at 10 mA/cm?2 for 4 h, in asymmetric Zn||Cu cells using our
modified A: chitin-derived CTN-CDs-ZnSO4 and B: crab shells-derived CRB-CDs-ZnSOs electrolytes.

To overcome the limitations of our systems, a multi-component approach was developed
combining our CDs-based additives for dendrite suppression with Indium as an HER-
mitigating agent. Indium is already known to efficiently reduce HER by increasing the
overpotential in the zinc alloy it forms and promoting horizontal growth of zinc along the
(002) crystal facet. In addition, it is well established that indium suppresses localised pH

fluctuations on the electrode surface, inhibiting the formation of alkaline by-products and

198



promoting electrochemical stability and cycling longevity, making it an effective additive in

aqueous energy storage systems.%

Indium was introduced into our Zinc plating experiments in the form of electrochemically
deposited coating on the anode surface, by applying a potential of -0.8 V for 60-90 seconds
to a Cu thin foil electrode immersed into a 0.1 M InClz + 0.1 M KCI aqueous solution. The
resulting Indium-coated Cu electrodes (Figure 4.15A) were then gently polished with
ethanol on a lint-free tissue and used to assemble a customised Zn||Cu-In cell (Figure

4.15B), similarly as previously described.

Figure 4.15. A: The indium-coated Cu electrodes obtained through electrochemical deposition, and B: the
final customed asymmetric Zn||Cu-In cell.

Again, a 2 M ZnSO4 solution without any additive (pH = 4.24) was used as an electrolyte for
the control experiment. However, since the indium coating itself could also reduce the zinc
nucleation overpotential while forming the alloy, as well as regulate the electric field local
inhomogeneities delaying the formation of dendrites, a higher current density of 20 mA/cm?
was required with this new configuration to replicate the morphologies observed previously.
As before, the control (Figure 4.16A) produced large, faceted zinc crystalline protrusions
with visible irregular morphology. Due to the higher current density, these were already
visible within the first hour of plating. After three hours, pronounced dendritic structures
started to grow from this increasingly rough surface, extending towards the electrolyte, and

ultimately exacerbating into a surface fully covered by dendrites after four hours of plating.

Subsequently, a fresh solution of the modified N-CQDs-ZnSO4 electrolyte (pH =4.17) was

tested in the new Zn||Cu-In cell configuration (Figure 4.16B). At the end of the experiment
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the zinc layer turns out to be still intact, not showing any dendrite formation or protrusion.
The synergistic effect of indium on suppressing HER enabled a clear observation of the
intrinsic role of the dots in suppressing dendrites formation and promoting, once again, a
highly uniform zinc deposition composed of numerous small, regularly arranged crystals
forming a smooth surface. This highlights the remarkable efficiency of this additive in
regulating the zinc ions distribution, with no visible degradation of both electrode surface

and electrolyte even after four hours at a high current density.
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Figure 4.16. Zinc plating experiments performed at 20 mA/cm2for 4 h, in asymmetric Zn||Cu-In cells using A:
bare 2M ZnSQs4 as control test and B: our modified N-CQDs-ZnSQ4 electrolyte.

In a further step, the modified CTN-CDs-ZnSO4 (pH = 4.31) and CRB-CDs-ZnSO4 (pH =
4.26) electrolytes were tested under the same electrochemical conditions (20 mA/cm?, 4 h).
Unfortunately, some issues emerged during the zinc plating experiments performed with the

CTN-CDs-ZnSO4 electrolyte (Figure 4.17A), as this chitin-derived material appeared to only
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partially regulate the plating, yielding to small and mostly homogeneously distributed crystals
during the first hour with subsequent overgrowth of few disseminated large zinc crystals
which, much like the hydrogen bubbles observed in previous experiments, creating
preferential reduction pathways for zinc deposition and, as a consequence, dendrite
nucleation. By contrast, the crab shells-derived CRB-CDs-ZnSO4 electrolyte yielded
excellent plating performance (Figure 4.17B), consistent with an effective modulation of zinc

ion distribution, leading to the formation of small, homogeneously distributed zinc crystals.
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Figure 4.17. Zinc plating experiments performed at 20 mA/cm?for 4 h, in asymmetric Zn||Cu-In cells using our
modified A: chitin-derived CTN-CDs-ZnSO4 and B: crab shells-derived CRB-CDs-ZnSO;s electrolytes.

Notably, although the experiment was performed at a current density of 20 mA/cm?, only a
couple of appreciable larger than the median-sized zinc clusters could be observed at the

very end of the four-hour plating process, consistent with the excellent performance of the

201



CRB-CDs in the indium-free experiment, but now more clearly detectable in the absence of

any appreciable HER activity.

Again, the voltage polarisation recorded during the zinc plating experiments in the new
Zn||Cu-In cells increased when the modified electrolytes were used, moving from 0.12 V of
the control test to 0.20 V, 0.17 V and 0.18 V when the N-gCQDs-ZnSO4, CTN-CDs-ZnSO4
and CRB-CDs-ZnSOs4 electrolytes were used, respectively, and similarly to the increase
observed in the previous Zn||Cu configuration (0.08 V to 0.16 V). This higher voltage reflects
the kinetic limitation introduced by the presence of the additive, which interacts with Zn?*
slowing down their transport and nucleation by a comparable increase in potential despite

the different starting conditions.

This behaviour would be also consistent with the formation of a CDs-based self-assembled
dynamic layer, which protects the electrode surface and regulates zinc deposition through

the mechanism previously described in Section 4.1.

Similarly to the experiments previously conducted with the asymmetric Zn||Cu cells, the
stripping processes in the new Zn||Cu-In cell configuration were conducted at the end of the
4 hours of plating, under symmetric electrochemical conditions (20 mA/cm?, 4 h) to evaluate
the reversibility of zinc deposition. Figure 4.18 shows the stripping experiments performed
with the N-gCQDs-ZnSO4 and CRB-CDs-ZnSOs electrolytes, respectively. Due to the
development of dendritic structures and parasitic reaction during the plating experiment with
the CTN-CDs-ZnSOs4 electrolyte, the stripping process was uncontrolled and therefore not
reported. During both the high-current stripping experiments, a significant gas evolution was
observed on the electrode surface in parallel to the zinc redissolution. This phenomenon
was primarily attributed to oxygen evolution reaction (OER), promoted by local field
inhomogeneities at such high current densities. Overall, gas evolution in this case was not

severe enough to hinder the progress of the zinc stripping process.

The N-CQDs-ZnSO0s electrolyte promoted a gradual and homogeneous stripping behaviour
up to the third hour, enabling a fine redissolution of the metallic zinc into the electrolyte.
However, at such harsh conditions, which push the conversion kinetics of the deposited zinc
into Zn?*, larger zinc clusters began detaching from the electrode surface towards the fourth
hour of stripping, suggesting partial additive degradation at high current density (Figure
4.18A). By contrast, the CRB-CDs-ZnSO4 electrolyte promoted a fully controlled and uniform
stripping process, even outperforming the model material, and resulted in a smooth, cluster-

free electrode surface at the end of the experiment (Figure 4.18B).
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Figure 4.18. Zinc stripping experiments performed at -20 mA/cm?2for 4 h, in asymmetric Zn||Cu-In cells using
A: our modified N-CQDs-ZnSO4 and B: crab shells-derived CRB-CDs-ZnSO: electrolytes.

Overall, the results of the plating experiments performed in both Zn||Cu and Zn||Cu-In
configurations clearly indicate that the tested CDs-based additives contribute to regulating
zinc deposition and promoting the formation of a near dendrite-free plating. Among them,
the crab shells-derived material exhibited the best overall performance, particularly in terms
of plating reversibility and stability at high current densities (up to 20 mA/cm?). This
behaviour can be attributed to one or more of the CDs action mechanisms described in
Section 4.1. It is reasonable to assume that the dots strongly interact with Zn?* within the
electrolyte, altering its solvation shell and mobility in solution. Such interactions likely slow
down the zinc deposition kinetics while promoting a local preconcentration of zinc ions near
the electrode surface, thereby maintaining a consistent ionic reservoir. As a result, zinc

nucleation becomes more uniform, and the crystal size decreases forming a more evenly
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distributed layer, while effectively suppressing dendrites formation. These findings highlight
the potential of such sustainable nanomaterials as promising and cost-effective additives for
enhancing the performance and safety of AZIBs. To further clarify the relationship between
the characteristics of nanomaterials and their ability to regulate zinc deposition, a detailed
characterisation of their physicochemical properties is presented in the following section.

The three modified N-gCQDs-ZnS0O4, CTN-CDs-ZnS0O4 and CRB-CDs-ZnSO4 electrolytes
were also tested, along with the control 2M ZnSO4 solution, in zinc plating experiments
performed on transparent 3D-printed asymmetric Zn||Cu cells, using 12 mm round-shaped
metal foil electrodes (Figure 4.19A-B). The aim of these additional experiments was to

obtain representative zinc-deposited electrodes for SEM analysis.

Figure 4.19A: The round shaped Cu electrodes after the zinc plating experiments, and B: transparent 3D-
printed asymmetric Zn||Cu cells configuration.

Once assembled, each cell was filled with 1 mL of the selected electrolyte and operated at
a constant current density of 4 mA/cm? for 2 h — representing a worst-case scenario for this
configuration. The cell was disassembled; the plated electrodes were gently rinsed with Milli-
Q water and dried under Nz flux. Optical microscopy images (Figure 4.20A-D), revealed
clear morphological differences with CDs additives giving more homogeneous crystals.

Figure 4.20. Optical microscopy images (magnification 40x) of electrode surfaces plated with A: bare 2M
ZnS04, B: N-gCQDs-ZnS04, C: CTN-CDs-ZnS04 and D: CRB-CDs-ZnSO4 electrolytes.
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Nanomaterials Characterisation
Optical properties

N-CQDs synthesised from citric acid and DETA displayed an UV-Vis spectrum (reported in
Figure 4.21, solid blue profile) with absorption bands at 243 and 353 nm, typical of the
strong 1r-11* transition of the conjugated carbonaceous core and the weaker n-11* transition
related to the heteroatom (N and O) doping, respectively.3* Bio-sourced nanomaterials, i.e.
CTN-CDs and CRB-CDs samples, showed UV-Vis absorption in the same region of N-
CQDs, but the corresponding profiles (solid light blue and orange curves in Figure 4.21,
respectively) were characterised by broad absorption bands that started around 400 nm and
whose intensity increased progressively towards lower wavelengths. This behaviour
reflected the complexity of the matrices (chitin and crab shells) from which CTN-CDs and

CRB-CDs were obtained, compared to the pure chemicals used for N-CQDs.%°
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Figure 4.21. Optical properties of N-doped CDs. UV-Visible absorption (solid profiles) and photoluminescence
(PL, dotted profiles) spectra of N-CQDs (blue), CTN-CDs (light blue) and CRB-CDs (orange) materials.

Photoluminescence (PL) spectra of the three materials (Figure 4.21, dotted lines) were
recorded using an excitation wavelength of 355 nm, within a comparable absorbance range
of 65-83% and using water as solvent. All three samples, when excited in the region of the

n-1r* transition, exhibited a significant emission centred around 450 * 15 nm, consistent with
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the predominant blue fluorescence observed for all of them. Interestingly, the emission peak
of the CRB-CDs sample (orange) was the sharpest one, followed by that of the N-CQDs
sample (blue). By contrast, the CTN-CDs spectrum (light blue) displayed a broader emission
profile, potentially suggesting the presence of multiple emitting species (e.g. fluorophores
heterogeneously decorating the outer shell of the dots).'®

Infrared spectroscopy

FT-IR analyses were carried out to investigate the chemical composition of the synthesised
nanomaterials and provide insights on the functional groups that decorated the outer shell

of the nanodots. Results are shown in Figure 4.22A-C.

The occurrence of nitrogen doping in N-CQDs was indicated by the presence of both low
intensity signals around 1180-1300 cm™ related to C-N stretching vibrations and a more
intense adsorption at 1647 cm™' attributed to C=N groups. Stretching vibration at 1356 cm"”’
was associated to carboxylate group, confirming the presence of surface carboxylic
functionalities, while the sharp peaks at 1537 cm™ and 1693 cm™ were typical of C=C and

C=0 stretching vibrations, respectively (Figure 4.22A).
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Figure 4.22. Fourier Transform Infrared (FT-IR) spectra of A: N-CQDs (blue), B: CTN-CDs (light blue) and C:
CRB-CDs (orange) materials.

As for N-CQDs, FT-IR spectra of both CTN-CDs and CRB-CDs showed signals consistent
with C-N vibrational frequencies at 1175 and 1116 cm™', respectively. The two spectra also
show stretching signals of carboxylate groups at 1388 and 1397 cm™, as well as the typical
stretching vibrations of C=C moieties at 1557 and 1558 cm, respectively (Figure 4.22B-
C). In addition, CRB-CDs spectrum also shows a low signal at 1660 cm' related to C=0

frequencies. Within this sample, the prominence of the COO" signal, along with the presence
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of a sharp peak at 870 cm™ (absent in the CTN-CDs spectrum), can be associated to
calcium carbonate residues, suggesting that some of the mineral component of the starting
crab shells was retained by the carbon nanoparticles, thereby supporting the fact that the
unexpectedly high yield of CRB-CDs (Table 4.2, entry 9) was due a partial contamination of
the material. Moreover, all spectra show other bands in the regions at 2855-2975 cm™', 3245-
3250 cm™', and 3380 cm™, attributed to C-H, N-H, and O-H stretching, respectively.

X-ray photoelectron spectroscopy

XPS analyses were performed with the aim to further characterise the surface elemental
composition of the nanomaterials. Figure 4.23 displays the deconvoluted high resolution
spectra of C1s, N1s and O1s for N-CQDs (A-C), CTN-CDs (D-F) and CRB-CDs (G-l),

respectively, while survey XPS spectra of the same materials are reported in Figure 4.24.

N-CQDs. The C1s spectrum of this material showed three main peaks attributed to
graphitic/sp? carbon (284.4 eV), C=N functionalities (285.6 eV), and carbonyl group (287.5
eV), respectively (Figure 4.23A). The presence of classic pyridinic and pyrrolic/amine-type
nitrogen atoms was confirmed by two main peaks at 399.4 eV and 400.3 €V in the N1s
spectrum (Figure 4.23B). This confirmed the incorporation of nitrogen into the
carbonaceous matrix either in planar (sp?) or a more oxidized form. Finally, the O1s
spectrum (Figure 4.23C) displayed three main contributions from carbonyl species (530.5
eV), carboxyl groups (531.3 eV), and C-OH species (531.9 eV). The overall elemental
composition of this material was C = 68%, O =20% and N = 12%, and proved a significant

nitrogen content.

CTN-CDs. The C1s spectrum of this material showed four main peaks which were
associated to graphitic/sp? carbon (284.4 eV), aliphatic or N-adjacent carbon functionalities
(285.0 eV), carboxyl (286.2 eV) and carboxylate functionalities (288.4 eV), potentially
consistent with chitin rearrangements (Figure 4.23D). A broad signal of low intensity centred
at 399.7 eV in the N1s spectrum was assigned to C-N amine/amide groups and suggested
a modest retention of nitrogen from N-acetyl groups of the starting chitin (Figure 4.23E).
Finally, the O1s spectrum displayed three major contributions associated to carboxyl groups,
C-O0/C-OH mostly from esters/alcohols groups and C-OH species related to residual
alcohol moieties at 531.4 eV, 531.9 eV, 532.9 eV, respectively (Figure 4.23F). The elemental
composition of this material confirmed a carbon-rich surface (72%) with a significant oxygen

content (26%) and a minor nitrogen doping (2%).
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Figure 4.23. XPS spectra of C1s, N1s and O1s for N-CQDs (A-C), CTN-CDs (D-F) and CRB-CDs (G-l).

CRB-CDs. The C1s spectrum of this material was comprised of five main components
related to graphitic/sp? carbon (284.4 eV), C-N functionalities (285.1 eV), carboxyl
functionalities (286.2 eV), C-O oxygenated groups (287.8 eV) and a broad peak at 288.6 eV
attributed to carbonate-like species derived from inorganic salts as mineral contaminants of
the nanoparticles, mostly CaCOs (Figure 4.23G). This was further confirmed by a check of
the CRB-CDs survey spectrum that showed a Ca2p doublet signal at 347.1 eV. The results
agreed with the FT-IR analysis of the same material (Figure 4.22C) consistent with the
presence of calcium minerals from the crab shells. As for the chitin-derived sample, a broad
signal of low intensity centred at 399.3 eV in the N1s spectrum was assigned to mixed C-N
contributions from amides and pyrrolic/amine group (Figure 4.23H). Finally, the O1s

spectrum displayed three main contributions from carboxyl groups (531.1 eV), C-O0O/C-OH
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mostly from esters/alcohols groups (532.2 €V), and a broad peak at 536.3 eV that was
attributed to the carbonate-related species from the mineral content of the crab shells
(Figure 4.23l). The elemental composition of this material proved that its surface was slightly
richer in carbon (73%) than CTN-CDs, with an oxygen content of 26%, a poor nitrogen
doping (1.8%), and a calcium content of 2.2%.
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Figure 4.24. Survey XPS spectra of N-CQDs, CTN-CDs and CRB-CDs: blue, light blue and orange profile,
respectively.

Overall, the nitrogen content of the bio-sourced CTN-CDs was significantly lower (2%) than
expected, and far lower than that of N-CQDs (12%). Among the factors responsible for this
result, the availability of nitrogen in the starting materials could play a critical role: in chitin,
nitrogen is supplied in the form of acetyl amide groups, which are less reactive than the free
amine groups in DETA. This difference plausibly affected the incorporation of nitrogen into
the carbonaceous core of the nanomaterial, with hydrolysis and deamination processes
overbearing recondensation and aromatisation, in contrast to what is typically observed in
the synthesis of the N-CQDs material [ref].2° Even more complex was the case of CRB-CDs:
the starting biomass, crab shells, contains both chitin (20-30 wt.%) and proteins (30—40
wt.%) as potential N-donors,®® but the N-doping of the resulting nanomaterial was slightly
lower than that from pure chitin (CTN-CDs). This result suggested the hydrothermal
treatment used for the CDs synthesis was poorly effective to remove proteins from the shells
or alternatively, proteins (if detached and released in the aqueous medium) were not suitable
precursors to incorporate N in the CDs. Beyond this, the CRB-CDs nanomaterial was

contaminated by CaCOs.
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In addition, XPS and FT-IR characterisation results of CTN-CDs and CRB-CDs materials
slightly differ. Especially the oxygen-containing functional groups abundantly detected by
XPS are less detectable in the IR spectra. Since FT-IR provides bulk information whereas
XPS is surface-sensitive, this discrepancy may indicate that C=0 groups are mainly confined
to the surface. What is clear, however, is that the presence of these oxygenated moieties is
particularly prominent in the CRB-CDs, where they evidently play a crucial role in

coordinating Zn?* in solution, modulating the plating process.

Transmission Electron Microscopy

TEM analyses were then performed to further investigate the morphology of bio-sourced
nanomaterials. The chitin-derived sample, CTN-CDs (Figure 4.25, left), showed mainly
amorphous and irregular aggregates, probably related to residual chitin fragments or
partially undegraded residues, sporadically characterised by the presence of small and
scattered graphene-like domains. By contrast, the crab-derived material, CRB-CDs (Figure
4.25, right) revealed a well-dispersed cluster of nanodots, with diameters below 10 nm and
a clearly appreciable graphitic lattice fringes, confirming the partial graphitisation of the
carbon framework and the presence of crystalline graphene-like domains, typical of well-

structured carbon Quantum Dots (CQDs).

Figure 4.25. TEM images of CTN-CDs (left) and CRB-CDs (right) materials.
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Overall, also the TEM analysis appears to be consistent with the observations made during
the plating experiments. The crab-derived CRB-CDs material exhibits a more extended
conjugated domain and a well-defined crystalline structure, which are likely to positively
influence their electrical conductivity. Combined with the abundance of oxygen-containing
functional groups, these features contribute to the excellent zinc plating performance. By
contrast, the chitin-derived sample appears less structured, with electronic characteristics
only partially comparable to those of typical carbon nanodots, which is reflected in its poorer

plating stability and overall performance.

Electrolytes Characterisation

The three modified electrolytes used in the plating experiments were prepared through an
operationally simple procedure, by dissolving 0.5 mg/mL of the selected sample into a 2M
ZnS0O4 aqueous solution. The mixture was then ultrasonicated for 10 minutes and filtered
through a 0.22 ym syringe filter to remove any undissolved residues. The resulting
electrolytes were labelled N-CQDs-ZnSO4, CTN-CDs-ZnSOs and CRB-CDs-ZnSO4
respectively and were tested in comparison to a plain 2M ZnSO4 aqueous electrolyte as
control test in the Zinc plating experiments. The excellent aqueous dispersibility of our
additives was a key factor during the preparation of the electrolytes, which resulted in

perfectly stable colloidal systems, despite the ZnSO4 concentration of 2M.

Cyclic voltammetry (CV)

Within this work, the interaction between our synthesised nanomaterials and the zinc ions
in the modified electrolyte systems was investigated by cyclic voltammetry (CV) analyses,
which was very instructive regarding the impact of these additives onto the electrochemical
properties of Zn?*. All the measurements were carried out at a scan rate of 100 mV/s within
a potential window from -1.2 to 0.0 V vs. Ag/AgCl. The CV profiles of the modified
electrolytes (conc= 0.5 mg/mL) are reported in Figures 4.26A-C and compared to that of a
bare 2M ZnSO4 solution. The addition of the nanomaterials markedly decreased the intensity
of both cathodic and anodic peaks (peak currents and peak potentials are reported in Table
4.3), suggesting a significant modification in the charge transfer process that occurs at the

interface between electrode and electrolyte.
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Figure 4.26. Cyclic voltammetry measurements of the three electrolytes A: N-CQDs-ZnSQO4, B: CTN-CDs-
ZnS0O4 and C: CRB-CDs-ZnS0O4, compared to aqueous 2M ZnSO4 (100 mV/s; E =-1.210 0.0 V vs. Ag/AgClI).

Table 4.3. Electrochemical parameters (onset and peak potentials, peak currents) derived from CV analyses.

Eonset Red.; Eonset OX. Peak currents (mA)
EEEElS (V vs Ag/AgCl) at peak potential (V)
ZnS04 2M (blank) -1.15;-0.76 ic=-2.11(-1.19); ia = 2.35 (-0.82)

N-CQDs (0.5 mg/mL) in ZnSO4 2M -1.18; -0.81 ic=-0.27 (-1.17); ia = 0.10 (-0.86)
CTN-CDs (0.5 mg/mL) in ZnSO4 2M -1.11;-0.73 ic=-1.46 (-1.2); ia= 1.59 (-0.76)
CRB-CDs (0.5 mg/mL) in ZnSO4 2M -1.12;-0.73 ic=-0.56 (-1.2); ia = 0.63 (-0.77)
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The strongest current suppression was observed for the citric acid-derived N-CQDs,
followed by a quite comparable effect for the biowaste-derived CRB-CDs. This suggested
that both the model material and the crab-derived one strongly interacts with zinc, likely
limiting the overall ion flux towards the electrode due to migration kinetics modulation or
formation of a self-assembled protective interphase, which regulate diffusion and hinder fast
nucleation. The chitin-derived CTN-CDs showed only a small influence on the measured
current. This moderate reduction in peak current, compared to the blank, suggested only a
partial modulation of Zn?* flux, allowing relatively fast zinc deposition, in great accordance

with the plating experiments observation.

In addition to such behaviour, changes in shape and position of the redox peaks associated
with Zn?* were also observed. Within the electrolytes containing CDs additives the two peaks
appeared slightly broadened, with their maximum/minimum shifting away from their centre.
An increased separation between the oxidation and reduction peak potentials was also

noted, somehow indicating an altered reversibility of the electrochemical process.

Overall, these results are consistent with the structural observations from TEM and previous
characterisation, which highlight the well-defined and surface groups-rich CRB-CDs material

as the best candidate in representing a sustainable additive for AZIBs.

UV-Vis absorption spectroscopy

Changes also happen in the optical properties of the dots once added to the Zinc-based
electrolyte. For instance, in Figure 4.27 is possible to see a comparison between the
fluorescent profile of the N-CQDs model material dispersed in milli-Q water or in 2M ZnSO4

aqueous solution (concentration 0.5 mg/mL).

In both cases, the spectral profiles exhibited the absorption peaks attributable to the
characteristic electronic transitions of the material. Whilst the absorption peak at 243 nm
stands firm when changing solvent, a slight redshift of the main peak responsible for the
fluorescence can be observed, moving from 353 nm to 360 nm when the interaction between
the nanoparticles and the Zn?* ions in solution as a chance to occur, potentially indicating an

alteration in the local electronic environment of the nanoparticles.
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Figure 4.27. UV-Visible absorption spectra of N-CQDs in water (blue), bare 2M ZnSO4 (yellow), and N-CQDs
in 2M ZnSO4 solution (green).

These observations suggest that the presence of the additives significantly influence the
electrochemical characteristics of the system, likely by interacting with either the zinc ions
in solution or the electrode surface. Therefore, our bio-sourced nanomaterials, thanks to the
presence of defects and a variety of functional groups decorating their surface, might be
able to replace some water molecules within the hydration shell of the Zn?* solvated form,
affecting the metal ions mobility towards the electrode surface. This behaviour has been
previously reported in the literature and already discussed in Section 4.1, where several
studies supported by DFT calculations have been reported to show that zincophilic carbon-
based nanomaterials exhibit the ability to strongly interact with Zn?*, likely modifying its

solvation shell and promoting a more controlled and less disruptive charge transfer.”?
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Electrode surfaces characterisation
Scanning Electron Microscopy

SEM characterisation was performed to compare roughness and morphology of the
deposited zinc layer, confirming a correlation between the use of CDs-based additives and
the size/arrangement of the crystals obtained on the electrode surface (Figures 4.28A-D).

Figure 4.28. SEM images of zinc deposited with A: bare 2M ZnSQO4, B: CTN-CDs-ZnS0O4, C: N-CQDs-ZnSO0s,
and D: CRB-CDs-ZnSOs electrolytes.

The SEM image in Figure 4.28A displays the surface morphology of the control test, in

which zinc plating was carried out using bare 2M ZnSO4 solution as an electrolyte.

SEM images reported in Figure 4.28B-D display the zinc-plated surfaces from the
experiments carried out using the modified N-CDs-ZnSO4, CTN-CDs-ZnSO4 and CRB-CDs-
ZnS0O4 electrolytes, respectively. This analysis outline again a behaviour consistent with the
plating experiments and previous characterisation, showing that both the model material
and the crab-derived one can deeply interact with the zinc deposition process, with the latter
giving the best performance in terms of small crystal size and preferential distribution pattern

mainly along the (100) plane, while the chitin-derived material is the most similar to the
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control test. Nonetheless, across all analysed surfaces, the deposited crystals appear
consistent in both type and size within each sample, meaning that each additive has an own
behaviour potentially related to the physicochemical features related to electronical structure

and surface functionalities.

The extensive characterisation carried out on both the nanomaterials (N-CQDs, CTN-CDs,
and CRB-CDs) and their corresponding modified electrolytes (N-CQDs-ZnSO4, CTN-CDs-
ZnS04, and CRB-CDs-ZnS04) supported the understanding of the regulation mechanisms
of the synthesised CDs and allowed correlating their physicochemical properties with their
ability to modulate zinc plating. FT-IR and XPS analyses revealed a wide variety of surface
functional groups (-OH, -CO, -COO7/COQOH, -CONH, -C=N-) decorating the outer shell of
the CDs. The model material exhibited both oxygen- and nitrogen-based functionalities,
while the chitin- and crab-derived samples were predominantly enriched in oxygen-based
groups, as the nitrogen-doping strategy proved less effective. Nevertheless, the presence
of electronegative heteroatoms, either oxygen or nitrogen, conferred all the nanodots active
sites able to promote the interaction with Zn?*, with the crab-derived material presenting the
highest abundance of carboxylate and hydroxyl moieties. These functional groups together
with a well-defined nanostructured crystalline domain allow to say that the sustainable crab-
dots represent a valid alternative to conventional AZIBs additives. The plating experiments
in asymmetric Zn||Cu-In cells visually corroborate these findings: both N-CQDs-ZnSO4 and
CRB-CDs-ZnS0O4 proved effective in regulating zinc distribution and nucleation, with the
crab-derived material delivering the most stable and reversible plating/stripping

performance, thanks to their ability to strongly interact with Zn?*.
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4.2.2 Conclusions

Overall, zinc dendrite formation is governed by a complex interplay of diffusion mechanisms
and deposition kinetics, influenced by intrinsic electrode properties, electrolyte configuration,
and the current density applied.®? It has been demonstrated that a non-uniform electric field
distribution on the electrode-electrolyte interphase is one of the primary factors promoting
dendrite growth, leading to the irregular distribution of Zn?* during the plating process.
Therefore, the progressive formation of surface asperities further amplifies local electric field
inhomogeneities, triggering the so-called tip effect and directing zinc nucleation along

preferential pathways, ultimately resulting in dendritic growth.

In this work, the synthesis and application of three different CDs-based additives — derived
from citric acid, chitin, and directly from chitinous biowaste, respectively — were presented
as surface-stabilising agents to promote uniform and controlled zinc deposition. Owing to
their moderate electrical conductivity and the abundance of functional groups (-OH, -COOH,
-C=0, -NHg, -(C=0)NHR, as identified by FT-IR and XPS analyses) decorating their surface,
our bio-sourced nanomaterials proved effective in regulating zinc plating, enabling dendrite-
free deposition. In particular, the crab-derived CRB-CDs-ZnSO4 electrolyte exhibited highly
reversible behaviour in plating/stripping experiments, especially when combined with an
indium coating that suppress HER at the electrode surface under high current density (20
mA/cm?). However, Indium is recognised as a relatively rare and expensive metal, features
that restrict the scalability perspectives of the processes in which it is involved,®® and

therefore the indium-CDs combination does not represent a definitive solution at this stage.

Further research efforts will be directed to deepen the characterisation of these
nanomaterials to establish a stronger correlation between their physicochemical features
and electrochemical performance. Moreover, taking inspiration from recent studies reported
in literature — where, e.g., Cl-doped hydrophobic CDs proved effective in decreasing water
activity by forming a repulsive dynamic adaptive interphase’ — further engineering of the
nanomaterials will be explored, especially in terms of co-doping strategies. This could
improve their ability to suppress parasitic reactions on the electrode surface, even without

the addition of external HER mitigating agents.
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4.2.3 Experimental Section

Synthesis of the model N-CQDs

The citric acid-based carbon nanodots used as a model material were synthesised adjusting
an already known procedure described in literature.3® A solution obtained from 9.00 g of
citric acid and 1.45 g of diethylenetriamine in 90 mL of Milli-Q water was sealed into an
autoclave and heated at 180 °C for 24 h, yielding to a dark brown mixture that was then
neutralised with NaOH 1 M filtered on filter paper and dried to powder to obtain 5.40 g of
crude product (52 wt.% yield). 2.00 g of the so obtained crude product were then redissolved
in 25 mL of milli-Q water and purified through a 15 cm of 1 kDa MWCO dialysis tubing against
1 L of Milli-Q water for 48-72 hours, changing water multiple (6-7) times until clear and no
fluorescence was detected out of the bag. The retained solution was then freeze dried to

powder to obtain 0.262 mg of pure product (13 wt.% yield on crude), labelled N-CQDs.

Synthesis of the chitin-derived carbon dots (CTN-CDs)

The vibrational ball mill used for the mechanochemical pretreatment arranges four Zirconia
jars (50 mL volume), each one equipped with a Zirconia grinding ball (1.5 cm diameter) and
loaded with 0.5 g of raw commercial chitin (purchased from Sigma-Aldrich). Milling
procedure: 15 min milling at 25 Hz (=1500 rpm) + 15 min break (to avoid overheating),
repeated 7 times.%” The chitin-derived carbon nanodots were synthesised loading 1.500 g
of raw or milled chitin and 40 mL of Milli-Q water into a batch reactor of 45 mL of total volume,
sealed and heated at 220 °C for the selected reaction time (20 min - 24 h). The mixture was
then filtered under suction, and the solid residue was recovered and dried overnight in a
vacuum oven at 60 °C, then weighed to determine the solubilised chitin by difference. The
filtered solution was added of 10 mL of NaOH 0.1 M to prevent the carbon nanoparticles
from aggregation, then purified by a 0.22 ym syringe filter to remove eventual macro
residues and subsequently dialysed through a 1 kDa MWCO dialysis bag against 1 L of milli-
Q water for 48-72 hours, changing water multiple (6-7) times until clear. The solution retained

inside the bag was then freeze dried to powder and labelled CTN-CDs.

Synthesis of the crab-derived carbon dots (CRB-CDs)

Spanner crab (Ranina ranina) shells were collected from the local Fish Market in Sydney,

rinsed with water and dried overnight in a vacuum oven at 60 °C before use. The same
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mechanochemical pretreatment described for the synthesis of the chitin-derived carbon
nanoparticles was employed for the crab shells. The crab-derived dots were synthesised
loading 1.500 g of milled crab shell and 40 mL of milli-Q water into a batch reactor of 45 mL
of total volume, sealed and heated at 220 °C for 24 h. The mixture was then filtered under
suction, recovering and drying overnight the solid residue in a vacuum oven at 60 °C, while
the filtered solution was added of 2 mL of NaOH 0.1 M to stabilise the nanoparticles, then
purified by a 0.22 um syringe filter to remove eventual macro residues and subsequently
dialysed through a 1 kDa MWCO dialysis bag against 1 L of milli-Q water for 48-72 hours,
changing water multiple (6-7) times until clear. The solution retained inside the bag was then

freeze dried to powder to obtain 45-50 mg of pure product and labelled CRB-CDs.

Characterisation of the nanomaterials

'H- and "*C-NMR experiments were carried out on a Bruker AVIII NMR Spectrometer (400
MHz) using D20 as solvent and 10 mg of acetonitrile or acetone as internal standard. To

prepare the sample, 20 mg of material were weighted and dissolved into 1 mL D20.

PXRD measurements were conducted using a Rigaku MiniFlex Benchtop powder X-ray
diffractometer, with a Cu-Ka anode as X-ray generator (40 kV, 15 mA), registering the

spectra within a range of 5-50 degrees.

Atomic Force Microscopy (AFM) analyses of all the three materials were performed on a
Bruker NanoWizard ULTRA Speed 3 AFM, using a soft AFM cantilever with a force constant
of 3 N/m in tapping mode. All the analysed samples were prepared by drop-casting 20 pL of
a 0.01 mg/mL aqueous solution of the selected nanomaterial on a mica thin disc as support.
Subsequently, the drop-casted mica was freeze dried for few hours to allow a more
homogeneous distribution of the nanoparticles and directly analysed under the AFM

microscope.

Fourier Transform-Infrared Spectroscopy (FT-IR) were recorded on a Bruker LUMOS FTIR
Microscope within a range of 700-4000 cm-* for both chitin samples and nanomaterials.

UV-Visible absorption spectra were recorded within a range of wavelength of 200-800 nm
using a PerkinElmer Lambda 365 UV-Visible spectrophotometer, while photoluminescence

(PL) spectra were recorded using xxx, exciting at 355 nm.

Cyclic voltammetry (CV) measurements were performed using a 3 mm glassy carbon as
WE, a Pt/Titanium electrode as CE and an Ag/AgCl sat. as RE on an EC-Lab SP-300
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Biologic potentiostat. Analysis of the modified electrolytes were carried out on freshly
prepared solution of nanomaterial (0.5 mg/mL) dissolved in 2M ZnSO4, in comparison to

bare 2M ZnSO4 solution. EC-Lab V11.61 software was employed for data curation.

Photoelectron Spectroscopy (XPS) measurements were carried out on a ThermoScientific
K-Alpha+ Surface Analysis.

Preparation of the electrolyte

The electrolytes used for the Zn-plating test were prepared by dissolving 0.5 mg/mL of the
selected sample — either the synthesised N-CQDs, CTN-CDs or CRB-CDs - into a 2M
ZnSO4 solution. The mixture was then ultrasonicated for 10 minutes and filtered through a
0.22 pm syringe filter to remove eventual undissolved residues. The resulting electrolytes
were labelled N-gCQDs-ZnSO4, CTN-CDs-ZnS0O4 and CRB-CDs-ZnS0O4, respectively, and
were tested in comparison to a plain 2 M ZnSO4 electrolyte as control test in the Zn-plating

experiments.

Plating experiments

Two different kinds of Zn-plating experiments were conducted within this work. To visually
reconstruct the dendrite suppression effect, both the plain and the CDs-based electrolytes
were tested through a series of edge plating experiments. Inthis case, an asymmetric Zn||Cu
transparent cell was customised folding the two foil electrodes onto two glass slides, held
together at 7-8 mm of distance with two other glass slides (as showed in Figure 4.17). The
cell was then filled with 0.6 mL of the selected electrolyte and a constant current density of
10 mA/cm? was applied for 4 h of plating and 4 h of stripping, recording a video of the process
with a microscopy camera. The subsequent asymmetric Zn||Cu-In cell configuration was
tested under similar conditions but increasing the current density up to 20 mA/cm?. The CDs-
based electrolytes were also tested on a transparent 3D-printed cell using 12 mm round
shaped Zn and Cu electrodes (Figure 2.25B). Once assembled, the cell was filled with 1
mL of the selected electrolyte and a constant current density of 4 mA/cm? was applied for 1
hour of plating. The cell was subsequently disassembled; the two electrodes were gently
washed with Milli-Q water, and their surface was analysed to evaluate the Zinc layer

roughness through SEM.
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Concluding remarks and future perspectives

This doctoral research Thesis has focused on the development of diverse strategies for the
upgrading of biowaste and bio-sourced chemicals through sustainable approaches. The
investigated methodologies range from multiphase catalysis and green extraction of marine-
derived biopolymers to hydrothermal valorisation routes for the production of advanced
functional materials. All these strategies share a common thread of sustainability and a clear

orientation towards circular resource management.

As discussed in Chapter 2, the gamechanger of MPS is the possibility of confining the
catalyst within a phase, an ionic liquid in our case, different from that where the reaction
occurs. This configuration allowed for highly selective (>99%) conversion of BnOH into its
partially oxidised derivative, PhCHO. Another key point of this study is that a very high
selectivity (>99%) was maintained for five successive catalytic cycles when employing a
benign molybdenum-based catalyst supported on biobased carbon (Mo/C). The relevance
of this study particularly relies on a scalability perspective where MPS are increasingly
recognised for their ability to streamline standard operating procedures, eliminating steps

and reducing solvent use, process time, costs, and more importantly environmental impact.

Chapter 3 illustrated the optimisation of a green extraction protocol for the isolation of an
important biocompatible compound, chitin. Developing green extraction routes for biowaste
valorisation is crucial for two main reasons: i) it helps mitigating the burden of waste
management by reintroducing waste streams into the economic loop as new resources, and
i) allows the replacement of hazardous substances with eco-compatible reagents
minimising the environmental impact of the processes. Our one-pot approach for processing
hard chitinous matrix (i.e. Spider crab shells) proved effective in achieving efficient
demineralisation, deproteinisation, and decolourisation, ultimately yielding final chitin with
physiochemical properties comparable, or even superior, to its commercial counterpart, and
opening promising perspectives for future process scale-up. A parameter analysis according
to the CHEM21 guidelines also provided a comprehensive overview of the actual
sustainability of our green extraction method, highlighting areas for improvement on which

it will be necessary to focus on the next future to ensure the sustainability of the protocol.

Finally, in Chapter 4 a complementary valorisation route was presented, this time converting
marine biowaste (Australian crab shells) into nitrogen-doped carbon nanomaterials to be
employed as functional additives in aqueous zinc-ion batteries (AZIBs). Compared to

analogous materials synthesised from small organic precursors (citric acid and
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diethylenetriamine) or biopolymer as chitin, the crab-derived nanomaterials exhibited
superior performance in mitigating zinc dendrite formation, leading to enhanced stability
during plating/stripping cycles and emerging as sustainable alternatives to conventional
additives. A complete characterisation of the materials, electrolytes, and electrodes obtained
from plating experiments revealed important correlations between structural/surface
properties and electrochemical behaviour, with the presence of abundant oxygen-containing
functional groups and graphene-like crystalline domains enabling effective coordination with

Zn?* effectively improving zinc deposition behaviour and overall battery performance.

Overall, the research presented in this thesis aims to provide tangible tools for narrowing
the gap between the theoretical framework of sustainability and its practical implementation,
which often remains challenged by technological, economic, and social barriers. The
development of simple, cost-effective and cleaner alternatives to current fossil fuels-based
processes remains a pressing and evolving topic. Establishing robust correlations between
the sustainable methodologies investigated (i.e. MPS and hydrothermal extractive/synthetic
protocols) and the final process outcomes (i.e. selectivity of the chemical transformations,
products quality, effective functionality) represents a crucial step towards bridging scientific

research and industrial application, as well as the central focus of this doctoral Thesis.

Several challenges remain open and will guide future efforts. These include improving the
reactivity of molybdenum catalysts to lower the energetic demand of the oxidation reaction,
enhancing the deproteinisation efficiency during chitin extraction from biowaste matrices,
and conducting life cycle testing for a more comprehensive long-term behaviour of the crab-
derived additives for AZIBs. Overcoming these issues will be essential to further enhance
the sustainability, scalability, and technological relevance of this work, ultimately contributing

to a more circular and resource-resilient chemical economy.
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Summary of activities

Alongside laboratory work, data collection, and bibliographic research, significant efforts of
the PhD activity were devoted to scientific dissemination and tutoring. Teaching support was
provided for several undergraduate courses within the Department of Molecular Sciences
and Nanosystems at Ca’ Foscari University of Venice, including Organic Chemistry Il and
Laboratory (December 2023), Inorganic Chemistry and Laboratory (May 2023), and Eco-
Friendly Organic Synthesis and Laboratory (March 2023), for a total of 90 hours. Research
results were disseminated at national and international scientific events, specifically through
few poster presentations at: the Circular Bio-based Europe Joint Undertaking (Venice,
2023), EUROPACAT 2023 (Prague, Czech Republic, 2023), and the 6"EuChemS
Conference on Green and Sustainable Chemistry (Salerno, ltaly, 2023). Further oral
presentations were delivered at the Progress Evaluation Meeting at the University of Sydney
(November 2024), the International Summer School on Organic Synthesis, ISOS Corbella
2025 (Gargnano, June 2025), and the XII GCCS Workshop on Green Chemistry—Chimica
Sostenibile (Bologna, July 2025). Additionally, a research seminar entitled From Seafood to
Sustainable Energy: Chitin-based CDs for Zn Batteries was presented during the research

group retreat held in the Blue Mountains (Sydney, February 2025).
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Appendix Section
Characterization of Hydroxylammonium acetate (HA)

'"H-NMR and *C-NMR analyses
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Figure A1. 'H-NMR spectrum of hydroxylammonium acetate in DMSO-de.
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Figure A2. 3C-NMR spectrum of hydroxylammonium acetate in D20.
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Figure A3. '3C-NMR spectrum of hydroxylammonium acetate in DMSO-d.

Characterization of chitin pulped with ammonium acetate (AA)
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Figure A4. TGA curve of chitin pulped with AA solid salt (at 130 °C) in the range 25°C-800°C in nitrogen
atmosphere.
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Figure A5. TGA curve of chitin pulped with AA 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 A6. TGA curve of chitin pulped with AA 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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Characterization of chitin pulped with ammonium formate (AF)
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Figure A7. TGA curve of chitin pulped with AF solid salt (at 130 °C) in the range 25°C-800°C in nitrogen

atmosphere.
Size: 54588 mg TGA-DTA
120
100 4 157 B0°E993%
80
g
5
@
=
60 -
40
20 . ; ; . . , ‘
0 200 400 600 200

Temperature (°C) Universal ¥2.5H TA Instruments

Figure A8. TGA curve of chitin pulped with AF 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 A9. TGA curve of chitin pulped with AF 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.

Characterization of chitin pulped with hydroxylammonium acetate (HA)
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Figure A10. TGA curve of chitin pulped with HA solid salt (at 130 °C) in the range 25°C-800°C in nitrogen
atmosphere.

235



Size: 6.2332mg TGA-DTA

100

80

Weight (%)
[o3)
[}
Il

404 671 B2°C
7128%
(0.4443mg)

718.84°C

20

T T T T T T
0 200 400 600 800
Temperature ("C) Universal ¥2.5H TA Instruments

Figure A11. TGA curve of chitin pulped with HA 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 A12. TGA curve of chitin pulped with HA prepared in situ (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 A13. FT-IR spectrum of chitin pulped with HA in situ at 100 °C (1 mg) in KBr pellet (100 mg).
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Figure A14. FT-IR spectrum of pulped chitin samples (1 mg) in KBr pellet (100 mg). CB02: 100°C, 24 h, 10

wt.%; CB05: 100°C, 24 h, 7 wt.%; CB07: 100°C, 24 h, 5 wt.%; CB011; 100°C, 24 h, 20 wt.%; CB023: 150°C, 4
h, 10 wt.%; CB027: 140°C, 2 h, 10 wt.%
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Figure A15. XRD patterns of the pulped chitin samples. CB02: 100°C, 24 h, 10 wt.%; CB07: 100°C, 24 h, 5
wt.%; CB023: 150°C, 4 h, 10 wt.%; CB027: 140°C, 2 h, 10 wt.%
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GPC analysis
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Molar Mass [Da]
Probe : Vial 5:CB-07 (Calmanti)-1
Integration von : Dienstag 27.06.23 16:04:58 11.139 ml
Integration bis : Dienstag 27.06.23 16:12:00 14.688 ml
Kalibration : C:\Calib\N-LiCl-PS-29-06-2023.CAL Eluent : NMP-LiCI-5 w%
MHK - A (Kal.): 0.000E+0 MHK - K (Kal.): 1.000E+0 ml/g
Int.Stand.-K : 23.390 ml Int.Stand.-M : 23.185 ml
Pumpe : PSS SECcurity Flussrate : 0.500 ml/min
Konzentration : 1.016 g/l Injektvolumen :  100.000 ul
Séule1: PSS GRAM VS Temperatur : 70.000 °C
Séule 2: PSS GRAM 7pm, 100A Temperatur : 70.000 °C
Séaule 3: PSS GRAM 7mm, 1000A Temperatur : 70.000 °C
Detektor 1 : PSS SECcurity UV Versatz : 0.000 ml
Detektor 2 : PSS SECcurity RI Versatz : 0.146 ml
Operateur : Gra. Messintervall : 1.000 sec

PSS SECcurity RI

Mn: 5.5125e5 g/mol
Mw: 1.1936e6 g/mol
Mz: 2.5681e6 g/mol
Mv: 0.000000 g/mol
D: 2.1652e0

[n]: 0.000000 ml/g
Vp: 1.3095e1 ml
Mp: 5.1184e5 g/mol
Fl: 1.042e-2 ml*V

< 134904 0.00
w% :
> 100286470.00

100.00

Figure A16. GPC report for the sample of entry 1, table 2 (100 °C, 24 h, loading 5 wt.%)
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Dienstag 27.06.23 15:07:58
Dienstag 27.06.23 15:18:06

10.983 ml
16.102 ml

PSS WinGPC UniChrom, Build 8417, CCMC-JHR635J, Instanz #1

Kalibration : C:\Calib\N-LiCI-PS-29-06-2023.CAL Eluent : NMP-LICI-5 w%
MHK - A (Kal.): 0.000E+0 MHK - K (Kal.): 1.000E+0 ml/g
Int.Stand.-K : 23.390 ml Int.Stand.-M : 23.183 ml
Pumpe : PSS SECcurity Flussrate : 0.500 ml/min
Konzentration : 1.013 g/l Injektvolumen :  100.000 ul
S&ule 1: PSS GRAM VS Temperatur : 70.000 °C
Séule 2: PSS GRAM 7um, 100A Temperatur : 70.000 °C
Saule 3: PSS GRAM 7mm, 1000A Temperatur : 70.000 °C
Detektor 1 : PSS SECcurity UV Versatz : 0.000 ml
Detektor 2 : PSS SECcurity RI Versatz : 0.146 ml
Operateur : Gra. Messintervall : 1.000 sec

PSS SECcurity RI

Mn: 4.5719e5 g/mol
Mw : 1.1441e6 g/mol
Mz: 2.6328e6 g/mol
My : 0.000000 g/mol
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[n]: 0.000000 ml/g
Vp: 1.2918e1 ml
Mp : 6.2586e5 g/mol
Fl: 1.290e-2 ml*V
< 59902 0.00
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Figure A17. GPC report for the sample of entry 2, table 2 (100 °C, 24 h, loading 10 wt.%)
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Kalibration : C:\Calib\N-LiCI-PS-29-06-2023_A.CAL Eluent : NMP-LiCI-5 w%
MHK - A (Kal.): 0.000E+0 MHK - K (Kal.): 1.000E+0 ml/g
Int.Stand.-K : 23.390 mi Int.Stand.-M : 23.571 ml
Pumpe : PSS SECcurity Flussrate : 0.500 ml/min
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Sdule1: PSS GRAM VS Temperatur : 70.000 °C
Siule 2 PSS GRAM 7pm, 100A Temperatur : 70.000 °C
Sdule 3 PSS GRAM 7mm, 1000A Temperatur : 70.000 °C
Detektor 1 : PSS SECcurity UV Versatz : 0.000 ml
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PSS SECcurity RI

Mn: 6.0495e5 g/mol
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Figure A18. GPC report for the sample of entry 3, table 2 (100 °C, 24 h, loading 20 wt.%)
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Probe : Vial 4:CB-24 (Calmanti)-1
Integration von : Freitag  30.06.23 10:28:03 10.873 mi
Integration bis : Freitag  30.06.23 10:38:53 16.247 ml
Kalibration : C:\Calib\N-LiCI-PS-29-06-2023_A.CAL Eluent : NMP-LICI-5 w%
MHK - A (Kal.): 0.000E+0 MHK - K (Kal.): 1.000E+0 ml/g
Int.Stand.-K : 23.390 ml Int.Stand.-M : 23.589 ml
Pumpe : PSS SECcurity Flussrate : 0.500 ml/min
Konzentration : 1.009 g/l Injektvolumen:  100.000 ul
Sidule1: PSS GRAM VS Temperatur : 70.000 °C
Sdule 2 : PSS GRAM 7um, 100A Temperatur : 70.000 °C
Sdule 3 : PSS GRAM 7mm, 1000A Temperatur : 70.000 °C
Detektor 1 : PSS SECcurity UV Versatz : 0.000 ml
Detektor 2 PSS SECcurity RI Versatz : 0.146 ml
Operateur Gra. Messintervall : 1.000 sec
PSS SECcurity RI
Mn: 3.3313e5 g/mol
Mw: 6.6636e5 g/mol
Mz: 1.7080e6 g/mol
Mv: 0.000000 g/mol
D : 2.0003e0
[n]: 0.000000 ml/g
Vp: 1.3098e1 ml
Mp : 5.1022e5 g/mol
Fl : 9.649e-3 mi*V
< 55510 0.00
w% : 100.00

> 158048380.00

Figure A19. GPC report for the sample of entry 4, table 2 (150 °C, 2 h, loading 20 wt.%)
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Probe : Vial 6:CB-22 (Calmanti)-1
Integration von : Dienstag 27.06.23 17:07:16 11.469 ml
Integration bis : Dienstag 27.06.23 17:17:41 16.724 ml
Kalibration : C:\Calib\N-LiCl-PS-29-06-2023.CAL Eluent : NMP-LiCI-5 w%
MHK - A (Kal.): 0.000E+0 MHK - K (Kal.): 1.000E+0 ml/g
Int.Stand.-K : 23.390 ml Int.Stand.-M : 23.169 ml
Pumpe : PSS SECcurity Flussrate : 0.500 ml/min
Konzentration : 1.015 g/l Injektvolumen :  100.000 ul
Saule1: PSS GRAM VS Temperatur : 70.000 °C
Séule 2: PSS GRAM 7pm, 100A Temperatur : 70.000 °C
Sédule 3: PSS GRAM 7mm, 1000A Temperatur : 70.000 °C
Detektor 1 : PSS SECcurity UV Versatz : 0.000 ml
Detektor 2 : PSS SECcurity RI Versatz : 0.146 ml
Operateur : Gra. Messintervall : 1.000 sec
PSS SECcurity RI
Mn:  2.4881e5 g/mol
Mw: 4.3025e5 g/mol
Mz: 7.9624e5 g/mol
Mv: 0.000000 g/mol
D: 1.7292e0
[n]: 0.000000 mil/g
Vp: 1.3526e1 ml
Mp: 3.3121e5 g/mol
Fl: 1.275e-2 ml*V
< 43308 0.00
w% : 100.00

> 5695162 0.00

Figure A20. GPC report for the sample of entry 5, table 2 (150 °C, 3 h, loading 20 wt.%)
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Probe : Vial 3: CB-23_turbid ! (Calmanti) - 1
Integration von : Freitag  30.06.23 09:27:40 11511 ml
Integration bis :  Freitag  30.06.23 09:39:19 17.292 ml
Kalibration : C:\Calib\N-LiCI-PS-29-06-2023_A.CAL Eluent : NMP-LiCI-5 w%
MHK - A (Kal.): 0.000E+0 MHK - K (Kal.): 1.000E+0 ml/g
Int.Stand.-K : 23.390 ml Int.Stand.-M : 23.579 ml
Pumpe : PSS SECcurity Flussrate : 0.500 ml/min
Konzentration : 1.017 g/l Injektvolumen :  100.000 ul
Saule 1: PSS GRAM VS Temperatur : 70.000 °C
Séule 2: PSS GRAM 7pm, 100A Temperatur : 70.000 °C
Saule 3: PSS GRAM 7mm, 1000A Temperatur : 70.000 °C
Detektor 1 : PSS SECcurity UV Versatz : 0.000 ml
Detektor 2 : PSS SECcurity RI Versatz : 0.146 ml
Operateur : Gra. Messintervall : 1.000 sec

PSS SECcurity RI

Mn: 2.6003e5
Mw : 5.0488e5
Mz: 9.2314e5
Mv: 0.000000
D: 1.9416e0

[n]: 0.000000
Vp: 1.3202e1
Mp : 4.5661e5

Fl: 1.100e-2
< 32250 0.00
w% : 100.00

> 5303574 0.00

g/mol
g/mol
g/mol
g/mol

mlig
ml
g/mol
ml*V
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Figure A21. GPC report for the sample of entry 6, table 2 (150 °C, 4 h, loading 20 wt.%)

244



norm. W(log M)

Figure A22. GPC report for the sample of entry 7, table 2 (commercial chitin from TCI chemicals)
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Probe : Vial 3: Chitin_TCI (Calmanti) -1
Integration von : Dienstag 27.06.23 14:11:20 11.000 mli
Integration bis : Dienstag 27.06.23 14:22:46 16.763 ml
Kalibration : C:\Calib\N-LiCI-PS-29-06-2023.CAL Eluent : NMP-LiCI-5 w%
MHK - A (Kal.): 0.000E+0 MHK - K (Kal.): 1.000E+0 ml/g
Int.Stand.-K : 23.390 ml Int.Stand.-M : 23.188 ml
Pumpe : PSS SECcurity Flussrate : 0.500 ml/min
Konzentration : 1.019 g/l Injektvolumen :  100.000 ul
Sdule 1: PSS GRAM VS Temperatur : 70.000 °C
Sdule 2: PSS GRAM 7um, 100A Temperatur : 70.000 °C
Siule 3: PSS GRAM 7mm, 1000A Temperatur : 70.000 °C
Detektor 1 : PSS SECcurity UV Versatz : 0.000 ml
Detektor 2 : PSS SECcurity RI Versatz : 0.146 ml
Operateur : Gra. Messintervall : 1.000 sec

PSS SECcurity RI

Mn: 2.6189e5
Mw:  5.9990e5
Mz: 1.6631e6
My: 0.000000
D: 2.2907e0
[n]: 0.000000
Vp: 1.3475e1
Mp: 3.4746e5
Fl: 1.740e-2
< 42456 0.00

w% : 100.00

> 127281800.00

g/mol
g/mol
g/mol
g/mol

mlig
ml
g/mol
mi*V
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Atomic Force Microscopy characterisation of the nanomaterials

The three nanomaterials were characterised by AFM to investigate their morphology, size

and shape (see below Figure A23).
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Figure A23. AFM images of the N-CQDs, CTN-CDs, and CRB-CDs nanomaterials.

AFM analyses revealed the presence of nanoparticles with lateral dimension in the range of
35-45 nm and heights between 4.5-5.5 nm, values significantly larger than those expected
for CDs (typically in the range of 5-10 nm), potentially ascribable to the formation of
aggregates during sample preparation and solvent evaporation. However, the apparent
overestimation of the particle size could also be partially influenced by the tip convolution

effect, typically affecting lateral dimensions in AFM measurement.
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Preliminary Transmission Electron Microscopy characterisation of the
nanomaterials

Preliminary TEM analyses confirmed the presence of aggregates. In the case of the chitin-
derived CTN-CDs (Figure A24, left) this large lump appeared amorphous and irregular,
likely associated with chitinous residues of relatively large dimensions (40-50 nm).
Conversely, the crab-derived CRB-CDs (Figure A24, right) exhibited a more defined

aggregate structure, approximately 50-60 nm in size, clearly composed of smaller nanodots.

Figure A24. First series of TEM images of large aggregates of CTN-CDs and CRB-CDs materials.
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Surface roughness profiles of the nanomaterials

Figure A25. Roughness profile of the control test. Sa: 778.36 nm. Field of view: 108.13 pm; As: 223.61 nm; Ac:
282.84 ym.

Figure A26. Roughness profile of the plating experiment with the N-CQDs additive. Sa: 390.20 nm. Field of
view: 108.13 um; As: 223.61 nm; Ac: 282.84 ym.
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Figure A27. Roughness profile of the plating experiment with the CTN-CDs additive. Sa: 267.94 nm. Field of
view: 120.14 um; As: 223.61 nm; Ac: 282.84 um.

Figure A28. Roughness profile of the plating experiment with the CRB-CDs additive. Sa: 292.66 nm. Field of
view: 108.13 um; As: 223.61 nm; Ac: 282.84 um.

249



