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Abstract 
 

Sustainable development represents one of the most urgent challenges nowadays, involving a 

complex and multidimensional interplay of environmental, economic, and social factors. The 

transition to a circular economy is increasingly regarded as a key pathway to enhance environmental 

sustainability by replacing the linear “take-make-dispose” model with approaches focused on 

recycling, reusing, and reducing waste. The Ph.D. project, in collaboration with a national research 

center, Ricerca sul Sistema Energetico (RSE S.p.A.), explores sustainable chemistry applied to both 

materials and processes for energy and environmental applications. Two complementary research 

directions were investigated: CO2 conversion through bio-electrochemical and electrochemical 

routes, and development of sustainable functional materials from biomass and wastes. These 

research directions converge on a common theme, namely the investigation of carbon-based 

materials and hydroxyapatite, including their combination into innovative composite materials for 

environmental applications.  

The focus of the research was firstly directed toward the study of CO2 bioelectromethanogenesis 

(BEM), a process in which microbial metabolism works in synergy with electrochemical systems to 

reduce carbon dioxide into methane (CH4). Ternary composite cathodes based on biomass-derived 

carbon, copper nanoparticles, and hydroxyapatite were designed and characterized. After 

morphological and structural characterization, HAP-containing biocathodes were proven to promote 

a more CH4 productive BEM process than HAP-free materials, owing to their ability to increase 

surface area, adsorb bicarbonate species, buffer the local pH, and promote microbial adhesion. 

Despite the remarkable CH4 production, this composite suffers from low stability due to the lack of 

homogeneous distribution of hydroxyapatite on the carbon scaffold. To overcome this issue, during 

the period abroad in Lille (France), granted by Erasmus+ Traineeship in collaboration with Dr. Vitaly 

Ordomsky from CNRS-Université de Lille, a one-pot strategy was employed to synthesize a carbon 

nitride (CN) as a conductive scaffold, combined with HAP and copper nanostructures 

(HAP_Cu@CN). Advanced characterization techniques, including X-ray diffraction, TEM, and XPS, 

confirmed the presence of CN material and the successful integration of the components, particularly 



 

 
 

HAP, completely embedded with carbon nitride scaffolds. HAP_Cu@CN, tested in CO2 

electroreduction test (CO2ER), showed selectivity, expressed as Faradic Efficiency (FE), of 60% at 

-1.0 V vs RHE in the formation of formate, HCOO-, with H2 from hydrogen evolution reaction (HER) 

identified as the other detected product, demonstrating that HAP addresses the reaction pathway, 

by modifying the local reaction environment and stabilizing intermediates through non-covalent 

interactions, without significantly hindering charge transfer.   

Building on the sustainable processes investigated for CO2 emission mitigation in the first part, the 

second part of the thesis addresses material sustainability by optimizing individual components of 

the composite materials (specifically carbon scaffold and hydroxyapatite) with waste- and biomass-

derived alternatives and greener production pathways. Biochar was produced from sugarcane 

biomass through two pyrolysis temperatures, while hydroxyapatite was extracted from waste-to-

energy plant ashes. From a morphological point of view, by XRPD and Raman spectroscopies, the 

sugarcane-derived biochar exhibited high surface area and graphitic features, thanks to the high 

content of lignocellulosic component. The surface area obtained, after pyrolytic treatment, increased 

by 10-times of order of magnitude in respect to the biochar used for bioelectromethanogenesis, 

reaching 200 and 100 m2 g-1, for the two chosen pyrolysis temperatures. As for graphitic properties, 

both materials demonstrated enhanced order and disordered bands, which are indicative of the 

presence of graphitization of the materials and consequently their conductive properties. With these 

preliminary results, sugarcane-derived biochar emerges as a promising component for efficient 

electrocatalysts, combining high specific surface area with improved electrical conductivity. The 

simultaneous enhancement of porosity and graphitic character suggests its suitability for 

electrochemical applications where both active surface availability and charge transport are critical 

factors.  

On the other hand, ash-derived HAP samples showed tuneable crystallinity, Ca/P ratios, and surface 

acid-base properties depending on extraction conditions. Particularly, four HAPs were extracted, 

changing mixing techniques, temperature, and maturation time. Since the sources were inorganic 

ashes, which could contain many impurities, the composition of HAP samples included many hetero 

atoms, with a marked difference in Ca/P ratio for two of the HAP samples (HAP_3 and HAP_4). 



 

 
 

However, all four samples demonstrated typical features of synthetic HAP in terms of specific surface 

area, structure, and surface moieties, analysed through N2 adsorption-desorption isotherms, XRPD, 

FT-IR, and Raman spectroscopies, respectively. Furthermore, a deep surface studies were carried 

out through isothermal liquid-solid titration and volumetric microcalorimetry, analysing the number of 

acid and basic sites (and relative ratio A/B, amphoteric index) and their relative strength, 

respectively. Further going into details, two samples (HAP_1 and HAP_2) showed higher 

crystallinity, lower specific surface area and a more amphoteric nature (even though it is always 

shifted towards basicity) with an A/B ratio higher than 0.30. On the other hand, more amorphous 

HAPs (HAP_3 and HAP_4) displayed higher densities of amphoteric, predominantly basic sites (A/B 

< 0,30), which are relevant for catalytic applications. These results demonstrate that waste ashes 

can be effectively valorised into functional inorganic materials with specific properties by tailoring 

extraction parameters.  

Overall, this work shows how sustainable chemistry can be addressed through complementary 

approaches, including the use of green materials, rational structural design, and the optimization of 

catalytic processes. 
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Preface 
 

After intensive industrialization and high exploitation of energy and material resources, a sustainable 

approach to the production of energy, production of materials, and innovative processes is needed 

to ensure well-being for the planet and, consequently, the people and the overall ecosystems.  

Among all the environmental problems nowadays, CO2 remediation has gained a lot of attention due 

to the continuous increase in carbon dioxide concentration in the atmosphere.  

These aspects are briefly discussed in the INTRODUCTION of the thesis, which provides an 

overview of sustainability principles, the CO2 issue, and remediation technologies, highlighting the 

role and advantages of sustainable materials.  

Following this introductory overview, the thesis work focuses on CO2 electrochemical remediation 

techniques, including an innovative bio-electrochemical approach and the more traditional 

electrochemical reduction. These processes have been investigated through the design and 

application of a composite electrocatalyst consisting of a carbon scaffold support, copper 

nanoparticles as active sites, and hydroxyapatite (HAP) as a functional modifier. On the other hand, 

sustainability principles have been aligned with the circular economy concepts, with particular 

emphasis on the valorisation of waste for materials synthesis. Knowing that carbon scaffold and HAP 

are important components of the electrocatalyst for CO2 remediation strategies, new sources for 

both materials have been investigated  

The EXPERIMENTAL SECTION details the experimental procedures and analytical techniques 

used throughout the research.  

The RESULTS chapter is divided into two main parts: the first (Results 3) focuses on the bio-

electrochemical reduction of CO2 and on the application of a novel composite electrocatalyst in the 

electrochemical reduction; the second part (Results 4) presents the principal physico-chemical 

characteristics of carbon materials and hydroxyapatite obtained from waste-derived sources. 

Overall, this work highlights how sustainability applied to chemistry can integrate rational design, 
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applying it to catalytic processes and material sourcing. By coupling CO₂ remediation with materials 

engineering, it contributes to environmental challenges while laying the groundwork for future 

development of efficient, sustainable organic–inorganic catalysts for remediation technologies.  
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Introduction 

1. Towards a sustainable world 

1.1. Environment and sustainable production 

After industrialization, the relationship between human development and the natural environment 

has become a crucial global concern. For the (apparent) improvement of the life-quality, industrial 

growth, intensive resource use, and rising levels of pollution have pushed the ecosystem close to its 

limits. In this context, sustainable production represents a strategic approach to ensure economic 

progress while preserving environmental quality. Through sustainable production, environmental 

challenges such as resource depletion, climate change, and biodiversity loss can be addressed and 

resolved. The main purpose of sustainable production is minimizing resource consumption while 

reducing waste and emissions, maintaining high economic profit. For doing so, it requires a shift from 

the traditional linear model of take-make-dispose to a more responsible and circular model, where 

materials are used, recycled, and responsibly managed. To truly implement sustainable production, 

industries must adopt a set of connected principles that guide both technological choices, source 

management, and eco-friendly strategies. Firstly, eco-efficiency focuses on maximizing value while 

minimizing the use of energy, raw materials (e.g., water), thereby reducing emissions and waste 

without compromising performance or quality. Life Cycle Assessment (LCA) extends this approach 

by assessing environmental impacts (positive or negative) across all stages of a product’s life (from 

resource extraction to final disposal). Furthermore, cleaner production emphasizes preventive 

strategies to reduce pollution, to select safer (or greener) materials for decreasing cost for the 

search/production and materials in end-of-pipe treatments, which are commonly used in linear 

economy production. Last but not least, the integration of renewable sources supports the 

decarbonization and promotes fewer environmental impacts (from the source). Together, these 

principles provide a framework for aligning industrial production with long-term environmental 

protection and social benefits. 
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These principles, if applied, could offer multiple benefits. From the environmental perspective, a 

more responsible production reduces greenhouse gas emissions, preserves natural resources, and 

safeguards ecosystems. Economically, it lowers energy and material costs while stimulating 

innovation and competitiveness, even in the sustainability market. Socially, it promotes safer working 

environments and enhances the well-being of communities affected by industrial activities. Even 

though the benefits are numerous and appealing, the transition to a sustainable production is not 

free from challenges. High investment costs, the need for specialized technical expertise, and 

resistance to organizational change can significantly slow the transition toward sustainable 

processes. These barriers often discourage industries from adopting innovative but unknown 

technologies, even when long-term benefits are clear. Targeted incentives, supportive regulatory 

frameworks, and increased public awareness can help reduce financial and perceptual risks. In 

parallel, investing in education, training, and highly specialized skills is crucial to enable effective 

implementation and long-term integration of sustainable solutions.   

In conclusion, sustainable production is fundamental for aligning industrial activities with 

environmental preservation, while balancing economic and social growth with ecological 

responsibility, ensuring that today’s development does not compromise the future of the Earth. 

A central goal of sustainability strategies is the control of emissions and the progressive 

decarbonization of industrial, societal, and energetic systems. Emission control within a sustainable 

development idea focus on both toxic gases and greenhouse gases. Many harmful compounds have 

not greenhouse power, but the latter poses anyways risks to human health and ecosystem. 

Nevertheless, this thesis specifically focuses on CO2 remediation, as carbon dioxide is one of the 

most abundant ad impactful greenhouse gases driving climate change and global warming. 

Greenhouse gases are compounds present in the atmosphere, responsible for the so-called 

greenhouse effect: a phenomenon occurring in the Earth's atmosphere under the influence of solar 

radiation, particularly the infrared radiation of the light. The energy from the sun is absorbed by land, 

water, and vegetation, and re-emitted as heat in the form of longer-wave infrared radiation. Normally, 

this radiation would escape into space but greenhouse gases, primarily as carbon dioxide (CO2), 

methane (CH4), nitrous oxide (N2O), can absorb a portion of the infrared radiation emitted by the 
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Earth, trapping the heat. Going further, the interaction of infrared radiation with greenhouse gas 

molecules, primarily CO2, CH4, and N2O, induces vibrational or rotational motions in these molecules. 

This internal motion imparts energy to the molecules that is radiated back into the atmosphere. This 

process generates additional thermal radiation, increasing the temperature of the surrounding air 

and the Earth's surface.   

Reducing greenhouse gas emissions is essential not only to meet climate targets but also to mitigate 

long-term environmental risks associated with unsustainable development models, that are the 

widely used nowadays. In this context, understanding the role and impact of specific emitted species 

becomes crucial, as it guides both technological innovation and policy actions aimed at climate 

mitigation. Among these species, a particular case is carbon dioxide (CO2). CO₂ present in the 

atmosphere arises from the combination of natural carbon cycle processes, such as respiration, 

volcanic activity, and organic matter decomposition, and anthropogenic activities, including fossil fuel 

combustion, industrial production, and deforestation. Under natural conditions, these fluxes are 

balanced by carbon sinks like soils and vegetation, maintaining a relatively stable atmospheric 

concentration. However, human activities have significantly accelerated CO₂ emissions, disrupting 

this equilibrium and exceeding the Earth’s capacity for natural reabsorption. As a result, atmospheric 

CO₂ has accumulated to unprecedented levels, making it a central driver of climate change and 

amplifying risks for ecosystems, human health, and socio-economic stability. Although CO2 is not 

toxic at ambient concentrations, it has indirect harmful effects due to its impact on the environment 

because it has intrinsic greenhouse power. For a chemical point of view, CO2 has a linear 

arrangement between a single carbon and two oxygen atoms. This dipole structure facilitates an 

interaction with infrared radiation. Furthermore, the lifespan of CO2 in the atmosphere is around 150-

200 years, before reabsorption. Considering the heat-trapping characteristics measured in terms of 

global warming potential, CH4 is 23 times more effective, and N2O is 296 times more effective than 

CO2.1 However, the amount of CO2 in the Earth's atmosphere significantly exceeds the amounts of 

CH4 or N2O making it of much greater concern. The continued accumulation of CO2 in the 

atmosphere makes it the most troubling of the three major greenhouse gases. The problem will 

exacerbate with continued emissions. Considering the long lifespan of CO2 as a gas, the achieved 
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temperature level will persist for several decades even if emissions were reduced to zero.  

For these reasons, elevated atmospheric CO2 levels intensify the greenhouse effect, leading to 

global warming, climate change, and a cascade of environmental alterations, such as unexpected 

weather events, bothering of sea levels, and changes in ecosystems, which can affect human health 

and the overall well-being. The sustainability of carbon-related processes has therefore become a 

central challenge in mitigating the impacts of CO2 emissions. Achieving sustainable carbon 

management requires an integrated approach that limits the emissions from the source, during the 

process, and at the end of the process itself. To reach these connected goals, a transition towards 

renewable energy sources and materials is needed. Furthermore, residual and unavoidable CO₂ 

emissions call for complementary strategies based on carbon capture, utilization, and storage 

(CCUS). Carbon capture enable the separation of CO2 from the point where it is produced; utilization 

pathways transform carbon dioxide into fuels, energy carriers, or platform chemicals, contributing to 

reach equilibria for the CO2 cycle; carbon storage provides a tool to sequester CO2 temporarily, and 

extract it when it becomes a source for energy or material production.   

Together, these strategies support a shift from a linear, fossil-based carbon economy to a more 

resilient and sustainable carbon cycle aligned with long-term climate and environmental goals. CO2 

management represents a good example of the application of sustainability principles in 

technological development. 

1.2. The role of chemistry for sustainability 

To fully comprehend the importance of sustainability, it is important to start from its definition and 

what it concerns from different points of view. Sustainability is the ability to maintain or support 

economic, environmental, or social processes over time continuously without depleting natural 

resources, so that they will remain available for future generations. Generally, sustainability refers to 

three main pillars and dimensions: environmental protection, economic growth, and social impact.2 

The three pillars seem to be distinct in a first attempt: “environmental sustainability” emphasize the 

maintenance of natural resources (water, air and soil) and natural equilibrium; economic growth 

refers not simply to an increase in production or consumption, but to the creation of long-term 
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prosperity; finally, “social effect” means eradicate poverty and hunger, as well as to combat 

inequality. In 1983, the United Nations (U.N.) created the World Commission on Environment and 

Development to study the connection between ecological health, economic development, and social 

equity, that has become the standard in defining sustainable development: a development emerges 

only when these three pillars work together. Economic growth does not come at the expense of the 

environment and does not look only for profit, but it preserves natural resources, and it guarantees 

social equity. Fundamentally, sustainability is not merely an environmental goal, but a complex 

framework that integrates ecological integrity, economic viability, and social justice into the decision-

making process.3 

The increasing evidence of climate change, pollution, depletion of resources forced the worldwide 

communities to change the model of production to a sustainable idea. For this reason, over the past 

decades, the sustainability concept has evolved from theory to a concrete priority guiding policies, 

industrial choices, and scientific research. Notably, U.N. thought of a global plan called 2030 Agenda 

for Sustainable Development, which defines 17 Sustainable Development Goals (SDGs) to reach 

the three pillars in the most equitable way, as depicted in Figure 1-1.  

 

Figure 1-1 Sustainable Development Goals (SDGs) of U.N. 2030 Agenda divide by each pillar of sustainability 
concept.4 
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Chemistry and chemical processes play an essential role in helping society achieve the SDGs. 

Among the 17 goals, chemistry can have an active role for achieving some of them. The scientific 

communities identified seven SDGs: zero hunger, good health, clean water, clean energy, industry 

innovation, responsible consumption, and climate action where chemistry can be fully applied and 

be a useful tool for achieving them. Food chemistry supports the development of safer and more 

resilient agricultural practices by improving nutrient preservation from infestations and enhancing 

food quality. At the same time, medicinal chemistry drives progress in medical diagnostics and drug 

discovery. For Clean Water SDG, new methods of water purification and lower-cost desalination 

processes will contribute to achieving universal access to safe and affordable drinking water. Water 

quality will be improved through the deployment of greener technologies and pollution prevention 

strategies. In a broad sense, chemistry plays a fundamental role in achieving SDG 7 (Affordable and 

Clean Energy) through the development of innovative materials for renewable energy technologies, 

the improvement of energy efficiency in chemical processing industries, and the advancement of 

cleaner and more sustainable fuel alternatives. These innovations not only contribute to decreasing 

the carbon footprint of the energy sector but also foster industrial innovation and sustainable 

infrastructure, in line with SDG 9. Furthermore, by integrating clean energy solutions and renewable 

resources into industrial production, chemistry enables more responsible consumption and 

production patterns (SDG 12) and supports global efforts to mitigate climate change (SDG 13). In 

this interconnected framework, the chemical sciences emerge as a key driver in promoting 

technological progress that safeguards both the environment and the well-being of the planet.  

The role of chemistry for the above-described sustainable goals is important to face environmental 

crises and increased societal demand. Firstly, the chemical industry needs to change its profound 

principles. Traditionally, this industry has operated on a linear model characterized by converting 

resources into products that are wasted at the end of their life, as shown in Figure 1-2. At the heart 

of the linear model is the reliance on fossil fuel feedstocks, which contribute to greenhouse gas 

emissions. This linear model is eventually more profitable but in contrast with the environment 

stability, human health, and equity society. Generally, the processes prioritize yield over 

environmental impact. Many conventional chemical syntheses involve hazardous reagents and toxic 
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solvents and tons of water. These substances are firstly highly toxic, posing risks to human health 

leading to environmental contamination. After the use of the product, the linear approach results in 

significant waste, including non-degradable and harmful byproducts that persist in the environment, 

contributing to pollution and harming ecosystems and human health. 

 

Figure 1-2 Representation of "linear model" of processes and products.5 

 

These challenges combined with the sustainable goals of U.N illustrate the issues within the linear 

chemical industry, highlighting the need for a paradigm shift: green chemistry and circular chemistry. 

Green chemistry is an innovative approach that looks for the design of chemical products and 

processes in a way that minimizes or eliminates the use and generation of hazardous substances, 

taking into account also renewable resources and care for human health and the environment. At 

the heart of green chemistry are its 12 foundational principles, which provide the tools for reducing 

environmental impact and enhancing efficiency within the chemical industry. The benefits of green 

chemistry are extensive, and they show once more the connection between environment-society-

economics: by reducing chemical hazards and waste, green chemistry decreases the environmental 

footprint, leading to cleaner air and water, positively impacting also on human health. Economically, 

green chemistry encourages to the use of cheaper raw material by utilizing renewable feedstocks, 

enhancing more markets to be involved due to the lower costs, which translates into enhanced 

market competition. 
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Circular chemistry represents a shift in chemical processes, moving away from the traditional linear 

model of ‘‘take-make-dispose’’ to a more sustainable, circular approach (Figure 1-3). This strategy 

aims to maintain resources within the economy indefinitely, minimizing wastes and promoting the 

reuse and recycling of materials. Circular chemistry views waste as a valuable input rather than an 

output, highlights the importance of efficiency over quantity, emphasizes recycling and reuse and 

identifies and quantifies environmental impacts and inefficiencies at every stage of a product’s life. 6 

 

Figure 1-3 Representation of Green Chemistry principles and Circular Economy strategies.6 (Reproduced 
with permission from Ref. 6). 

 

Integrating principles of green chemistry, circular chemistry and Sustainable Development Goals 

creates a comprehensive net that goes beyond traditional chemical practices. These “new” industrial 

processes minimize their environmental footprint and contribute positively to human health and 

society in each stage of a product life. By embracing this framework, one of the most important 

challenges in the chemical communities is the CO2 management through carbon capture and 

utilization technologies (CCUs), which represent a real application of all the principles. Furthermore, 

the development of sustainable materials and catalysts capable of converting CO2 into valuable 

products embodies the essence of green and circular chemistry: turning a major environmental issue 

into an opportunity for innovation and contributing directly to climate action and resource circularity. 
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In this context, the Phd project focuses both on CO2 reduction techniques and on the development 

of sustainable materials, that can be implemented in the catalytic conversion of CO2. 

1.3. Addressing CO2 Emissions: strategies for Capture, 

Storage, and Utilization 

Global greenhouse gas emissions have been rising since the start of the industrial revolution, and 

the greenhouse effect has become more severe decade by decade. The main effect of increased 

concentration of greenhouse gases is climate change, which is now a major challenge we must 

address. Statistics show that CO2 is the primary cause of the greenhouse effect, making up more 

than 70% of global greenhouse gases, with the rest being water, methane, nitrous oxide, and various 

fluorinated gases.7,8 Since 1970, CO2 emissions have surged by about 90%, from 16 Gton (16 • 109 

t) in 1970 to 37.8 Gton (37.5 • 109 t) in 2024.9 This increase in CO2 emissions intensifies the 

greenhouse effect, leading to sea-level rise, glacier melting, and ocean acidification, raising concerns 

about changes in our ecological environment.10 

The main challenge is to limit global temperature rise to well below 2 °C above pre-industrial levels, 

as outlined in international climate agreements.11 However, the continuous reliance on fossil fuels 

makes achieving this goal daunting. Current mitigation strategies need to address the substantial 

volumes of CO2 released into the atmosphere, particularly from heavy industries and power 

generation. In this context, finding effective solutions to CO2 emissions has become a popular 

research topic: the situation necessitates immediate and scalable solutions to prevent further 

environmental damage and ensure a transition towards a sustainable future.  

Carbon Capture, Utilization, and Storage (CCUSs) technologies have emerged as critical 

components in the effort to reduce CO2 emissions.12 These technologies are designed to capture 

CO2 directly from emission sources, such as power plants and industrial facilities, preventing its 

release into the atmosphere.13 Captured CO2 can either be stored in deep geological formations 

(carbon capture and storage, CCS) or utilized in various applications such as chemical production 

or enhanced oil recovery (carbon capture and utilization, CCU). Recent advancements in CCUS 
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technologies, particularly in the areas of advanced sorbents, high-performance membranes, and 

electrochemical techniques, have significantly improved capture efficiency and cost-

effectiveness.14,15 Furthermore, the utilization of captured CO2 to produce valuable products, as 

shown in Figure 1-4, such as fuels and chemicals, offers an additional incentive for industries to 

adopt CCUS.16 Despite these advancements, significant challenges remain, especially concerning 

the long-term stability of CO2 storage and the high costs associated with these technologies. 

 

Figure 1-4 Schematic representation of the main Carbon Utilization and Storage technologies.17 

Carbon capture (CC) technologies can be a useful tool for mitigating emissions with three 

methodologies: pre-combustion, post-combustion, and oxyfuel combustion methods. In pre-

combustion capture, CO₂ is removed from the fuel (natural gas or coal) before it is burned by 

converting the fuel into syngas, a mixture of hydrogen and carbon monoxide. The carbon monoxide 

is reacted with steam in a catalytic reactor, called a shift converter, to produce CO2 and additional 

hydrogen. The CO2 can then be separated, usually by a physical or chemical absorption process, 

while the hydrogen serves as a green energy carrier. Post-combustion capture, on the other hand, 

focuses on treating the waste gases after combustion, where chemical solvents or filters (based on 

amines) selectively absorb CO2. Finally, oxy-fuel combustion uses pure oxygen, generating a gas 

rich in CO and water, which simplifies the separation techniques, reducing the cost.  
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Carbon storage technologies (CCS) involve capturing CO2 from industrial emissions, transporting it 

in compressed form, and injecting it into deep geological formations such as depleted oil and gas 

fields, where it can be stored for long periods. CCS and CC represent key technological routes for 

limiting CO₂ emissions from industrial and energy sectors.   

Alongside storage and capture, CO2 can be used as a carbon source in Carbon Utilization techniques 

(CCU) to reach a net-zero carbon process. Different utilization technologies have been developed 

such as mineralization, biological, and chemical ones. CO2 can be converted into various chemical 

products and synthetic fuels that can replace current chemical feedstock in the chemical, 

pharmaceutical, and polymer industries. Since CO2 is a stable molecule, with the Gibbs free energy 

of formation for the C-O bond being −394 kJ per mol, converting it requires a lot of energy to break 

its chemical bonds and innovative catalysts to increase reaction rates. There are many ways to 

convert CO2 into chemicals or fuels, including electrochemical, catalytic, photochemical, 

biochemical, and hybrid methods. 

1.4. Electrochemical conversion of CO2 as a sustainable 

process 

One of the most studied technologies due to its intrinsic challenges is the CO2 electroreduction 

(CO2ER). The electrochemical conversion of CO2 offers a promising strategy to both stabilize and 

valorise carbon dioxide by transforming it into useful chemicals and fuels. Advances in 

electrocatalysts are improving the efficiency, selectivity, and durability of these processes, enabling 

controlled CO₂ reduction while contributing to carbon recycling and a circular economy. However, 

this electrocatalytic process poses two major challenges: activating the chemically inert CO₂ 

molecule and directing selectivity and electron transfer toward the desired products.  

In this context, this thesis will focus on electrocatalyst design for CO2ER process and also for an 

innovative approach, that is bioelectromethanogenesis, explored in collaboration with RSE S.p.A. 
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1.4.1. An innovative approach: bioelectromethanogenesis 

Building on the recent advances in CO₂ electrochemistry, bioelectromethanogenesis emerges as an 

innovative and highly promising approach for carbon management and renewable energy storage. 

Hydrogenotrophic methanogens (microorganisms and bacteria) are combined with electrochemical 

setups to directly convert CO₂ into methane, effectively stabilizing carbon in a usable form while 

producing a renewable energy carrier.18 Unlike traditional electrochemical CO₂ reduction, 

bioelectromethanogenesis adds the natural metabolic pathways of microorganisms, which interact 

synergistically with electrode materials to enhance selectivity, efficiency, and long-term stability. 

It is not possible to discuss about bioelectromethanogenesis without talking about power-to-gas 

(P2G) technologies. P2G represents an innovative approach to store renewable electricity by 

converting it into gaseous fuels, such as hydrogen or methane, which can be used immediately in 

the infrastructure. In a typical P2G system, surplus electricity from renewable sources drives the 

electrolysis of water to produce hydrogen, which can either be stored directly or further combined 

with carbon dioxide to generate methane through chemical or electrochemical pathways. Power-to-

gas serves as a key component in the chemical processes for sustainability, applying circular 

economy principles in an energetic perspective, linking carbon mitigation and energy production. 

19Bioelectromethanogenesis (BP2G) has been viewed as a particular P2G technologies, called 

power-to-methane system: the CH4 produced can be used directly as fuel or valorised into other 

valuable product (Scheme 1-1), without the use of external hydrogen produced by water electrolysis 

due to the presence of methanogens.  
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Scheme 1-1 Representation of Power-to-Gas technology combined with CO2 utilisation. 

 

In a B2PG (Scheme 1-2), electromethanogenesis and methanation are catalysed by seven orders 

of methanogenic microorganisms that belong to the Archaea domain. The applications of these 

microorganisms in new biotechnologies for biogas upgrading refer to the more recent period of the 

last ten years. In conventional methanogenesis, CH4 is produced and released by Archaea 

metabolism, using H2 as the electron donor. Differently, in the bioelectrochemical production of 

methane electrons are supplied by a cathode: the electrons come from the cathode and an external 

voltage is applied to drive the electrons themselves. The electrons are transferred from the electrode 

to microorganisms living in the biofilm growing on the cathode surface by three different ways, 

schematically: directly, indirectly or thanks to syntrophic relations. Direct electron transfer (DET) 

consists in the direct uptake of electrons from the cathodic surface by components of electroactive 

microorganisms; in Indirect Electron Transfer (IET) single microorganisms and mixed pools can 

produce electroactive mediators (e.g. H2, methanol, acetate) that act as electron shuttles. Finally, 

syntropic relation means a co-adiuvation of different pool microorganism in which some 

microorganisms can collect electrons from the cathode and transfer them to other microorganisms 
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thanks to peculiar structures such as conductive pili. In all the three mentioned mechanism, the 

overall metabolism reaction is identical to the CO2 reduction shown in Eq. 1-1.  

𝐶𝑂2 + 8𝐻+ + 8𝑒− →  𝐶𝐻4 + 2𝐻2𝑂 (∆𝐺0 =  −130.7 𝐾𝐽 𝑚𝑜𝑙−1, 𝑇 = 25°𝐶, 𝐸0 = −0.244 𝑉 𝑣𝑠 𝑆𝐻𝐸)      

Eq. 1-1 

 

Scheme 1-2 Schematic view of Bioelectrochemical System in a Power-to-Gas technology.19 (Reproduced 
with permission from Ref. 19). 
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Bioelectrochemical systems (BES) combine electrochemistry with the biocatalysis of 

microorganisms. The fundamental components of BESs are electrodes, i.e., anode and cathode, 

connected in an electric circuit. The system becomes a BES when microorganisms act as active 

components on the anode, cathode, or both, as showed in Figure 1-5. 

 

Figure 1-5 Schematic representation of a microbial electrolysis cell as a bioelectrochemical system: in the 
anodic chamber, water splitting is the main reaction occurring, while in the cathodic chamber, CO2ER was 
carried out on a bio-electrode with microorganisms attached to it.20 

 

 For the purpose of the PhD, the anodic compartment is abiotic and the main reaction occurring on 

it is water electrolysis, producing oxygen (O2) and protons (H+). Conversely, the cathode is biotic due 

to the presence of microorganisms. Cathode electrodes for BES application can be made of metals 

(noble metals, nickel, copper, and titanium), metal alloys (stainless steel), or carbonaceous 

materials. Metal electrodes possess high mechanical strength, but low biocompatibility, and high 

corrosiveness, while carbonaceous materials are particularly suited as electrode material due to high 

surface area, conductivity, and biocompatibility. To further enhance the selective 

bioelectromethanogenesis, carbon scaffold, which is not electrochemically selective for CO2 

reduction, could be doped or coated with nanoparticles or inorganic modifier to form a composite 

material. In this way, the composite materials obtained could act in two ways, producing 

electrochemically added value reduced products and ensuring stability of the metabolism of the 

methanogens. 
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 In addition to the proper design of the biocathode, other key factors are essential to a functional 

BES: applied potential, current density, and reactor configuration. Besides microorganism 

conditions, electrochemical conditions, and cathode design, the choice of solution (catholyte) is 

rather important: solution chemistry, including pH, ionic strength, and the presence of buffering 

species or electron donors, can impact both microbial metabolism and electrochemical reactions. 

Optimizing all these parameters in an optimal way is essential to maximize methane yield, coulombic 

efficiency, and long-term stability of bioelectrochemical systems. 

1.4.2. Electrochemical reduction of CO2 

Alongside innovative technologies such as bioelectromethanogenesis, CO2ER has been 

continuously investigated as a CCU technology. Since the pioneering work of Hori and Ikeda21, who 

demonstrated the feasibility of CO2 electrocatalytic reduction on metal electrodes, different catalysts 

have been tested in CO2ER, from metal catalysts to composite materials.22  

 Electrocatalysts are the central active component in electrolysis systems and have attracted 

substantial attention from researchers in recent years. In the CO2ER field, numerous catalysts have 

been developed by varying the type of electrode material, morphology, and surface area, among 

others. These catalysts have been examined under a subset of operating conditions in a variety of 

cell architectures but with the same goal: activation of CO2 molecules and direction of selectivity of 

the process. Upon activation, local CO2 concentration may be an issue as it has low solubility in 

water (ca.1.45 g L-1 at ambient temperature and pressure), posing the major issue of diffusive 

limitation to CO2 reduction processes in aqueous electrolyte: adsorbent material design is an 

important tool for overcoming this initial problem.   

Then, the activation of a linear aqueous CO2 molecule is the initial step of CO2ER. Without 

electrocatalysts, the activation of CO2 reduction is considered to be difficult, due to the stability of 

CO2 molecule and the very negative redox potential for the first electron transfer to form the CO2
•– 

radical intermediate (-1.2 V vs RHE). Owing to the feasible stabilization of CO2
•– or other 

intermediates on the surface of electrocatalysts, a much less negative required potential can be 

achieved.23 As seen in Figure 1-6, due to the multiple electrons and protons required for CO2ER 
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products, a series of transfer steps are needed to obtain a certain product. It is then challenging to 

directly regulate product selectivity for species formed at similar thermodynamic potentials. Many 

approaches in research have attempted to overcome these challenges through the rational design 

of electrocatalysts, where the CO2ER activity of different reactions can be promoted through feasible 

reaction pathways towards desired products.  

 

Figure 1-6 The thermodynamic potentials for CO2 reduction reaction and hydrogen evolution reaction (HER) 
in the aqueous electrolyte under standard conditions (T= 25 °C, p = 760 Torr, [H+] = 1 mol L-1). 

 

To develop electrocatalysts with improved activity (or reaction rate) for CO2ER, there are then two 

general approaches, which can be used: i) increasing the number of active sites in a defined 

electrolysis area, ii) increasing the intrinsic activity of each active site. For the first strategy, the 

number of active sites can be increased through the rational design of larger electrode 

nanostructures or through the precise control of particle size or higher surface area. This strategy 

could be hindered by stability over time due to sintering or agglomeration into metal clusters under 

operating conditions.   

The second strategy involves the choice of catalysts with low affinity for hydrogen evolution reaction 

(HER). For this approach, one of the most studied metals is copper: more than 16 reaction products 
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have been reported for CO2ER on Cu-based electrocatalysts24,25. Among high-added-value 

products, methane, ethylene, and ethanol are those generally detected in relevant quantities.  

In the search for an optimal electrocatalyst, various types of materials have been typically screened 

for their redox potentials, electron transfer rates, chemical kinetics, and current efficiencies. Among 

the electroactive materials, copper (Cu) is one of the most extensively investigated metal 

electrocatalysts, as it is the only metal active phase able to catalytically produce both various 

oxygenates and hydrocarbon species.24 The Cu-nanostructures are usually dispersed onto carbon 

support to enhance metal dispersion, increase the overall conductivity of the material, and avoid 

agglomeration and passivation.  

However, copper nanoaggregates and carbon scaffold could not be the only constituents for a highly 

active and selective electrocatalyst; recent studies explored the use of modifiers as a third 

electrocatalyst component for directing and steering the selectivity of CO2 electrochemical 

reduction.26 By leveraging the unique characteristics of each component, composite materials enable 

improved electron transfer, optimized adsorption of CO2 and intermediates, and controlled product 

selectivity, limiting hydrogen evolution reaction (HER) and decreasing overpotential. In this thesis, it 

is reported a novel composite based on a carbon nitride electrocatalyst co-functionalized with copper 

as the active phase and hydroxyapatite as an inorganic modifier.   
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1.4.3. Two routes for CO2 reduction  

Before going into details of each process results, a comparative view is needed. As it has been 

discussed in the previous paragraphs, the electrochemical conversion of carbon dioxide represents 

a key technological pathway toward carbon neutrality and circular carbon utilization. Among the 

available approaches, traditional CO₂ electroreduction (CO2ER) and bioelectromethanogenesis 

(BEM) have emerged as two fundamentally different yet conceptually related strategies. While both 

rely on electron-driven CO₂ reduction at a cathode, they differ substantially in, operating conditions, 

selectivity control, and technological maturity. 

Traditional CO2 electroreduction is an abiotic process in which CO2 is reduced at the surface of 

heterogeneous electrocatalysts, typically metals. The reaction proceeds through adsorption of CO₂ 

and formation of surface-bound intermediates (e.g., CO₂•⁻, *COOH, *CO, *HCOO), followed by 

proton-electron transfer steps. Product selectivity is governed by the catalyst surface structure. 

However, challenges remain in terms of long-term stability, catalyst degradation, competing 

hydrogen evolution reaction (HER), mass transport limitations, and overall energy efficiency.  

In contrast, bioelectromethanogenesis is a hybrid bioelectrochemical process in which electroactive 

microorganisms catalyze the reduction of CO2 to methane using electrons supplied by a cathode. 

Microorganisms utilize electrons and complexed electrolyte (rich in nutrients for the biotic part of the 

cell) to generate CO2 reduced products. BEM typically operates under mild conditions (ambient 

temperature, neutral pH) and exhibits high product specificity, as methane is the predominant 

metabolic product. This intrinsic selectivity represents a major advantage compared to abiotic 

CO2ER, where product distribution often requires precise catalyst engineering. As a result, BEM 

avoids the formation of complex product mixtures, but it is constrained to methane production, 

limiting product flexibility compared to CO2ER platforms capable of generating CO, formate, 

methanol, ethylene, ethanol, and other value-added chemicals.   

From a kinetic point of view, traditional CO2ER and BEM systems are limited by low mass transfer 

within the electrode surface and electron uptake efficiency. Another similarity regards the presence 

of high overpotentials, which can reduce overall energy efficiency depending on cell design and 
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membrane configuration.   

From a sustainability perspective, BEM offers advantages in terms of operating conditions and 

catalyst renewability, as the active component is a living system capable of adaptatio. However, it is 

restricted to methane production, which, although compatible with existing natural gas infrastructure, 

may not fully exploit the chemical diversity accessible through CO2ER. Traditional electroreduction, 

on the other hand, provides broader chemical versatility relies on selectivity issue inorganic catalysts 

that may involve critical raw materials and exhibit stability issues. 

In summary, traditional CO2 electroreduction and bioelectromethanogenesis represent 

complementary strategies for carbon dioxide valorization. CO2ER offers high flexibility, faster 

kinetics, and access to a wide spectrum of chemicals, whereas BEM provides exceptional selectivity 

toward methane under biologically driven conditions. In the following table (Table 1-1), the main 

similarities, advantage and disadvantages are present for both processes. 

Table 1-1 Comparative view between CO2ER and bioelectromethanogenesis processes 

 Traditional CO2 Electroreduction 
(CO2ER) 

Bioelectromethanogenesis (BEM) 

Catalyst Metal active center 
Biocompatiblae cathode (metal center 

and microorganisms) 

Main products 
CO, formate, CH₄, methanol, and C2+, 

hydrocarbons 
Mainly CH₄ 

Operating 
conditions 

alkaline electrolytes 
Neutral pH, ambient temperature, 

anaerobic environment 

Catalyst 
stability 

Possible degradation, poisoning, or 
restructuring 

Poisoning of biofilm 

Advantages 

High reaction rates; high current 
densities; wide range of products; 

compatibility with industrial 
electrochemical reactors 

Very high selectivity to methane; 
operates under mild conditions; Power-

to-gas technology 

Disadvantages 
Competing hydrogen evolution 

reaction; catalyst stability issues; 
complex product separation 

Slow kinetics; low current density, 
microbial stability 
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1.5. Beyond the process: towards sustainable materials 

1.5.1. Biochar from vegetable biomass 

Alongside sustainable processes, the transition toward a more sustainable and circular economy 

increasingly depends on the development of sustainable materials that minimize environmental 

impact while maintaining high performance and functionality. Sustainable materials are designed 

with a life-cycle perspective, aiming to reduce the consumption of non-renewable resources, lower 

carbon emissions, and enable recyclability or biodegradability at the end of their use.27,28 

In the context of sustainable materials development, carbon is the most abundant element in the 

biosphere after oxygen.29 Nature utilizes these elements coupled with hydrogen to provide the basis 

for renewable energy storage (e.g., carbohydrates). Analogously, carbon-based systems are 

increasingly performing a major role in emerging technologies. Biochar and carbon materials are 

produced from biomass, naturally present in nature and is a sustainable source of carbon. Biochar 

is a black, carbon-rich and porous solid material (similar to charcoal) that can be produced through 

thermochemical conversion of biomass in the presence of little or no oxygen. Furthermore, 

converting biomass to carbon materials is even a process of negative carbon emission, which can 

help alleviate the pressure of global warming.30 Notably, the development of more flexible routes to 

new carbon materials derived from renewable resources has only recently become a topic of 

significant interest because the biochar shows versatile physicochemical properties and can have a 

wide applicability in diverse fields. These applications are widely spread, comprising electrodes in 

energy storage devices, electrocatalysis, photocatalysis, heterogeneous catalysis, biofuels, and so 

on.29 Different studies have been conducted to explore different approaches for biochar production 

and identify the relationship between preparation techniques and the resulting physico-chemical 

characteristics. The most common technique is the pyrolysis (with slow or fast heating), often used 

alongside gasification. Different methods have been also studied, tested, and developed to alter and 

tune the properties of biochar to maximize its performance in specific applications. Examples of such 

treatments include acid or alkaline modifications and exposure to gaseous agents (usually, steam, 
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CO2, air, and ammonia).31  

As pyrolysis is one of the most used techniques, a brief introduction on this method is provided. 

Pyrolysis involves heating vegetable biomass in an inert atmosphere, preventing combustion and 

allowing the material to reach temperatures beyond its thermal stability limit. This process strips out 

small molecules, thus leaving a more stable carbon-rich biochar. During pyrolysis, cellulose or 

hemicellulose, the primary polymeric components of vegetable biomass, first depolymerize into 

oligosaccharides, and their glycosidic bonds can subsequently undergo dehydration, 

decarboxylation, aromatization, and intramolecular condensation to form solid carbon (Figure 1-7).32 

Several parameters during the synthesis influence the properties of the resulting carbon materials, 

including temperature, pressure, feedstock type, heating rate, and reaction time.33 Pyrolysis can be 

classified as slow or fast depending on the heating rate: for slow pyrolysis the rate is between 0.5 

and 20 °C min-1, while for fast pyrolysis the ramp is from 10 to 200 °C s-1. In slow pyrolysis, increasing 

the pyrolysis temperature decreases the volatile matter content (and consequently the H and O 

content), enriching the fixed carbon fraction and producing materials with higher basicity in water 

and larger specific surface areas.31,34 In contrast, fast pyrolysis promotes the depolymerization of 

biomass into volatile components, which reduces the biochar yield and modifies the morphology and 

surface properties, resulting in lower pH values in solution and generally smaller surface area. 
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Figure 1-7 Mechanism of the model components in lignocellulosic biomass during the pyrolysis. (a) Structures 
of hemicellulose, cellulose, and lignin in lignocellulosic biomass; (b) mechanism of carbonization of cellulose; 
(c) mechanism of carbonization of hemicellulose; (d) mechanism of carbonization of lignin.33 (Reproduced with 
permission from Ref. 33). 

 

Generally, for biochar utilized in catalytic applications, high SSA and high adsorption capacity can 

be promising features for an optimal choice of pyrolytic treatment and biomass source selection. 

Going into details, for electrochemical applications, high specific surface areas, pore distribution, 

high conductivity, high carbon content, low ash content, and high N content are the desired 

properties. Some properties are affected by temperature in opposite ways, such as SSA and low ash 

content, while some are not, such as pore distribution. Therefore, slow pyrolysis is more suitable 

compared to fast pyrolysis or gasification.35 
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Another important parameter that can lead to different biochars is the feedstock used as the carbon 

source. The main categories are woody biomasses and herbaceous biomasses, which typically differ 

in the lignin and hemicellulose content.  It is shown that higher lignin content results in a better yield 

of biochar production and provides overall better physicochemical properties such as high porosity 

and high aromatic carbon content. Over the past few decades, there has been a notable rise in 

sugarcane production, driven by the increasing demand for sugar, ethanol and food industry. 

Consequently, the sugar industry generates a significant amount of agricultural waste. Extensive 

research has revealed a promising pathway for enhancing energy recovery and functional materials 

through the conversion of agricultural residues into biochar.36 Starting from sugarcane biomass, 

biochar has demonstrated important physicochemical properties like higher surface area and 

porosity, low bulk density, higher cation exchange capacity, neutral to high pH, and higher carbon 

content.   

For these reasons, in this thesis, pyrolysis treatment of sugarcane and application of biochar as 

catalyst support in CO2 remediation techniques has been further developed and discussed. 
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1.5.2. From ashes to valuable calcium phosphate materials. 

In addition to biomass-derived materials such as biochar, sustainable materials can also originate 

from inorganic components of waste sources. Industrial residues and solid wastes, for instance, 

represent a valuable and often underutilized resource for material recovery.  

Waste-to-energy (WtE) is an important waste management technology that not only degrades 

organic pollutants and reduces the volume and mass of residues but also generates district heating 

and electricity. WtE is an innovative energy production technology, which is still spreading within the 

world, but it has an intrinsic disadvantage: the production of ashes (also called bottom ashes, BA). 

Ashes from waste-to-energy plants have attracted growing attention due to their rich content of 

metallic species, silicate, and calcium phosphate phases. BA accounts for 80 wt % of the total 

incineration. residues, with a mass ratio of bottom ash to fly ash (FA) from 4:1 to 5:1. Bottom ashes 

(which part of the composition is reported in Table 1-2) typically contain CaO, SiO2, compounds of 

Al, Fe, Mg, Na, K, and Cl, as well as potentially toxic elements like Cr, Ni, Cu, Zn, Cd, Hg, and Pb.37,38 

As the most significant portion of solid residue in WtE, BA has the potential to be repurposed as a 

functional material. However, the presence of various heavy metals makes the utilization of these 

residues challenging. Specifically, pure metal pieces are recycled from the BA and reused in society, 

while chemically bound metals and other non-precious components are not recovered.  

Table 1-2 Average content of major elements (as oxides) for nordic BA samples as exemplificative samples. 

Oxidesa wt % 

SiO2 38.7 

Al2O3 9.8 

CaO 15.0 

Fe2O3 14.4 

K2O, MgO, MnO, Na2O, P2O5, TiO2 < 3.0 

a. The other elements (metallic traces) are reported in Ref. 38 

Only in very few cases, the mineral fraction of incinerator bottom ash, i.e., BA after metal sorting, 

has been reused for construction purposes outside landfills.39 However, most of the ashes are even 
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considered hazardous wastes and are directly scattered. If not managed effectively, improper ash 

disposal, whether through landfilling, co-disposal, or ocean dumping, can lead to environmental 

contamination. The challenge lies in ash’s full integration into circular economy practices, including 

metal recovery, material valorisation, and reducing reliance on landfilling.40 Addressing these 

challenges through proper treatment, regulation, and innovative utilization methods can unlock the 

potential benefits of ash from WtE plants. This approach is crucial for minimizing environmental 

impacts and maximizing its value in various applications, relying on sustainable principles. Metal 

extraction from bottom ashes has been highly encouraged due to the higher market cost of the 

metallic species themselves.41 The techniques for extracting metals from bottom ashes typically 

begin with physical separation methods (e.g., magnetic, gravity, filtration, or electrodeposition). 

These are often followed by chemical methods which involve complexing agents or solvents. The 

goal is to efficiently recover ferrous, non-ferrous (Al, Cu, Zn), and precious metals, frequently by 

combining multiple techniques to maximize overall yield and resource efficiency. On the other hand, 

the non-precious inorganic part (metal oxides, silicate, phosphates) has been continuously 

underrated, leading to landfill without further valorisation. In this context, to apply sustainable and 

circular economy principles, the valorisation of these non-precious species is quite central. For 

example, these fractions can be recovered and repurposed as precursors for the synthesis of 

functional materials, such as mesoporous silica and silica-based composites42 or calcium phosphate 

(CaP), with potential applications in catalysis, adsorption, and environmental remediation. This 

approach not only contributes to waste valorisation and resource efficiency but also aligns with the 

principles of circular chemistry by transforming residues from energy recovery processes into 

valuable secondary raw materials. Generally, with the term CaP, a variety of different compounds 

composed of calcium, phosphorus, and oxygen (in different stoichiometric ratios) are comprised. 

Among this variety of materials, calcium hydroxyapatite (HAP) has been the focus of the PhD thesis. 

Calcium hydroxyapatite has been deeply studied due to its unique morphological, structural, 

compositional, and biological properties, which have enabled its application across a wide range of 

fields, including bioengineering, medical applications, adsorption, and heterogeneous catalysis. It is 
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important to define some important physico-chemical characteristics of HAP that highlight the reason 

why HAP can be used in many fields.  

 

Figure 1-8 representation of unit cell of HAP crystalline structure with highlighting of the atomic composition 
(Ca, P, OH-).43 

HAP crystallizes in two different crystal structures: monoclinic and hexagonal. The monoclinic phase 

(space group P21/b) is more energetically stable but the hexagonal phase (with lattice parameters 

of a = b = 9.37 Å and c = 6.88 Å) predominates in both natural and synthetic HAP due to the presence 

of defects and impurities, which make it easier to form. The crystal structure of HAP consists of a 

compact arrangement of PO4 tetrahedra, with Ca2+ ions distributed among them, intercalating also 

OH- ions (on the c-axis), as depicted in Figure 1-8. Specifically, a packed arrangement of PO4 

tetrahedra defines two distinct channels: one delimited by the columnar Ca2+ ions (with a channel 

diameter of 2.5 Å), and the other bordered by triangular Ca2+ ions (with a channel diameter of 3.5 

Å), which hosts the OH- anions. These channels make the hydroxyapatite structure highly flexible, 

allowing ionic substitutions within the lattice. The flexibility of the HAP structure allows hydroxyapatite 

to incorporate a wide range of ions into its lattice with a small distortion of the original structure. 

These substitutions can occur at various sites within the apatitic structure: cationic and anionic 

substitution. Finally, the presence of different sites (or different ions due to substitution) declines 

differently the overall surface reactivity of HAP. For the bare HAP, the reactivity is a complex interplay 

between distinct chemical sites, namely, calcium, phosphate, and hydroxide sites. Its surface 

reactivity depends on the balance between Lewis acidic sites of Ca2+ sites and Brønsted acido-

basicity of surface CO3
2-, PO4

3-, OH- groups, which can undergo protonation-deprotonation (Figure 

1-9).44 
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Figure 1-9 Representation of main acid and base sites on the surface of HAP. 45 (Reproduced with 
permission from Ref. 45) 

Thanks to its high lattice flexibility and structural stability, hydroxyapatite is a highly versatile material, 

and its use in environmental protection has grown in recent years. Its peculiar structure allows 

surface modifications that create a more reactive surface, tailored to specific applications of HAP-

based materials. HAP can be obtained synthetically or naturally from chemical, biological sources, 

or wastes. Tailoring the synthetic parameters or the extraction process parameters, different surface 

properties can be obtained while maintaining the main morphological and structural features. Starting 

from wastes, the presence of external elements can induce defects, modify surface properties, which 

often enhancing adsorption capacity and catalytic performance. Furthermore, using ashes aligns 

more closely with circular economy and resource valorisation principles.46   

Part of this thesis has explored the extraction of different hydroxyapatites from waste-to-energy plant 

ashes, their physicochemical characterization, and their application also in catalytic processes, with 

a comparison to synthetic HAP.  

To elucidate the diverse physicochemical and surface features of ashes-derived HAP, the 

isomerisation of glucose into fructose has been chosen as model reaction. The reaction fully aligns 

with the sustainability principles discussed above. In the context of the transition from a fossil-based 

economy to renewable resources, the development of catalytic processes enabling biomass 

valorisation is essential to support a circular and environmentally responsible manufacturing sector.  

Furthermore, the setup and the product identification with low possibilities of side reactions, make 
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the glucose isomerisation reaction a powerful model reaction to evaluate physicochemical properties 

of catalysts. As a matter of fact, through this model reaction, it is possible to evaluate how extraction 

routes influence material properties and catalytic behaviour, while simultaneously enhancing overall 

sustainability through the valorisation of incineration ashes as secondary resources. 
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Experimental Section 

2. Experimental approaches 

2.1. Preparation of materials 

2.1.1. Preparation of calcium phosphate materials 

Generally, the term “calcium phosphates” refers to a family of inorganic compounds composed of 

calcium, phosphorus, and oxygen, and, in some cases, also hydrogen. In strict terms, phosphates 

are salts that contain anionic units formed either by a single PO4 tetrahedron or by the condensation 

of multiple PO4 groups sharing one, two, or three oxygen atoms. From this basic geometric concept, 

an essentially limitless variety of structures can be generated for condensed phosphate anions, 

resulting in a complex and multifaceted phase diagram. Each phase is formed under specific 

conditions of pH, temperature, and stoichiometry. In this thesis, the focus will be on the calcium 

orthophosphate family, particularly calcium hydroxyapatite (Ca10(PO4)6(OH)2, HAP), which is formed 

at basic pH (pH > 10) and high temperature (80°C) with a Ca/P molar ratio of 1.67. Even though 

HAP is not the kinetically favored form (which is amorphous calcium phosphate, ACP), it is the most 

thermodynamically stable one. 

2.1.1.1. Synthesis of stoichiometric hydroxyapatite 

Calcium hydroxyapatite was prepared by a precipitation method using Ca(NO3)2 (0.167 M) and 

(NH4)2HPO4 (0.100 M) aqueous solutions as Ca and phosphate sources, following the reaction 

below:  

10 Ca(NO3)2 + 6 (NH4)2HPO4 + 8 NH4OH → Ca10(PO4)6(OH)2↓+ 20NH4NO3+ 6H2O 

As reported in the literature47, basic pH (8-10) and relatively high temperature (80 °C) conditions are 

needed to obtain a stoichiometric crystalline calcium hydroxyapatite. The (NH4)2HPO4 solution was 

initially mixed with 50 mL of NH4OH solution (30%) under N2 atmosphere. The pH of the solution 
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was measured by pH electrode system to be 10.0 ± 0.2. The prepared mixture was heated at 80 °C 

in an oil bath and maintained under magnetic stirring. The flask was equipped with a reflux 

condenser, and connected to a peristaltic pump, through which Ca(NO3)2 solution was dropped at a 

flow rate of 1.7 mL·min-1. To keep the pH above 8 throughout the synthesis, 10 mL of 30% NH4OH 

solution was added periodically every 30 minutes (total added volume of 40 mL). The synthetic 

method is summarized in Scheme 2-1. Once all the Ca(NO3)2 solution had been added, the 

suspension was filtered under vacuum, and the precipitate was washed with water until the pH of 

wash waters was neutral, indicating the elimination of ammonia from the salt. Then, the obtained 

white solid (HAP) was dried in an oven at 50 °C under vacuum overnight and subsequently at 120 

°C under atmospheric pressure for 8 hours. 

 

Scheme 2-1 Schematic representation of the co-precipitation method for the synthesis of stoichiometric HAP 
sample. 

2.1.1.2. Preparation of ashes-derived hydroxyapatite 

Four ashes-derived apatite samples (HAP_1, HAP_2, HAP_3, HAP_4) were kindly supplied by the 

CNR-ISSMC Istituto di Scienza, Tecnologia e Sostenibilitá per lo sviluppo dei Materiali Ceramici, 

National Research Council (CNR) of Faenza (Italy). The provided samples were prepared by a 2-

step procedure: extraction and recrystallization processes. Initially, ashes derived from a waste-to-

energy facility (Centrale Termoelettrica a Fonti Rinnovabili di Faenza - Enomondo 

Herambiente/Caviro Extra) were ground and sieved to a particle size below 150 μm to obtain a fine 

powder. The sieved ashes were then suspended in a 2 M HCl solution (1 g of powder per 100 mL of 
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solution), and stirred for 1 h at 25°C. The suspension was filtered, and the resulting acidic leachate, 

containing Ca2+ and PO4
3- ions, was used as the starting solution for hydroxyapatite reprecipitation. 

The acidic solution was mixed with 1M NaOH solution under stirring (at a 1:2 leachate:base volume 

ratio), yielding a final pH of 11. Hydroxyapatite samples were then obtained following the same 

reprecipitation method, applying small variations in the experimental parameters to produce four 

distinct samples: a) for HAP_1, the acidic solution was added into the basic one with peristaltic pump 

at 0.7 mL min-1 at 40 °C and matured for 1 h; b) for HAP_2, the acidic solution was added into basic 

one with peristaltic pump at 0.3 mL min-1 at 40 °C and matured for 1 h; c) for HAP_3, the acidic 

solution was added at once into the basic one and stirred for 1 h at 25°C; for HAP_4, the acidic 

solution was added at once into the basic one and stirred for 5 min at 25°C. The obtained powders 

were separated by centrifugation, washed with distilled water, and dried overnight at 120 °C. In Table 

2-1, a summary of all the conditions is reported.  

Furthermore, to evaluate thermal stability of ashes-derived hydroxyapatite, the materials were stirred 

with MilliQ water (100 mg of sample per 100 mL of water) at 90°C for 8 hours. Then the suspension 

was filtered, and the powder was collected and dried overnight at 120 °C. The materials are labelled 

as HAP_X_WT, where X denotes the label of the sample.  
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Table 2-1 Parameters used for the extraction of hydroxyapatites from ashes of the energy-to-waste plant. 

Samples HAP_1 HAP_2 HAP_3 HAP_4 

Parametersa,b 

Dripping of 
acidic solution 

mL min 1 
0.7 0.3 At once At once 

Temperature  
°C 

40 40 25 25 

Final pH 10.9 11.2 11.0 11.0 

Maturation time 
min 

60 60 60 5 

a. Extraction process of Ca2+ and PO4
3- from ashes through suspension with HCl 2 M for 1 h at 25°C.  

b. Re-crystallization process of leachate solution into basic solution of NaOH 1 M (Vleachate/VNaOH = 1:2). 

 

2.1.2. Preparation of biochar 

Various biochars were produced starting from different raw materials through pyrolysis under N2 in 

a temperature range between 600 °C and 900 °C. The sources of biochar used in this work belong 

to two different kinds of canes. Specifically maize stalk and sugarcane were used, resulting in a total 

of two distinct source material types.  

Cane feedstocks underwent a pyrolysis procedure distinct from that applied to other biochar sources, 

particularly regarding the final treatment temperature, following insights from previous studies on 

lignocellulosic materials. 48 : 

Pyrolysis of canes: to obtain an electrically conductive material, the canes were positioned in a quartz 

tube inside a horizontal furnace (Carbolite) and pyrolyzed at a controlled temperature. The pyrolysis 

procedure of the material was carried out according to the following protocol: two h at 25 °C, slow 

heating (5 °C⋅min 1) up to 900 ◦C, one h residence time at 900 °C and cooling down to 25 °C. During 

the treatment, N2 flowed constantly at 1 NL⋅h−1. The obtained materials were labelled as MS_900 
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(for maize stalk) and ECCO_900 (for sugarcane). For reference, a different temperature of pyrolysis 

was used for ECCO materials: 600°C for 1 h, resulting in ECCO_600 as labelled material. 

2.1.3. Preparation of composite materials 

Different composite materials were prepared by different methodologies and then applied for 

bioelectromethanogenesis or electroreduction of CO2. These composite materials comprised carbon 

support, copper nanostructures and hydroxyapatite. 

2.1.3.1. Composite electrocatalysts for bioelectromethanogenesis 

For bioelectromethanogenesis, maize stalk-derived biochar (MS_900), commercial copper 

nanoparticles (Cu NPs, Sigma-Aldrich, CAS N° 744-05-08, ø = 25 nm) and synthetic hydroxyapatite 

were assembled to create a composite material with synergistic properties. The composite materials 

were prepared varying the weight content of each component; in particular, copper and 

hydroxyapatite content changed from 5 to 20 wt%. Furthermore, reference materials containing only 

copper or only hydroxyapatite were prepared. All resulting materials were labelled as xCu/yHAP-

biochar, where x and y represent the weight percentages of copper nanoparticles and 

hydroxyapatite, respectively. The four biochar-based materials obtained included two ternary 

composites (5Cu/5HAP-biochar and 20Cu/10HAP-biochar) and two reference binary composites 

(10HAP-biochar and 20Cu-biochar).  

The preparation followed a multi-step protocol for all biochar-based composites of different 

compositions, schematized in Scheme 2-2. Cu NPs and pulverized biochar (MS_900) were weighed 

to obtain 100 mg of the final composite, and both were dispersed in 40 mL of isopropyl alcohol (IPA). 

The pH of the suspensions was adjusted to 10 by adding a 0.1 M KOH aqueous solution. Both 

suspensions were sonicated for 30 minutes to achieve a fine dispersion. The Cu NPs suspension 

was then added in a single shot to the MS_900 suspension. The resulting mixture was stirred at 

room temperature for 24 h, then filtered on a 0.45 µm Nylon membrane and dried at 110 °C for 45 

minutes. The final binary material (xCu-biochar) and HAP (properly weighed, for the ternary 

composites) were each dispersed in 90 mL of MilliQ water and sonicated for 45 minutes. Then, the 
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HAP suspension was added in one shot to the biochar suspension. The resulting mixture was stirred 

for 24 h at room temperature. Finally, the powder (xCu/yHAP-biochar) was vacuum filtered on a 0.45 

µm Nylon membrane, washed with MilliQ water, and dried at 110 ◦C for three hours. The reference 

binary materials were prepared through the above-described procedure using only Cu NPs or only 

HAP, deposited on pulverized MS_900, to obtain 10HAP-MS900 and 20Cu-MS_900 

 

Scheme 2-2 Schematic representation of the multi-step protocol for the preparation of the ternary composite 
material for bioelectromethanogenesis. 

2.1.3.2. Composite electrocatalysts for CO2 electroreduction 

For the electrochemical reduction of CO2, a composite material was synthesized through one-pot 

synthesis of carbon nitride scaffold functionalized with synthetic hydroxyapatite and copper 

nanoaggregates.  

One-pot synthesis of the composite material was carried out in the tubes of a Radleys Carousel 

(Radleys Accelerating Chemistry, France). In a typical synthesis, the tubes were charged with 

piperazinedicarbaldehyde (0.17 g), melamine (0.10 g), HAP powder (0.1 g), pre-obtained by 

synthesis, Cu(NO3)2 (0.17 g), and 2,5-diaminohydroquinone (0.18 g) as the ligand, together with 

DMSO (12 mL). The suspension was degassed under dry N2 and refluxed at 180 °C for 72 h in an 

inert atmosphere. After cooling to room temperature, the precipitated product was isolated by 

filtration and washed with dry ethanol, acetone, tetrahydrofuran, and dichloromethane sequentially 

to remove the organic residues after the reaction. The formed composite, labelled as 

HAP_Cu@CIN_1, was dried overnight at 80°C. Finally, the ternary composite, labelled as 

HAP_Cu@CN, was obtained by calcination of the relative precursor HAP_Cu@CIN_1, under a N2 

atmosphere at 450 °C for 3 h.  
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For reference, a Cu-free binary sample (HAP@CIN-1), a HAP-free binary sample (Cu@CIN-1), and 

the bare CIN-1 were synthesized following the same procedure described above. The final samples: 

HAP@CN, Cu@CN, and CN were obtained after thermal annealing of CIN-precursors in the same 

conditions described above. Furthermore, by the same procedure described above, other three 

different samples with different amounts of HAP (5, 25, 50 wt.%) were prepared to obtain 

5HAP_Cu@CIN-1, 25HAP_Cu@CIN-1 and 50HAP_Cu@CIN-1, respectively. The CIN-precursors 

after thermal annealing (N2 atmosphere at 450 °C for 3 h) were converted in 5HAP_Cu@CN, 

25HAP_Cu@CN and 50HAP_Cu@CN.  

All the composites prepared for traditional CO2ER and bioelectromethanogenesis are listed and 

classified in Table 2-2, in terms of carbon scaffold, components and relative weight percentages.  
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Table 2-2 Summary of composite materials used as catalyst for different CO2ER techniques. 

Composite Carbon Scaffold Other components Preparation method Utilization 

5Cu/5HAP-MS_900 

Pyrolyzed maize stalka 

Cu NPs (5 wt%) 
s-HAP (5 wt%) 

Multi Step Protocol Bioelectromethanogenesis 
20Cu/10HAP-MS_900 

Cu NPs (20 wt%) 
s-HAP (10 wt%) 

10HAP-MS_900 s-HAP (10 wt%) 

20Cu-MS_900 Cu NPs (20 wt%) 

HAP_Cu@CN 

C=N frameworkb 

Cu (10 wt%) 
s-HAP (10 wt%) 

One Pot methodology 
CO2 electrochemical 

reduction 

Cu@CN Cu (10 wt%) 

HAP@CN s-HAP (10 wt%) 

5HAP_Cu@CN 
Cu (10 wt%) 

s-HAP (5 wt%) 

25HAP_Cu@CN 
Cu (10 wt%) 

s-HAP (25 wt%) 

50HAP_Cu@CN 
Cu (10 wt%) 

s-HAP (50 wt%) 

a. The pyrolysis occurred with slow heating (5 °C⋅min 1) up to 900 ◦C for 1 h at 900 °C under N2 (1 NL⋅h−1) to obtain MS_900;   

b. C=N framework obtained from COF synthesis obtained from condensation of melamine and piperazine dicarbaldehyde, followed by thermal annealing (450°C, 3 h, N2 atmosphere). 
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2.2. Characterization techniques 

All the synthesized materials were thoroughly characterized using a range of techniques, with 

particular emphasis on their composition, structure, morphology, and surface properties. 

2.2.1. Compositional characterization 

Quantification of elements (Ca, P, Mg, Na) in hydroxyapatite samples was performed 

using inductively coupled plasma optical emission spectroscopy (ICP-OES) with Agilent 5100 ICP-

OES spectrometer from Agilent Technologies. Samples were prepared by dissolving 20 mg of 

sample powder in 100 mL of 2 wt% HNO3 solution. A concentration/emission calibration curve was 

made in the concentration range 1–100 ppm using standard solutions of the analyzed elements (Ca, 

P, Mg, and Na), obtained by dilution of certified 1000 ppm standards (Sigma Aldrich). 

The elemental composition of the composite samples (powder form) was determined with an M4 

TORNADO energy-dispersive micro-X-ray fluorescence (XRF) spectrometer (Bruker). This 

instrument is equipped with two anodes: a rhodium X-ray tube (50 kV, 600 mA, 30 W) and a tungsten 

X-ray tube (50 kV, 700 mA, 35 W). For sample characterization, the rhodium X-ray tube with a 

polycapillary lens enabling excitation of an area of 200 μm was used. The silicon-drift-detector Si(Li) 

with a resolution of 145 eV at 100,000 cps (Mn Kα) with a Peltier cooling (−20 °C) was utilized. The 

measurements were carried out under vacuum. Quantitative analysis was done using fundamental 

parameter (FP) (standardless).  

The compositions (CHNS) were determined using the Thermo Scientific FlashSmart automated 

analyzer. For CHNS determination, the samples were weighed in tin containers and introduced into 

the combustion reactor. The reactor was filled with copper oxide, followed by wire-reduced nickel, 

and maintained at 950°C, and operated with dynamic flash combustion of the sample. The N, C, H, 

and S were detected as N2, CO2, H2O, and SO2, respectively. The resulting gases were separated 

on a packed column heated at 65°C in an oven and detected by a TCD (thermal conductivity 

detector).  

https://www.sciencedirect.com/topics/chemistry/inductively-coupled-plasma
https://www.sciencedirect.com/topics/chemistry/optical-emission-spectroscopy
https://www.sciencedirect.com/topics/chemistry/analytical-calibration
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31P solid-state NMR experiments were performed using a Bruker AVANCE III 500WB spectrometer 

equipped with a 4mm triple H/X/Y resonance MAS probe. The sample size was 200 mg. The 

resonance frequency of 31P nucleus was 202.4 MHz. The HPDEC-MAS (High Power Decoupling - 

Magic Angle Spinning) technique was used for spectra acquisition with a 10 kHz spinning speed, 

accumulation of 64 scans, and 60 s repetition delay over a spectral width of 300 ppm. All spectra 

were registered at room temperature. The 31P chemical shifts were referenced to an external 

standard 80 wt% H3PO4. 

2.2.2. Structural and morphological characterization 

N2 adsorption/desorption isotherms were collected at liquid nitrogen temperature (-196 °C) using a 

1990 version Sorptomatic instrument (Thermo Scientific) to evaluate the specific surface area and 

porosity. Before analysis, the dried sample (sieved between corresponding to 75-180 µm interval 

through certificate sieves, 80-200 mesh) was outgassed under vacuum conditions (10-2 torr) for 16 

hours at 150 °C for apatite samples and 4 hours at 300°C for carbonaceous-based materials to 

remove any moisture and other species adsorbed on the surface and from the pores. Starting from 

Brunauer-Emmet-Teller (BET) equation (Eq. 2-1), applied in the adsorption branch at low-pressure 

region (0.05 < p/p0 < 0.3), monolayer volume (Vmon) can be obtained:  

p
p0

⁄

Vads(1− 
p

p0
⁄ )

=
1

VmonC
+

C−1

VmonC
(

p
p0

⁄ )     Eq. 2-1 

where Vads (cm3 g-1 STP) is the amount of N2 adsorbed at relative pressure p/p0, and C is the BET 

constant related to the energy of monolayer adsorption. Once Vmon is known, the specific surface 

area (SSA in m2 g-1) is calculated through Eq. 2-2 

SSA =
Vmon∙ NA∙σN2

Vm∙msample
        Eq. 2-2 

where NA is the Avogadro constant, msample (g) is the sample mass, and Vm and σN2 are the molar 

volume and cross-sectional area of N2, respectively.  

Pore volume and pore size distribution were derived from the desorption branch (0.3 < p/p0 < 0.95) 
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of the isotherms using the Barrett-Joyner-Halenda (BJH) model, which employs the modified Kelvin 

equation for cylindrical pores (Eq. 2-3): 

ln(
p

p0
⁄ ) = −

2γV𝑀

RT(rp−tc)
   Eq. 2-3 

where rp is the pore radius, tc is the thickness of the adsorbed multilayer film formed before pore 

condensation, and γ and VM are the surface tension and molar volume of liquid N2, respectively. ADP 

(Advanced Data Processing) Software by Thermo Fisher and the MILES-200 program were used to 

process the experimental data for using the 3-parameter BET equation. 

TEM-EDX analysis was performed using a FEI TECNAI F20 Field Emission Gun (FEG) transmission 

electron microscope. The instrument was equipped with a S-Twin lens that led to a resolution of 0.24 

nm coupled with Energy dispersive X-Ray measurements (EDS) and selected area electron 

diffraction (SAED). The imaging system was composed of one TV rate 626 Gatan and one slow scan 

794 Gatan CCD cameras (Gatan, Peasanton, CA, United States). The system operated with an 

accelerating voltage of 200 kV. Investigated samples were prepared by dispersing the powder (ca.4-

5 mg ) in 5 mL of isopropanol and ultrasonicated. The suspension (~ 5µl) was deposited on a carbon-

coated Au grid (for copper-containing materials) or Cu grid (for copper-free materials) and dried 

under an infrared lamp for 5 minutes before proceeding with the analysis. 

Routine powder X-ray diffraction patterns were recorded at room temperature (RT) using a Philips 

Powder (PW3020) X-ray diffractometer equipped with a PW 1830 generator, a monochromator in 

graphite, with Cu Kα (λ = 1.5418 Å) radiation. The X-ray tube operated at 40 kV × 40 mA. The 

diffraction patterns were collected in the 8°–60° 2θ range at 0.6° min−1 (in 2θ) with a step size of 

0.05° (in 2θ). Match! Software from Crystal Impact GbR was used for phase identification from 

diffraction data. Cell parameter refinement was performed through the UnitCell software.  For RSE 

S.p.A. facilities, XRPD analyses were carried out with Rigaku Miniflex 600 diffractometer equipped 

with a monochromator and a Cu Kα radiation (λ=0.15406 nm). A step scan of 0.02 θ. and a scan 

rate of 1 θ·min−1 were used. 
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Scanning Electron Microscope (SEM) and SEM with Secondary Electrons (SEM-SE) analyses were 

performed at RSE S.p.A. facilities with a Zeiss Gemini electron microscope. 

Raman spectra were recorded on a XploRA Raman confocal microscope from Horiba Jobin Yvon. 

A 532 nm diode laser was used to excite the samples. The scattered light was guided through a 150 

μm pinhole, dispersed and collected using a Peltier-cooled CCD. The laser power was reduced using 

density filters to avoid sample alteration. 

Thermogravimetric analyses (TGA) were performed on a TA Instruments’ HI-Res modulated TGA 

2950 thermogravimetric analyzer. Approximately 10 mg of each sample was weighed in an 

aluminium pan and loaded inside the TGA chamber of the instrument. The analysis, performed under 

10 mL min-1 of N2, consisted in a heating ramp of 5 °C min-1, followed by an isothermal step of 2 

hours at 400 °C. The software used for data acquisition and treatment was TA Instrument’s Universal 

V3.9A 

2.2.3. Surface characterization 

The X-ray photoelectron spectroscopy (XPS) was carried out using a Kratos Axis Ultra DLD 

spectrometer (Kratos Analytical), equipped with a monochromatic Al Kα X-ray source (1486.6 eV) 

operating at 225 W (15 kV, 15 mA). The instrument base pressure was 5 × 10−10 torr and a charge 

neutralizing system was used for all acquisitions. Analysis was performed at a pass energy of 40 eV 

and a step size of 0.1 eV. XPS is based on the photoelectric effect, where electrons are emitted from 

the surface when irradiated with X-rays. By knowing the energy of the X-ray photons (hν) and 

measuring the kinetic energy (Ekin) of the emitted electrons, the binding energy (EB) of each electron 

can be calculated using Eq. 2-4:  

BE = hν − Ekin   Eq. 2-4 

Because each element has characteristic binding energies, XPS can be used to identify the 

elemental composition of a material’s surface. Moreover, it offers insights into the chemical state of 

the elements since slight shifts in binding energy reveal changes in oxidation states or differences 
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in chemical environments. The adventitious carbon (C1s peak at 284.6 eV) was excluded from the 

quantitative analysis to ensure precise determination of surface species. XPS spectra are analysed 

by deconvoluting peaks corresponding to different elements and chemical states, offering insight into 

surface chemistry and oxidation state. For quantitative analyses, atomic percentages of each 

element present on the surface are calculated from the area of each peak.  

Surface charge of samples was studied through the determination of the Point of Zero Charge (PZC), 

which is the pH at which their surface has a net charge of zero. PZC was determined through pH-

drift method using the salt addition technique: approximately 0.05 g of sample powder was put in 

contact with a series of electrolyte solutions with a constant ionic strength (KCl solution 0.5 M) but 

different pH values (5-10), by adjusting drop by drop with HCl 0.04 M (for acidic pH) or NaOH 0.09 

M (for basic pH). The initial pH of each suspension was measured, and all the suspensions were 

kept in a thermostated water bath at 25 °C under magnetic stirring for 20 hours. The final pH values 

were then measured, and the change in pH (ΔpH) was calculated and plotted against the initial pH. 

The PZC was identified as the point where ΔpH is zero, i.e., the intercept with the x-axis. 

Quantification of surface acid and basic sites of samples was performed by liquid-solid phase 

titration, using 2-phenylethylamine (PEA) and benzoic acid (BA) as basic and acid probes, 

respectively. Titrations were carried out in cyclohexane for fresh samples (determination of intrinsic 

acidity and basicity, I.A. and I.B.), in cyclohexane for samples treated in water, and in water solution 

(determination of effective acidity and basicity, E.A. and E.B., respectively). A flow sheet and a 

scheme of the modified HPLC line employed for the titrations are reported in Figure 2-1. 
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Figure 2-1. Scheme (a) and images (b) of the modified HPLC line for recirculation acid/base solid liquid 
titration. 

 

Dried sample (ca. 80 mg for acidity measurements and ca. 40 mg for basicity analyses, (sieved 

between corresponding to 75-180 µm particles interval through certificate sieves, 80-200 mesh) was 

placed in a sample holder (stainless steel tube, Ø = 2 mm, h = 12 cm) between two sand pillows. 

The sample was pretreated by thermal treatment (350°C in 8 mL min-1 air flux for 4 h) and 

successively vacuum-wetted with the appropriate solvent (water or cyclohexane). The sample holder 

was then mounted on a recirculation modified chromatographic line (HPLC), equipped with a Waters 

515 pump and a monochromatic UV detector (Waters, model 2487, working at fixed λ = 254 nm). 

During the analyses, the sample was thermostated at 30.0 ± 0.1°C by a thermocryostat (MGW 

LAUDA, K2R). By means of successive injections of known amounts of PEA (50 µL, ca. 0.10 M in 

both solvents) or BA (50 µL, ca. 0.05 M in both solvents) solutions, A characteristic ‘step 

chromatogram’ was obtained (Figure 2-2), where each step corresponds to the attainment of 

adsorption equilibrium. The detected signal rose from the difference between the amount of probe 

injected and the amount adsorbed by the sample. The non-adsorbed fraction represents the 

equilibrium probe concentration (Ce) and appears as a plateau in the chromatogram. This plateau 

resulted from the HPLC system operating in recirculation mode, ensuring that the probe 

concentration at equilibrium, and consequently the signal, remains constant. The height of the signal 

is directly related to the non-adsorbed amount of probe: at the beginning of the analysis, the height 

 

a)    b) 
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of the signal is very low because all the injected probe is adsorbed on the sample. At each injection, 

the residual probe increased as the sample is gradually reaching saturation, which can be 

considered achieved when the heights of the step arethe same for 2-3 successive injections, 

meaning that all the residual probe is directly proportional to the injected ones and no adsorption is 

detected. 

 

Figure 2-2 Example of step-chromatogram obtained from a solid-liquid titration. 

 

After the collection of the first adsorption isotherm (I run), pure solvent was flowed (0.3 mL min -1) 

through the saturated sample for ca. 16 h, thus permitting desorption of the probe molecules 

adsorbed on weakly interacting sites. Then, a second PEA or BA titration was performed on the 

same sample (II run), to discriminate strong and weak adsorption sites. Further details on the data 

analysis are provided in the Par. S.1 of the Appendix. 

The strength of acid/basic adsorption sites was quantified by adsorption microcalorimetry of NH3 and 

SO2 (Air Liquide, purity >99.9%) probe molecules, respectively. In adsorption microcalorimetry, the 

sample is maintained at a constant temperature while a known amount of probe molecule adsorbs 
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onto its surface; the resulting heat is monitored by a heat-flow detector that produces a signal 

proportional to the heat evolved per unit time, recording in the meanwhile the pressure evolution. 

The heats of adsorption were measured in a heat-flow microcalorimeter of the Tian-Calvet type (C80 

from Setaram) linked to a handmade glassy volumetric line equipped with a Barocel capacitance 

manometer (Datametrics) for pressure measurements. 

 

Figure 2-3 C80 Tian Calvet microcalorimeter from Setaram a), scheme of microcalorimetric volumetric line b). 

 

The Tian-Calvet type microcalorimeter usually employs two identical cells, one containing the sample 

under investigation and the other serving as a reference element to compensate for all the thermal 

effects due to the equipment. The C80 microcalorimeter (Figure 2-3-a) allows for measuring the 

evolved heats, equal to the adsorption/desorption enthalpy of the process (since it is isobaric), at 

constant temperature in the 25 – 300 °C range, through thermocouples in the cell itself. The enthalpy 

of adsorption/desorption corresponds to a thermogram peak, which area is proportional to the 

evolved heat (Par. S.1. 2). The volumetric apparatus equipped with a Barocel pressure trasducer 

(Figure 2-3-b) measures the decrease of gas pressure from a reservoir in which the gas/vapor is 

stored towards the line and the calorimetric cell in which it is expanded. 
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Figure 2-4 Example of a thermogram obtained from the injection of a dose of probe on the sample put in the 

calorimetric cell. The peak area (∫ 𝑾 𝒅𝒕 ) corresponds the evolved heat (µcal). The insights show the XY axis and 

relative units of measures. 

 

In a typical experiment, about 0.100 g of sample was first pretreated directly in the quartz calorimetric 

cell overnight at 300 °C under vacuum (7.5⋅10-8 torr). Then, the cell was removed from the 

pretreatment oven and cooled down, placed inside the calorimeter at 80 °C, and connected to the 

volumetric line. The whole setup was then outgassed until a pressure of 7.5⋅10-6 torr was reached. 

Upon reaching both the required level of vacuum and the thermal equilibrium of the system, small 

and known doses of probe molecule were introduced into the cell containing the sample, giving a 

thermogram signal as in Figure 2-4, until a final equilibrium pressure of about 0.5 torr was achieved. 

The volume of each dose was minimized to detect any change in adsorption heats evolved with 

increasing coverage of surface-active sites, thus studying the heterogeneity of the sample surface. 

The sample was then outgassed for 30 min at the same temperature, and a second adsorption run 

was performed at 80 °C until an equilibrium pressure of about 0.2 torr was reached.  

2.2.4. Electrochemical characterization 

For the materials employed in the CO₂ remediation reaction, in addition to the physicochemical 

characterization, electrochemical analysis was also important. Cyclic voltammetry (CV) and linear 

sweep voltammetry (LSV) were performed to evaluate key information on charge transfer properties, 

the density of electroactive sites, and the onset potential of the reaction. 
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The electrocatalytic characterization was performed using a BioLogic SP-300 electrochemical test 

station with a conventional three-electrode configuration consisting of an inked carbon paper 

electrode coated with composite material, Ag/AgCl, (in KCl saturated solution or 3 M KCl), and Pt 

coil as working, reference, and counter electrodes, respectively.  Before starting the experiments, 

an aqueous electrolyte solution (0.1 M KHCO3) was deaired by bubbling CO2 or N2 for at least 30 

min.  

Cyclic voltammetry curves were recorded in a non-Faradic region to evaluate the extent of double-

layer capacitance (Cdl) and electrochemical surface area (ECSA). CV was performed in the range  

from 0.58 V to 0.68 V (vs RHE) with different scan rates (from 10 to 100 mV s-1). By the slope of the 

scan rate vs the capacitive current (ic) curve, the Cdl was obtained, and ECSA was calculated from 

the ratio Cdl/Cs, with Cs is the specific capacitance of the material. As carbon matrix is the main 

component of the composites, a plausible value of 7.5 µF cm−2 as Cs was selected, based on studies 

on other carbon-based materials. 

Linear sweep voltammetry (LSV) measurements were carried out to evaluate the electrocatalytic 

performance of the materials, particularly in terms of onset potential and current density associated 

with the target reaction. LSV polarization curves were recorded at a scan rate of 20 mV s-1 after 

bubbling of N2 or CO2 for 30 minutes.  
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2.3. Bioelectromethanogenesis and CO2ER tests on 

composite materials 

2.3.1. Bioelectromethanogenesis test 

The composite materials (xCu/yHAP-biochar, described in section 2.1.3.1) and the reference 

materials (10HAP-biochar and 20Cu-biochar) were tested in a bioelectromethanogenesis test for the 

conversion of CO2 into CH4, through the combination of microbial activity and electrochemical 

reduction. Firstly, the composites were deposited onto the electrode, and secondly, the microbial 

electrolysis was performed.   

For the deposition, a dip coating procedure was carried out. It consisted of immersing the previously 

pyrolyzed biochar (MS_900, before grinding) in an aqueous suspension (100 mL of MilliQ water for 

100 mg of powder) of the four composites (10HAP-biochar, 20Cu-biochar, 5Cu/5HAP-biochar, and 

20Cu/10HAP-biochar) previously obtained. Suspensions were first sonicated for ten minutes to 

achieve good mixing, and the biochar was immersed in the suspension for ten minutes. The 

electrode thus obtained was dried at 110 °C for three hours.  

For the CO2 reduction test, two apparatus of six double-chamber bioelectrochemical systems (BESs) 

were operated in parallel. A schematic of the electrochemical cell is reported in Figure 2-5. Each 

cell was equipped with Ti-mesh, dip-coated MS_900, and 3 M Ag/AgCl as anode, cathode, and 

reference electrode, respectively, that were connected to a current generator (AMEL S.r.L.). Two 

difference electrolytic solution were used for anodic and cathodic chamber, divided by a proton 

exchange membrane (PEM NAFION 417): the anolyte was a 0.2 M solution of Na2SO4, while the 

catholyte solution consisted of the inoculum, containing Archaea and Bacteria type of 

microorganisms retrieved from a biogas plant, supplied with 2.54 g L−1 KH2PO4, 11.7 g L−1 

Na2HPO4⋅12H2O, 0.53 g L−1 NH4Cl, 0.1 g L−1 Na2SO4, 5.0 g L−1 NaHCO3, and vitamins. The BESs 

were kept at 45±1 °C with a thermostatic bath, and CO2 was fluxed for 40 min at a flux of 0.5 NL h−1.  
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Figure 2-5 Schematic representation of BES double chamber electrolyser. 

 

A polarization between the anode and cathode was imposed to achieve − 1.2 V between the cathode 

and reference (approximately − 1 V vs. SHE). The total duration of the experiments was 200 h (8 

days) and was replicated twice. For each material, an abiotic (without microorganisms) condition 

was also tested. After the test, the gaseous products (CH4, H2, and CO2) were analysed using a gas 

chromatograph (Agilent 3000A micro-GC) with the software “SOPRANE”. The sample for the GC 

was taken from the headspace of the cathode chamber with gas bags of 5 L connected to the gas 

outlet. The Volatile Fatty Acids (VFAs) present in the initial inoculum solution and produced at the 

end of the test were analysed by Ionic Chromatography (IC, Dionex 300), equipped with the S9-SC 

column and chemical suppressor AMMSIC. The sample intended for the analysis through IC (10 mL) 

was withdrawn and stored at 2 °C before the measurement. Finally, microbial communities grown 

on the surface of the electrodes were characterized through scanning electron microscopy equipped 

with X-Ray detector (SEM-EDS), coupled with sequencing of RNA genes of Bacteria and Archaea, 

using MiSeq Illumina sequencing, to obtain the taxonomic characterization. 

2.3.2. CO2 electrochemical reduction 

For the electrochemical reduction of carbon dioxide, carbon nitride-based materials (presented in 

section 2.1.3.2), obtained from a one-pot synthesis, were employed (CN-based materials: Cu@CN 

and HAP_Cu@CN as binary and ternary principal materials).   
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Firstly, carbon paper was prepared as support: the catalyst (ca. 10 mg) was uniformly dispersed in 

300 µL of ethanol/water (1:1) and 50 µL of 5 wt% Nafion, and subsequently ultrasonicated for 0.5 h 

to form a homogeneous catalyst slurry (catalyst ink). Defined amount of ink (150µL) was drop-casted 

onto the Toray carbon paper (1×1 cm2) and allowed to dry at room temperature (RT) for 24 h. The 

electrocatalytic tests were performed using a BioLogic SP-300 electrochemical test station with a 

conventional three-electrode configuration consisting of the inked carbon paper electrode coated 

with composite material, Ag/AgCl (in a KCl saturated solution), and Pt coil as working, reference, 

and counter electrodes, respectively. During the chronoamperometric tests (CA), CO2 was 

continuously bubbled inside the electrolytic solution of 0.1 M KHCO3.  Each potential, in the range 

from -1.3 V to -1.8 V (vs Ag/AgCl), corresponding to -0.5 V to -1-0 V (vs RHE), was maintained for 1 

h continuous flow of CO2 at 10 mL min-1 . After the test, the gaseous products were analyzed through 

gas chromatography (GC, Agilent 8860, combined with a flame ionization detector and a thermal 

conductivity detector) through external standard calibrations, while a Bruker 300 MHz 1H liquid NMR 

spectrometer was utilized for quantification of species in the electrolyte samples in the presence of 

DMSO as an internal standard.  

To evaluate the selectivity of the catalysts, faradic efficiency (FE) was calculated through Eq. 2-5: 

FE (%) =
(mole percentage × n × 96500 )

Q
    Eq. 2-5 

where mole percentages were calculated from GC or 1H NMR analysis (for gaseous and liquid 

products, respectively), n (mol) is the number of electrons (transferred for each product), 96500 (C 

mol-1) is the Faradic constant, and Q (C) is total charge passed during the CA experiment. Q is 

calculated by Eq. 2-6: 

Charge (Q) = I ∗ t = j ∗ Ageo ∗ t    Eq. 2-6 

Where I (A) is the current intensity, j (A·cm-2) is the current density at each potential from the system, 

Ageo (cm2) is the geometric area of the carbon paper electrode, and t (s) is the time of the 

chronoamperometric test. 
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2.4. Catalytic isomerization of glucose into fructose 

through sustainable hydroxyapatites 

The catalytic reaction of isomerization of glucose was performed in an aqueous phase in an 

autoclave batch reactor. The catalyst powder (ca. 0.2 g), previously dried in an oven at 120°C for 12 

hours, was introduced into a stainless-steel autoclave along with the aqueous glucose solution (50 

mL of 2 wt% solution), keeping the catalyst/substrate ratio of 1/5. The autoclave was then sealed 

and heated to the target temperature (T = 120°C). The initial reaction time (t₀) was defined when the 

temperature of 120 °C was attained (after ca. 15 minutes of heating). Independent reaction tests 

were carried out for each different time points (10, 30, 60, 90, and 120 minutes). At the end of each 

run, the autoclave was rapidly cooled in an ice bath for thermal quenching, and the reaction mixture 

was filtered: the solid was dried, and the aqueous solution was collected for liquid chromatography 

analysis. The reaction mixtures were analyzed in a high-performance liquid chromatographic 

(HPLC), equipped with a Sugar-Pack I (300 × 6.5 mm, 10 µm particle size, Waters, Sesto San 

Giovanni, Italy) column operating at 90 °C and eluted with an aqueous solution of Ca–EDTA (10−4 

mol L-1), and refractive index (Waters 410) as detector was used. The concentrations of the chemical 

compounds in solution were quantified through external calibration using standard solutions of 

glucose and fructose (Figure S-6-20). From the quantification of the analytes conversion (x %), 

selectivity towards fructose (Selfructose %) and carbon balance were calculated by the following 

equations (Eq. 2-7, Eq. 2-8, Eq. 2-9, respectively): 

x % =  
𝑛0,𝐺𝑙𝑢−𝑛𝑡,𝐺𝑙𝑢

𝑛0,𝐺𝑙𝑢
∗ 100                Eq. 2-7 

Selfructose% =
𝑛𝑡,𝐹𝑟𝑢

𝑛0,𝐺𝑙𝑢− 𝑛𝑡,𝐺𝑙𝑢
∗ 100                Eq. 2-8 

Carbon balance =  
𝑛𝑡,𝐺𝑙𝑢+𝑛𝑡,𝐹𝑟𝑢

𝑛0,𝐺𝑙𝑢
                   Eq. 2-9 

Where n0, Glu is the initial moles of glucose, nt,Glu
 is the moles of glucose at defined time t (10, 30, 60, 

90 or 120 minutes) and nt,Fru is the moles of fructose produced at defined time t. The obtained 
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conversion values are then normalized based on the equilibrium conversion of the reaction at 120 

°C, calculated using the proper equilibrium constant calculated and extrapolated from the free Gibbs 

Energy at 120 °C, according to the procedure of Tewari et Goldberg49 (further details are reported in 

Appendix 6.3).  
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Results 

3. Sustainable electrochemical 

processes: reduction of CO2 

 

3.1. Bioelectromethanogenesis 

The growing demand for renewable energy storage solutions has led to the development of Power-

to-Gas (P2G) technologies, which represent a sustainable strategy to convert energy to fuels. 

Particularly, P2G technologies exploit the surplus electrical energy from renewable sources, avoiding 

energetic loss. Among P2G technologies, Power-to-Methane (P2M) processes represent a highly 

sustainable system. P2M systems are particularly attractive as they can convert CO2 to methane, 

which can be directly distributed and used in the existing infrastructure. The P2M systems exploit 

the CO2 hydrogenation reaction using H2 produced in an electrolyzer powered by electric energy 

from renewable sources. Many challenges are faced by P2G systems, which could theoretically be 

highly sustainable. One of the primary problems is the energy efficiency, since both CO₂ 

hydrogenation and water electrolysis are highly energy-intensive processes. Secondly, because of 

the sluggish kinetics of electrochemical reduction, P2M systems productivity and selectivity are still 

very poor when compared to traditional chemical methanation. Furthermore, reactor design and 

scale-up are still challenging from an engineering standpoint as ideal performance needs exact 

control over solid-gas-liquid mass transfer. However, energy demands, and environmental issues 

push for new systems that can overcome the above-mentioned problems.  

In this chapter, a P2M technology is discussed: bioelectromethanogenesis.   

Bioelectromethanogenesis is defined as a bioelectrochemical system (BES) that combines 

electrochemical and microbial processes50, exploiting the metabolic activity of micro-organisms as 
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biocatalysts for redox reactions.51 In this technique, the cathode serves as an electron source that 

drives electrochemical reduction, but it also serves as support for methanogenic microorganisms 

(Archaea), where microbial adhesion52, electron transfer, and metabolic activity occur.53 Therefore, 

the electrode material must simultaneously ensure efficient charge transport, chemical stability, and 

a suitable surface environment to support microbial colonization and activity. The following chapter 

focuses on the study of a novel composite material based on biochar, hydroxyapatite, and copper 

nanoparticles.54,55 This composite was investigated to assess its physicochemical, electrochemical 

properties, and its catalytic capabilities. Furthermore, the specific role of HAP as a biologically 

favorable support for methanogens was deeply studied, enabling effective integration between the 

electrochemical and microbial processes. 

3.1.1. Preparation and characterization of composites 

The choice of materials was directed to combine good electrochemical properties and biological 

compatibility with microorganisms. For this reason, a carbon-based scaffold was selected as a 

conductive scaffold, copper nanoparticles as the active phase for electrochemical conversion, and 

further modification with the inorganic components to introduce bioactive functionalities. The 

composite was thought to integrate electrochemical and biological activities to enhance the 

production of C-reduced products. To explore suitable cathodic materials, five different materials 

were prepared, characterized, and tested in BES cells. The materials comprised the bare biochar 

(pyrolized maize stalk, MS900), two binary composites (10HAP-MS900 and 20Cu-MS900), and two 

ternary composites 5Cu/5HAP-MS900 and 20Cu/10HAP-MS900, following the multistep procedure 

described in 2.1.3.1. The multistep protocol involved, as the first step, the pyrolysis of biochar under 

an inert atmosphere; the second step comprised the functionalization of biochar with copper 

nanoparticles, hydroxyapatite, or both. It is important to clarify the rationale behind the selected 

composite composition, particularly the choice of the relative amounts of each component. The 

composition has been optimized based on previous works, where different compositions were 

explored to finally detect the optimal one for both enhanced methane production and hydrogen 

limitation. 20,56 Low amount of copper (< 10 wt%) limits the overall activity of the systems, on the other 
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hand increasing HAP as ternary components can hinder the conductivity of the system, limiting the 

BES to become a biological reactor without enhancing the methane production. To fully highlight, 

these main differences, alongside the 20Cu/10HAP-MS900 with 20 wt% of Cu nanoparticles and 10 

wt% (NPs) of HAP, 5Cu/5HAP-MS900 was also prepared with lower amount of Cu NPs and HAP (5 

wt% for each component).   

Before analyzing the composites in their physico-chemical characterization, biochar obtained from 

pyrolysis was characterized to assess the principal morphological features after the thermal 

treatment. After pyrolysis, MS900 preserved its mechanical integrity while showing an enhanced 

surface porosity. this morphological change is accompanied by a weight loss of 75%, consistent with 

the thermal decomposition of the lignocellulosic structure. During pyrolysis, hemicellulose undergoes 

a series of different reactions such as depolymerization, fragmentation, and cross-linking that result 

in the formation of a porous carbon scaffold. 57,58 Furthermore, the development of porosity is 

associated with the removal of volatile organic compounds and water (even if maize stalk waste is 

not rich in moisture content). As from SEM analyses (Figure S-6-4-a), the obtained biochar is 

predominantly macroporous with average dimension for 50 ± 10 µm. 

 

Figure 3-1 SEM-SE micrographs with respective EDS spectra (right) of a) 5Cu/5HAP-MS900; b) 20Cu/10HAP-
MS900. Each spectrum was recorded in a single point of the sample marked by a red x. 
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Functionalized biochar powder samples (20Cu-MS900, 10HAP-MS900, 20Cu/10HAP-MS900, 

5Cu/5HAP-MS900) were observed by SEM analyses (Figure 3-1). From a preliminary observation, 

micrometric structures can be clearly distinguished across the biochar surface, appearing as flake 

agglomeration of different shapes and sizes. These morphologies are attributed to HAP structures 

dispersed onto the carbon support. To confirm, EDX analyses, displayed in Figure 3-1 performed 

on selected regions revealed the presence of C, Cu, Ca, O and P, which are elements expected in 

the composite (with Cu and HAP). As for the distribution, for 20Cu/10HAP-MS900, a homogeneous 

distribution of the elements has been observed, while for 5Cu/5HAP-MS900 the elemental maps 

(Figure S-6-4-b,c) showed only partial spatial overlap among the Cu, Ca, P, and O signals, indicating 

a less uniform dispersion of the active components within the carbon matrix.59  

Further structural characterization was performed by X-ray powder diffraction (XRPD) to evaluate 

the phase composition of the prepared composites. The diffraction patterns of 5Cu/5HAP-MS900 

and 20Cu/10HAP-MS900 are displayed in Figure 3-2. 

 

Figure 3-2 XRD patterns of a) 5Cu/5HAP-MS900 and b) 20Cu/10HAP--MS900 samples. The main reflection 
peaks of recognized phases are indicated with different shapes: metallic copper Cu (●), Cu2O (■) and HAP 
(▲). 

 

Both patterns are dominated by a broad background in the 2θ range of 20°-30°, which corresponds 

to the (002) reflection peak of aromatic carbon layers, and it indicates the presence of small graphitic 

domains within the biochar. In the two patterns, distinct reflection peaks attributed to metallic copper 
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(JCPDS 01-070-3038) were detected at 2θ of 43.2° and 50.0°, related to the (111) and (200) planes, 

respectively, confirming the presence of copper nanoparticles in Cu0 oxidation state. A weaker 

reflection at 2θ = 36.5° was assigned to the (111) plane of Cu2O (JCPDS 00-065-3288), suggesting 

partial oxidation of copper during preparation of the material due to the exposure to air. The 

incorporation of crystalline HAP (JCPDS 00-064-0738) was supported by the presence of weak but 

characteristic reflection peaks at 2θ of 26° and 32° corresponding to (002) and (211) planes. 

Particularly, the HAP reflection peaks are less intense in the 5Cu/5HAP-MS900 composite due to 

the low amount of inorganic phase incorporated. For both materials, the peaks are less visible 

because of the broad amorphous background generated by the carbonaceous phase, which partially 

masks the crystalline HAP signals. Overall, the relative intensities of the graphitic domain of carbon 

scaffold, copper NPs, and hydroxyapatite peaks across the different patterns corroborate the 

different proportions of these components in each composite, confirming the compositional tuning of 

the materials. 

 

Figure 3-3 N2 adsorption/desorption isotherms collected on a) HAP; b) biochar; c) 10HAP-20Cu/C composite 
(as representative of composite biocathode). 

As bioelectromethanogenesis is an interfacial process in which surface area and porosity can 

influence the catalytic properties, the morphological features revealed by N2 adsorption-desorption 

isotherms are particularly relevant (Figure 3-3). In Figure 3-3-c, the adsorption-desorption isotherms 

of bare HAP, biochar, and 10HAP-20Cu/C composite are reported to evaluate the main differences 

in pore structure among the studied materials. According to the IUPAC classification of physisorption 

isotherms, the HAP sample exhibits a Type IV isotherm with a pronounced hysteresis loop, indicative 
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of well-developed mesoporosity. The specific surface area (SSA) was 96 m2 g-1 with a pore size 

distribution in the mesoporous range centered around 4-12 nm.60 In contrast, adsorption-desorption 

isotherm of biochar shows a profile closer to Type II, characteristic of non-porous or macroporous 

material. The absence of mesoporosity is associated with low surface area, as reported in Table 3-1 

(SSA was 9 m2 g-1), approximately one order of magnitude lower than that of HAP. Interestingly, the 

incorporation of 10wt% of HAP (and 20 wt% copper nanoparticles) for the 20Cu/10HAP-MS900 

composite, onto the biochar matrix resulted in a significant enhancement of the surface area, 

reaching 31 m2 g-1. This increase demonstrates the crucial role of hydroxyapatite in improving the 

surface and textural properties of biochar-based composites, which can limit the overall performance 

of the catalyst. The presence of mesopores and macropores is particularly favourable for the 

bioelectromethanogenesis cathode, as they facilitate gas diffusion (CO₂ and H₂) and ensure good 

wettability by water, while also providing an accessible environment for microbial colonization.  

Table 3-1 Morphological and electrochemical surface area of bare biochar, binary and ternary composites. 

SSA 
SSAa 

m2 g-1 

Cdl
b 

µF cm-2 

ECSAc 

cm2 

MS900 9.0±0.1 5.4·10-1 ± 5.2·10-2 7.2·10-2 ± 6.5.10-3 

10HAP-MS900 n.d. 6.1·10-2 ± 5.5·10-3 8.2·10-3 ± 7.4·10-4 

20Cu-MS900 n.d. 6.6·10-3 ± 9.9.10-4 8.8·10-4 ± 1.2·10-4 

5Cu/5HAP-MS900 n.d. 1.2·10-2 ± 1.0.10-3 1.6·10-3 ± 1.3·10-4 

20Cu/10HAP-MS900 31.1±0.2 6.7·10-3 ± 1.7·10-3 8.9·10-4 ± 2.2·10-4 

a. Evaluated by BET 2-parameter. The standard deviation was obtained from error propagation on Eq. 2-2. starting from 
the experimental value of Vm (and its relative standard deviation).  
b. Evaluate from CV analyses. Each CV was reproduced three times.   
c. ECSA was evaluated from linearization of Cdl and scan rate. Deviation standard was calculated from error propagation. 
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3.1.2. Electrochemical characterization  

The evaluation of surface properties also involves electrochemical properties. One of the most 

important surface features is the electrochemically active surface area (ECSA). The ECSA of the 

composite electrodes was determined within a potential window of ± 25 mV vs. Open Circuit Potential 

(OCP), under the assumption that no faradaic processes occurred in this range. ECSA evaluation is 

correlated to the capacitive behavior of the electrode-electrolyte interface, and it is calculated as the 

ratio Cdl/Cs, where Cs is the specific capacitance of the material (7.5 µF·cm-2, typical of carbon 

material).61 The same Cs value was applied to all electrodes, given the low content of dopants (<20 

wt%). ECSA results (Figure S-6-5) are reported in Table 3-1 and indicate significant variations 

depending on the electrode composition. The pristine biochar exhibited the highest ECSA value 

(7.2·10-2 cm2), while Cu-functionalized materials showed ECSA with two orders of magnitude lower 

(8.8·10-4 cm2). Higher copper loading drastically reduced the active area.  This change could be 

partially explained by i) the absence of a network of Cu nanoparticles on the surface that could better 

distribute the charge, demonstrating segregation of copper phase on the biochar. On the other hand, 

the addition of only HAP caused a moderate decrease in ECSA value due to the insulating properties 

of HAP. For the ternary composites, the effect of hydroxyapatite and Cu NPs on the 

electrochemically active surface appears less straightforward (8.9·10-4 cm2), suggesting a possible 

synergistic interaction between the metallic and inorganic phases. Higher ECSA is a favourable 

factor for the bioelectromethanogenesis test because large ECSA value increases the available 

interfacial region where electrochemical and biochemical interactions can occur.  

3.1.3. Bioelectromethanogenesis test 

Bioelectromethanogenesis tests were performed in two sets of six double-chamber BESs in parallel, 

following the procedure described in 2.3.1. Each cathodic chamber was filled with catholyte solution 

rich in different salts and Archaea domain microorganisms from an industrial inoculum. After 8 days, 

the gases were collected and analysed, while the solution was characterized to detect the 

development of new microorganisms. For the catalytic perspective, CH4 production was influenced 
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by the nature and functionalization of the cathode. Figure 3-4 shows the results of gas analyses 

after the test, reporting the moles of CH4, H2, and CO2 found normalized for the ECSA value. 

Undoped biochar exhibits different CH4 production (13 μmol⋅cm-2⋅L-1), than only carbon cloth (CC), 

which showed only 3 μmol⋅cm-2⋅L-1 due to the better microorganism’s settlement.  

 

Figure 3-4 Histograms of CO₂, H₂, and CH₄ concentrations measured after 8 days of 
bioelectromethanogenesis. Experiments were conducted at 45 ± 1 °C, with CO2 continuously supplied for 40 
min at a flow rate of 0.5 NL h-1, under an applied potential of -1.2 V vs SHE. 

Residual CO2 was included coupled with H2 and CH4 gaseous products, even though CO2 is the 

reactant of bioelectromethanogenesis, because it provides information about the CO2ER pathways. 

The residual CO2 measured (starting from 15 mmol) in the gas phase is related to the extent of 

reactants consumptions and possible competing processes. Variation of CO2 levels indicates 

whether the reagent is effectively reduced, lost due minor leaks, and converted in carbonate or 

bicarbonate species under alkaline conditions (pH >10). For instance, stable levels of CO2 are visible 

when HAP is admixed in the composite due to the possible pH buffer as it will be discussed in the 

following paragraphs. 
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The binary reference materials (HAP-free and Cu-free) showed a limited production of methane and 

hydrogen (the latter deriving from the hydrogen evolution reaction pathway).62,63 Specifically, 10HAP-

MS900 produced only a low amount of CH₄ (31 μmol·cm-2·L-1), whereas 20Cu-MS900 showed a 

marked increase in H₂ production (30 μmol·cm-2·L-1) compared to bare MS900. The higher activity 

toward H2 observed for 20Cu-MS900 is attributed to the enhanced reductive capability of copper 

sites. Notably, this activity is associated with HER rather than CO2 reduction, confirming that this 

binary material does not promote biological methanogenesis and may even inhibit microbial activity. 

On the other hand, 10HAP-MS900 showed methane production even though no active sites are 

present in the composite: the production of CH4 is directly related to biological activity.  

Interestingly, the first ternary materials showed CH4 formation, confirming the synergistic effect on 

the CO2 reduction process. 5Cu/5HAP-MS900 showed both methane and hydrogen production in 

an equimolar ratio: 10 μmol⋅cm-2⋅L-1 and 14 μmol⋅cm-2⋅L-1 for CH4 and H2 respectively. Unfortunately, 

the methane production is like the bare biochar, not showing enhanced activity for methane 

production. The lack of CH4 production is related to the poor content of both copper and HAP which 

make this ternary material (5Cu/5HAP-MS900) like the bare biochar (MS-900). 

The combined effect of Cu NPs and HAP was observed in cathodes functionalized with the highest 

percentages (20Cu/10HAP-MS900), where methane production reached 70 μmol⋅cm-2⋅L-1.64 The use 

of a ternary composite material in an optimized composition validates the composition studied in 

previous work and the CH4 production is comparable to other BES systems (such as Gajaray et al 65 

work with 30-days operating bioreactor) , achieving the same production in shorter times. The main 

result suggests a strong selectivity towards methane in the presence of a metal active phase, an 

inorganic modifier, and microorganisms. Before focusing on the main role of HAP in the ternary 

material, it is important to analyze two aspects: i) the pathways for CO2 conversion on the reference 

material and binary composites, ii) the microbiological change of the inoculum after the reaction. 

Starting with the possible pathways of the reaction, alongside gas analyses after the test, the content 

of volatile fatty acids (VFAs) in solution was measured. VFAs (C2 and C3 compounds) can be 

produced by C-C coupling of the electrochemical test when high voltage (-1.0 V vs RHE) or current 
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is applied.66 VFAs results are presented in Figure S-6-6. Bare biochar and 10HAP_MS900 produced 

approximately 6 mg L-1 of VFAs, while, as expected, the presence of Cu in the composite (20Cu-

MS900) catalyzes the transformation of CO2 into C2 or C3 hydrocarbons, visible from the high values 

of VFAs in the solution (ca. 49 mg L-1). Ternary materials have also, in this case, different behaviour: 

5Cu/5HAP-MS900 showed the same production of VFAs as the copper binary composite, while 

20Cu/10HAP-MS900 produced comparable values to the pure biochar (12 mg L-1). These results 

further indicate that HAP can positively affect the reaction in terms of selectivity, hindering possible 

parasitic reactions taking place.   

Being BES, an electrochemical system that involves biological transformation, the genera of Archaea 

and Bacteria present after the reaction can also explain the enhanced results of ternary materials.67–

69 The starting inoculum was filled with Methanobacterium as the main genus, which is known to 

have methanogenesis properties. After the reaction, HAP-doped material showed the same genera 

of Archaea, which contributed to the methane formation, and for Bacteria genera, the most abundant 

was the protein-bacteria group, which is very active in biodegradation of alkanes into -CH3- building 

blocks that are easily protonated to form CH4 molecules.  

Since 20Cu/10HAP-MS900 is an innovative composite successfully tested in this work for the first 

time in the literature, it is important to evaluate the performance comparing to the literature as 

reported in Table 3-2. Most of the BES configuration exhibited a similar coulombic efficiency (CE) 

for methane around 60%. The average CE depends on the cathode material, with the lowest value 

observed for the CC electrode. When CC is replaced by biochar or structured carbon (graphitized 

carbon or carbon felt) in the cathodic chamber, the amount of methane produced approximately 

doubles.70–72 In fact, to furtherly reduce the costs and the environmental impact, the use of bio-based 

and fully recyclable materials, such as biochar, will be crucial. Using a biochar cathode material that 

have a similar productivity, enhance the sustainability of the material and consequently of the 

process. Another important advantage of using a HAP-doped biochar is the time of methane 

production. The methane generation with this composite occurs considerably faster than in the other 

tested systems. Specifically, methane production comparable to the highest values reported in the 

literature was achieved in less than a quarter of the typical time required (8 days versus 30 days or 
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more) under a CO₂ sparging configuration.73 The improved performances are also related to 

morphological modifications. These modifications increase surface area and conductivity leading to 

better performances as it has been observed in previous works.74 Finally, the material and its relative 

process are completely part of BES systems. In other works, the overall efficiency of 

bioelectrochemical systems can often be improved when they are integrated with other 

complementary technologies. Coupling bioelectrochemical reactors with anaerobic digestion can 

significantly enhance methane production, improve carbon conversion, and increase the overall 

energy recovery of the system. In these hybrid configurations, higher methane yields and faster 

production rates are observed compared to conventional anaerobic digesters operating alone.75 For 

example, experimental studies have reported methane production increases of more than 40% when 

a bioelectrochemical system is integrated with anaerobic digestion, highlighting the strong 

synergistic effect between the two processes. The composite designed for 

bioelectromethanogenesis performs similarly to traditional anaerobic digesters, according to a 

review of the literature, reaching 60% of CH4 efficiency. Its primary benefit is that it offers a more 

physiologically appropriate environment for longer periods of time, which suggests improved system 

stability. There is still space for development, though, as the composite exhibits some variability and 

unevenly distributed active sites, which might reduce its overall effectiveness. The durability is due 

to the presence of hydroxyapatite which is a novelty for electrochemical processes. 

Since 20Cu/10HAP-MS900 showed remarkable properties in CH4 formation, the presence of copper 

active sites and overall a hydroxyapatite modifier have been discussed.76,77 As the main change in 

composition is due to the higher presence of HAP, in the next paragraph the role of HAP was deeply 

studied for bioelectromethanogenesis system. 
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Table 3-2 Comparative view of recent bioelectrochemical systems for bioelectromethanogenesis process 

Inoculum 
Cathode 
Material 

Separator 
double 

chamber 

T 
(°C) 

Cathode 
Polarization 

(V) 
Current 

Yield or productivity 
% 

CCE-CH4  Ref. 

Anaerobic granular 
sludge 

Fe gauze-
packed 

carbon felt 
CEM 30 

−1 
(vs Ag/AgCl) 

8 
A m−2 

22 L m−2 d−1 >90 % 74 

WWTPd Anaerobic 
sludge 

Electroless 
copper 

Nafion 117 30 
−0.9 

(vs Ag/AgCl) 
 155 nmol cm−3 d−1 22 % 72 

WWTPd Anaerobic 
sludge 

Carbon felt Nafion 117 Room 
−1.1 

(vs Ag/AgCl) 
5.6 

A m−2 
9 L m−2 d−1 65 % 71 

MEC 
Graphitized 

granular 
carbon 

CMI-7000S 35 / 
45 

A m−2 
23.36 ± 3.63 m3 m−3 d−1 64 % 70 

Activated sludge Carbon felt CEM 30 

-0.9 
(vs Ag/AgCl) 

16.5 
A m−2 

36.6 mL m−2 d−1 89 

73 

-1.0 
(vs Ag/AgCl) 

45.5 
A m−2 

54.2 mL m−2 d−1 92 

Biogas plant 
wastewater 

Cu/HAPc 
Biochar 

Nafion 417 45 
−1 

(vs SHE) 
1.2 

mA cm−2 
866 mmol m−2 d−1 64 % 

This 
work 

 

https://www.sciencedirect.com/science/article/pii/S2213138825002255#tblfn7
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3.1.4. Role of HAP properties in bioelectromethanogenesis 

Although HAP has gained attention as a catalytic or photocatalytic support, due to its highly 

functionalized surface, its role in bioelectrocatalysis remains unexplored. Therefore, once assessed 

that its presence could enhance bioelectromethanogenesis results, HAP is explored as a key 

component with emphasis on its surface characteristics in microbial adhesion, reaction kinetics, and 

electron transfer process. Different characterizations were carried out to propose an effective role in 

ternary composites. In the previous section, morphological and structural analyses (XRPD and N2 

adsorption/desorption isotherms) confirmed: i) the integration of HAP phase in the composite; ii) the 

presence of mesoporosity given by HAP to the macroporous biochar; iii) the dispersion of HAP 

nanorods in the external area of the composite. SEM analyses and respective EDX spectrum (Figure 

3-5-a, b) of the composite in contact with the inoculum showed that the absence of HAP in the 

internal section of biochar macropores was also associated with a lack of colonization by 

microorganisms. The spectrum collected in the colonized area displayed the peaks corresponding 

to Ca, P, and Cu, indicating that surface colonization occurred in the HAP region.78 The strong 

microbial affinity toward hydroxyapatite surfaces may originate from the unique bio-interface 

environment formed by the amphoteric nature of hydroxyapatite in aqueous media.79,80 The 

amphoteric behavior of the HAP surface derives from the simultaneous presence of Ca2+ and PO-H 

acidic sites (Lewis and Brønsted sites, respectively) and OH, PO4
3-, and Ca2+ vacancies (basic 

sites).81,82 Moreover, even carbonates (incorporated in the HAP lattice due to exposure to air) could 

play a role in terms of surface acidity-basicity.  
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Figure 3-5 a) SEM-SE image of the colonized composite (20Cu/10HAP-MS900) surface and b) corresponding 
EDX spectrum of a selected area; c) Magnification of 1300-1600 cm-1 region of the FT-IR spectra of HAP 
before and after bicarbonate adsorption; d) Bicarbonate uptake by MS900 (biochar), HAP,10HAP/20Cu-
MS900 at 30 ± 1°C determined by retro-titrations d). 

 

Finally, phosphates can also serve as a nutrient source for microbial metabolism. The multi-

functionalized surface plays a crucial role in modulating the interaction between electroactive 

chemical species, electroactive microorganisms, and the environment. Another key role is pH 

stabilization, always due to the presence of different moieties on the surface of HAP. The presence 

of these moieties determines the pH at the electrode/solution interface.83,84 When HAP encounters 

water media, these ions maintain the pH within the range of 6 to 8, providing a buffering effect and 

creating an optimal environment for microorganism metabolism, which results in a good 

bioelectromethanogenesis activity.85   

The surface properties of HAP have not only biochemical advantages but also chemical benefits. 

The hydroxylated surface of HAP could also effectively interact with reagents and products of CO2 

reduction processes. Several studies have reported that the presence of groups able to provide 

hydrogen-bonding interactions is beneficial for electroreduction processes, since it facilitates easy 
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proton transfer and stabilizes key intermediates. HAP is known to adsorb CO2 molecules, but in 

aqueous BES, CO2 is dissolved, forming CO2 (aq) and establishing an equilibrium with its bicarbonate 

ion form (HCO3
-
(aq)). Accumulation of bicarbonate ion at the electrode surface has a beneficial role 

in the electroreduction of CO2 since it enhances the reaction rate, shifting the diffusion of reagents 

from the bulk of the solution to the electrode. The bicarbonate uptake capacity of bare biochar, bare 

HAP, and the 10HAP-20Cu-MS900 composite was evaluated through back-titration experiments, 

described in 2.2.3. While biochar exhibited no ability to retain bicarbonate anions, hydroxyapatite, 

characterized by the coexistence of acidic and basic surface functionalities, proved to be an effective 

adsorbent (92.5 mmol g-1 at 30 °C, Figure 3-5-d). Bicarbonate ions uptake was further confirmed by 

FT-IR, revealing the presence of a B-type carbonation: the intensity of carbonate signal (1419 cm-1 

and 1456 cm-1) increased after the contact of HAP with bicarbonate aqueous solution, as displayed 

in Figure 3-5-c. The bicarbonate adsorption capacity of HAP was retained by the composite material, 

which was able to adsorb up to 17 mmol g⁻¹ of bicarbonate anions at 30 °C (Figure 3-5-d). The 

enhanced bicarbonate uptake associated with the presence of HAP in the composite may account 

for the improved CO₂ reduction performance observed during the experiments.82   

Overall, these findings suggest that investigating the role of the active HAP-based interface in CO₂ 

bio-electroreduction could guide the design of composite biomaterials with improved performance.   
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3.2. CO2 Electrochemical reduction 

Electrochemical reduction of carbon dioxide is one of the most promising alternatives accessible as 

CCU technologies, along with other innovative CO2 remediation solutions. CO2ER is a sustainable 

path for several reasons: i) it does not require high temperatures or high pressures to meet external 

energy requirements; ii) it can be combined with either renewable or non-renewable energy sources; 

iii) it is recognized as a versatile process with a high atom economy when its selectivity is controlled; 

and iv) its economics can be highly competitive for specific markets, like those for CO and formic 

acid. However, CO2ER has several drawbacks pertaining to the kinetics and thermodynamics of this 

reaction.86 First, CO2 activation is the limiting step, as CO2 is a very stable molecule (in fact, 

overpotential is needed), and also the control of discrete electron transfers can be kinetically limiting. 

CO2ER suffers from the presence of parasitic hydrogen evolution reaction, which is more favorable 

in the electrocatalytic conditions. From the catalytic perspectives, metal electrocatalysts are often 

expensive, deactivated or not stable in long-term reaction conditions. According to these 

considerations, many efforts have been put into developing efficient catalysts to overcome these 

obstacles.  

In the next paragraph, the development of a novel electrocatalyst based on carbon nitride, 

hydroxyapatite, and copper active centres is reported in its synthesis, characterization, and testing 

in the electrochemical reduction of CO2 into methane and formic acid. 

The study of carbon-HAP materials derived from previous studies87, where N-doped graphene 

sheets functionalized with HAP and Cu nanoparticles, demonstrated high selectivity towards formate 

species. The idea of a composite material aimed to exploit the single properties of each component: 

copper nanoparticles demonstrated enhanced selectivity towards high added-value compounds, 

carbon scaffold brought high surface area, controlled porosity, and overall high conductivity; finally, 

a proper dispersion of HAP onto the surface of the catalysts will introduce numerous amphoteric 

moieties, complementary to the carbon acidic sites. 
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In the previous studies, despite promising results, N-doped carbon materials have exhibited non-

homogeneous phase distribution of the components and poor interfacial contact among carbon, 

hydroxyapatite, and copper nanoparticles, ultimately limiting their electrocatalytic performance. In 

this chapter, a one-pot synthetic strategy was implemented to produce a carbon nitride-based (@CN) 

electrocatalyst functionalized with copper nanoaggregates and synthetic hydroxyapatite 

(HAP_Cu@CN). 

3.2.1. Synthesis and physico-chemical characterization of CN-

based materials. 

The one-pot synthetic approach was inspired by the work of Gao et al.,88 who developed a one-pot 

synthesis of Ru-doped carbon nitride via pyrolysis of covalent organic frameworks (COFs), achieving 

outstanding performance in electrocatalytic water splitting, Oxygen Evolution Reaction (OER) and 

Hydrogen Evolution Reaction (HER). Building upon these advances and the one-pot synthetic 

strategy proposed above, in this paragraph, the one-pot synthesis was adapted for the formation of 

a carbon nitride scaffold, co-functionalized with copper as the active phase and HAP as an inorganic 

modifier, using COF itself as precursor. CIN-1 type COFs are a specific family of covalent organic 

frameworks, which involve the formation of an immine bond (C=N) in a 2D macrostructure with a sp2 

hybridization, resulting in a porous structure with high surface area, chemical, and thermal stability. 

The presence of different electronegative atoms, like N, O, or S could coordinate metallic species 

and then delocalize the charge on the 2D structure. Metal-doped COFs are gaining interest in 

different fields such as adsorption processes and catalytic reactions. 
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Scheme 3-1 Schematic diagram of one-pot synthesis of ternary composite material HAP_Cu@CN. 

 

Following the procedure explained in paragraph 2.1.3.2, two organic precursors (melamine and 

piperazine-di-carbaldehyde) were condensed to form an iminium-type covalent organic framework. 

Copper was co-introduced in the form of a complex, formed by copper ions and 2,5-

diaminohydroquinone, as the ligand. copper complexes should be directly bonded to the covalent 

organic framework to ensure a stable anchoring of metal species in the final materials.88,89 For 

HAP_Cu@CN, pre-synthetized hydroxyapatite was also added during the formation of the covalent 

organic framework, as depicted in Scheme 3-1.  

Two CIN-1 based materials were obtained, labelled as Cu@CIN-1 and HAP_Cu@CIN-1. Composite 

materials were characterized in their main properties to assess the formation of CIN-1 covalent 

organic framework. It is important to highlight that some of the analyses of characterizations were 

carried out exclusively on the ternary precursor, for different reasons: i) the role of HAP was explored 

as catalyst for condensation reaction and, ii) this ternary material represents an innovative material 

that comprise HAP as inorganic modifier and iii) the binary composite has already been studied in 

its characteristics in previous works.90,91 The formation of COF is important because the chemical 
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structure with consecutive C=N bonds can be used as a molecular precursor of carbon nitride. From 

the compositional perspective, the composition values are reported in Table 3-2. Cu@CIN-1 

contained a relative composition of 35.6 wt% carbon, 27.6 wt% nitrogen, and 3.8 wt% hydrogen, and 

a copper content of 26.9 wt%. In comparison, HAP_Cu@CIN-1 exhibited lower elemental 

composition of C, N, H, and Cu (24.4 wt%, 16.5 wt%, 2.9 wt%, and 12.6 wt%, respectively) because 

of the dilution by the introduction of the inorganic HAP phase. A small amount of S is present (5.8 

wt% and 9.8 wt% for binary and ternary composite, respectively) for both materials because of the 

use of DMSO as the solvent for the condensation reaction. Additionally, the absence of oxygen 

quantification (due to experimental setup) and the presence of a copper ligand in the synthetic 

mixture, which makes the reaction pathways more elaborate with higher formation of C=N bonds, 

prevented the evaluation of the molar ratio between the species.  

Table 3-3 Material composition as obtained from XRF-HCNS analyses. 

Materials Composition (%wt) a 

 H C N Cu S b Ca P 

Cu@CIN-1 3.8 35.6 27.6 26.9 5.8 / / 

Cu@CN 1.7 45.7 28.8 21.9 1.3 / / 

HAP_Cu@CIN-1 2.9 24.4 16.5 12.6 9.8 23.5 10.3 

HAP_Cu@CN 1.3 31.3 19.9 10.9 0.6 27.1 12.4 

a. Oxygen content was not evaluated due to experimental set-up for HCNS analyses. The percentage error is below 10% 

and it is calculated from reproducibility analyses on the sample. 

The accurate determination of the atomic composition of COFs is challenging due to the multistep 

nature and complexity of their synthetic procedures. Therefore, the focus is centered on 

morphological and spectroscopic analyses, which allow the identification of expected functional 

groups or chemical bonds, also confirming the molecular structure. XRPD pattern (Figure 3-6-a) of 

HAP_Cu@CIN-1 clearly shows the typical reflections of crystalline hydroxyapatite, consistent with 
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JCPDS 00-064-0738, with the most intense reflection peaks at 25.90° (002), at 31.86° (211), and at 

32.90° (300). Furthermore, reflections at around 22.9° and 25.3° can be ascribed to unconverted 

melamine molecules. CIN-1 is known to exhibit a broad low intensity peak in the 2θ in the 10-27° 

range, particularly the (001) interplanar stacking peak and (100) in-planar stacking of Schiff base 

(C=N bonds)92 which are masked by the diffraction pattern of more crystalline phases of melamine 

and hydroxyapatite. From a spectroscopic analysis with Raman displayed in Figure 3-6-b, iminium 

covalent organic framework formation is assessed by the co-presence of CH2 in-phase (1360 cm-1) 

scissoring and imine (C N) stretching vibrations (1562 cm−1) for both Cu@CIN-1 and 

HAP_Cu@CIN-1.9  

TEM images of HAP_Cu@CIN-1 composite (Figure 3-6-c) show granular morphology of iminium-

based COF (CIN-1) that surrounds hydroxyapatite nanorods completely. High-resolution images 

(Figure 3-6-d) coupled with EDX analysis (Figure 3-6-e) confirm the wrapping of CIN-1 around the 

surface of HAP nanostructures. Due to the presence of a multifunctional surface with acidic and 

basic moieties, hydroxyapatite can adsorb and can catalyze the condensation of the two organic 

precursors (melamine and piperazine di-carbaldehyde), stabilizing the organic framework during 

synthesis and pyrolysis.93 In fact, it has been reported that HAP is an excellent catalyst for 

condensation reactions involving aldehydes and amines (in a Michael-type reaction), and it has been 

successfully used to promote the oxidative coupling of amines to imines to produce N-doped carbon. 

Chu et al. 94 pointed out that HAP not only served as a template during the synthetic process of N-

doped carbon materials, but also acted as a catalyst to promote the decomposition of the precursor 

phenyl compounds. Furthermore, they accompanied experimental approaches with DFT calculations 

confirming the catalytic mechanism, in which carbonyl groups adsorbed on the HAP surface 

synergistically activated benzylamine and initiated the oxidative coupling reaction. 
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Figure 3-6 a) XRPD patterns of Cu@CIN-1 and HAP. Melamine reflection peaks are highlighted as orange 
circle; b) Raman spectra of Cu@CIN-1 and HAP_Cu@CIN-1. c, d, e) Representative TEM and HRTEM and 
EDX spectrum of HAP_Cu@CIN-1; High-resolution XP spectra for f) C 1s, g) N 1s and h) Cu 2p of 
HAP_Cu@CIN-1 composite. 

X-ray photoelectron spectroscopy (XPS) was employed to investigate the surface composition and 

the chemical states of the elements present in the HAP_Cu@CIN-1 composite. The survey spectrum 

(Figure S-6-7) revealed the presence of bands assigned to C 1s, N 1s, O 1s, S 2p, P 2p, Ca, 2p, 

and Cu 2p signals. Specifically, C 1s and N 1s peaks derived from the COF scaffold, while Ca 2p, P 
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2p, and O 1s are associated with the hydroxyapatite phase. S 2p is associated with the sulphur 

impurities derived from the use of DMSO in the synthetic procedure.  

The C 1s photopeak is very complex: its deconvolution into three components centered at 283.9, 

285.1, and 288.1 eV was performed (Figure 3-6-f). The peak at 283.9 eV is attributed to C=C bonds 

in aromatic or graphitic carbon environments, the signal at 285.1 eV corresponds to sp³-hybridized 

C–C/C–H bonds, and the peak at 288.1 eV is assigned to C=N or N=C–N groups, characteristic of 

imine or amide functionalities.95 Similarly, the N 1s spectrum was resolved into three components 

located at 399.3, 400.1, and 401.6 eV (Figure 3-6-g). The peak at 399.3 eV is associated with imine-

type nitrogen (C=N), 400.1 eV is typically assigned to amine or pyrrolic nitrogen, and the higher 

binding energy component at 401.6 eV corresponds to protonated or quaternary nitrogen species. 

These assignments are consistent with the expected chemical environment in the CIN-1 

framework.96   

The XP spectrum of copper (Figure 3-6-h) further confirmed the presence of Cu2+ species, in line 

with the oxidation state of the copper precursor. The Cu 2p3/2 signal appeared at approximately 933.4 

eV, and the Cu 2p½ component was observed at 953.8 eV, resulting in a spin-orbit splitting of around 

20 eV, as reported in copper-coordinating systems.96 The Cu 2p peak was accompanied by the 

characteristic shake-up satellite feature in the 938-945 eV range. 

Altogether, the morphological and the spectroscopic analyses demonstrate the successful formation 

of the CIN-1 framework in both Cu@CIN-1 and HAP_Cu@CIN-1. Then, the as-prepared materials 

were subjected to annealing at 450 °C under an inert atmosphere, promoting the conversion of the 

CIN-1 framework into a carbon nitride-like scaffold rich in graphitic domains, labelled as Cu@CN 

and HAP_Cu@CN.   

From the composition perspective (Table 3-2), both materials suffered from a decrease in hydrogen 

(1.7 wt.% and 1.3 wt.% for Cu@CN and HAP_Cu@CN, respectively) and nitrogen content and an 

increasing contribution in carbon (45.7 wt.% and 31.3 wt.% for Cu@CN and HAP_Cu@CN), as a 

result of partial deamination of the materials. The copper content (12.6 wt.% for Cu@CN and 10.9 

wt.% for HAP_Cu@CN) is in good agreement with the target design composition of 10 wt.%. In both 
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composites, preformed HAP was incorporated to achieve a final HAP content of 10 wt.%, calculated 

based on the COF synthetized and its corresponding yield (approximately 45%). This composition 

was chosen based on the previous results with carbon-HAP-Cu composites used in other 

electrochemical systems, where the 10 wt.% for Cu and 20 wt% for HAP was a good compromise 

between stability and catalytic activity.  

 

Figure 3-7 a) XRPD patterns of the HAP_Cu@CN and CN; b) Raman spectra of CN, HAP_Cu@CN, Cu@CN. 
c, d, e) Representative TEM, HRTEM and EDX spectrum of HAP_Cu@CN. High-resolution XP spectra for f) 
C 1s, g) N 1s and h) Cu 2p of HAP_Cu@CN composite. 
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XRPD analysis, shown in Figure 3-7-a refers to HAP_Cu@CN obtained from thermal annealing of 

HAP_Cu@CIN-1 and compared with that of the pristine carbon nitride (CN) prepared under identical 

conditions but in the absence of hydroxyapatite and copper. As for HAP_Cu@CIN-1, HAP_Cu@CN 

displays the characteristic reflections of HAP in a broader background (than HAP_Cu@CIN-1), 

indicating an amorphous nature of carbon support. In addition, two diffraction peaks located at 

approximately 13.1° and 27.5° are observed, which can be attributed to the (100) and (002) planes 

of graphitic carbon nitride (g-C₃N₄), respectively. The (002) reflection peak is associated with 

interlayer stacking of conjugated aromatic systems and represents the most intense feature in the 

CN diffractogram.97 The absence of melamine-related peaks in the ternary pattern clearly indicates 

the complete conversion of the organic molecular precursor; on the other hand, residual melamine 

signals are still visible in the CN diffractogram, suggesting once more that the presence of HAP and 

Cu in the composite significantly enhances the condensation and the polymerization reaction. This 

observation implies that HAP acts as a structural promoter and facilitates the formation of stacking 

molecular planes of the carbon nitride matrix.  

To further confirm the formation of carbon nitride (even catalyzed by HAP nanorods) Raman spectra 

were collected. After thermal annealing, the Raman spectra (Figure 3-7-b) of CN-based composites 

(Cu@CN and HAP_Cu@CN) clearly present the characteristic D- and G-bands at around 1357 and 

1580 cm−1, which stand for disorder and graphitic bands, respectively. D-bands are usually related 

to the defectivity deriving from N-doping in the carbon matrix and are referred to the sp3 bonds of the 

carbon, while G-bands are connected to the presence of highly graphitic domains given by the 

presence of sp2 bonds of carbon. 98 Interestingly, when HAP is admixed to the composite, the D- and 

G-bands are more pronounced and resolved, meaning that hydroxyapatite has an effective role in 

promoting the formation of graphitic domains in the material.99   

TEM-EDX analysis (Figure 3-7-c) of HAP_Cu@CN composite reveals a homogenous distribution of 

copper nanoaggregates and hydroxyapatite nanorods across the carbon matrix, indicating intimate 

interfacial contact among the three components and the absence of segregated, isolated single 

phases. High-resolution images coupled with EDX mapping (Figure 3-7-c,d,e, and  Figure S-6-8) 

confirm the presence of spherical copper nanostructures, preferentially deposited on the carbon 



 

79 
 

nitride surface. Such behavior can be rationalized considering that copper was covalently 

coordinated to the hydroxyquinone molecular ligand during the synthesis.100 The copper complex 

ensures its anchoring onto the carbonaceous phase during synthesis and pyrolysis, minimizing 

interaction with the inorganic components.  Regarding HAP, the inorganic nanorods are completely 

enveloped in the carbon nitride scaffold, as it can be seen initially in the COF precursor: these 

findings are consistent with previous work101 that reported the successful integration of 

hydroxyapatite nanorods with mesoporous graphitic carbon nitride via a hydrothermal approach. In 

their study, the carbon nitride sheets were shown to wrap around the HAP structures, facilitating 

strong interfacial interactions. A similar morphology was also observed by some authors,102 who 

demonstrated via TEM analysis that HAP nanoparticles can be uniformly embedded within lamellar 

g-C3N4 architectures, forming well-integrated agglomerates.  

Looking specifically at the surface properties of the materials, the XPS survey (Figure S-6-7) 

spectrum confirms the presence of all the expected elements in the HAP_Cu@CN composite, 

including C, N, O, Ca, P, and Cu. The high-resolution spectrum in the C 1s region (Figure 3-7-f) 

displays an intense, asymmetric envelope that can be deconvoluted into two primary components 

centered at 284.7 eV and 288.6 eV. The peak at 284.7 eV corresponds to graphitic or aromatic 

carbon (C=C/C–C), typical of sp²-hybridized carbon atoms in conjugated systems. The component 

at 288.6 eV is attributed to carbon atoms bonded to nitrogen in imine (C=N) or carbonyl-like 

environments, commonly observed in g-C3N4 and other nitrogen-rich carbonaceous frameworks.103 

In the N 1s region, the spectrum exhibits a broad feature that can be resolved into two distinct peaks 

(Figure 3-7-g). The component at 398.8 eV is assigned to sp2-hybridized nitrogen involved in C=N 

bonds, while the higher binding energy peak at 401.3 eV corresponds to protonated nitrogen species 

(N–H+) or quaternary nitrogen atoms, indicating structural defects, terminal amino groups, or 

positively charged nitrogen sites.104,105 In the Cu 2p region, two main peaks, with the respective 

deconvoluted sub-bands, are observed at 931.3-935.2 eV and 951.2–955.7 eV (Figure 3-7), 

corresponding to the Cu 2p3/2 and Cu 2p1/2 contributions. The absence of strong satellite peaks and 

the binding energies of the two peaks confirm the presence of reduced species of copper, as Cu0 

and/or Cu(I), which could be reduced by N-doped carbon.106 Reduced copper is significantly 
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important for CO2ER as a reduction centre, and  the continuous electron flow in CA experiments can 

limit the passivation and the oxidation of copper into Cu(II), which will become completely inactive 

for electrochemical CO2 conversion. 

3.2.2. Electrochemical characterization 

After assessing the chemical and structural properties of binary and ternary materials, an overview 

of electrochemical properties is necessary before testing the composites in the CO2ER. Two main 

techniques are used for the electrochemical properties: linear sweep voltammery (LSV) and cyclic 

voltammetry (CV). LSV and CV are the most widely used voltametric techniques because they are 

unmatched in their ability to provide information on the steps involved in electrochemical processes: 

applying a potential, the electrode can be used as a tool for producing reactive species in a small 

solution layer surrounding its surface, and, at the same time, to monitor chemical reactions involving 

these products.107 Focusing on LSV, the analyses were carried out following the procedure in 

paragraph 2.2.4 in two different enriched electrolytic solutions: saturation with N2 or CO2. 

Measurements in N2-saturated solution provide information about side electrochemical reactions, 

such as the hydrogen evolution reaction (HER), as the only reducible species is H+ ion (which can 

reduce to H2 following the semi-redox reaction displayed Eq. 3-1). On the other hand, in CO2-

enriched solution, the currents slope could changes evidently showing the presence of CO2ER. 

Direct comparison of the two current-potential profiles allows the identification of CO2ER or HER in 

our catalytic system, giving information about the onset potential of the reaction.  

2𝐻+ + 2𝑒− →  𝐻2 (1 atm. 25°C, E0 = 0 V vs RHE) Eq. 3-1 

Particularly from a qualitative comparison, the higher the onset potential, the higher the energy 

requirement for activating the CO2 reaction. The electrocatalytic performance of the reference 

materials (CN and HAP), as-synthesized key component, binary (Cu@HAP and HAP@CN), and 

ternary (HAP_Cu@CN) materials were initially evaluated using linear sweep voltammetry (LSV) 

under a N2 or CO2 atmosphere. 
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Figure 3-8 . Linear Sweep Voltammetry (LSV) results for Cu@CN (light blue) and HAP_Cu@CN (red) under 
N2-saturated (dashed line) and CO2 -saturated (solid line) 0.1 M KHCO3 aqueous solution at 20 mV s-1 scan 
rate. 

Figure S-6-9 represents all LSV of reference materials. As expected, bare HAP is characterized by 

very low current density (-10 mA cm-2) due to the insulating properties of this ceramic material. On 

the contrary, LSV results reveal that for the CN component, the overall current density reached -120 

mA cm-2 under N2 flow due to high conductivity properties of the material. The current delivered in 

the CO2 aqueous solution is almost halved to be around -60 mA cm-2, starting with an onset potential 

of -0.7 V (vs Reference Hydrogen Electrode, RHE). The different CN behavior observed in the two 

environments can be attributed to the absence of catalytic active centres (e.g., metal sites) required 

for the CO2 electroreduction. Although bare carbon nitrides are currently used as photocatalysts for 

CO2 photoreduction, their use as electrocatalysts in CO2ER is less common.108,109 In 

electrocatalysis, carbon nitrides are considered highly conductive support materials that can be 

properly doped and functionalized to promote CO2 reduction with high current densities.110  

Accordingly, in our case when Cu is deposited on CN (Cu@CN), CO2ER activity is observed. In 

Figure 3-8, Cu@CN exhibited high overall current density in CO2-saturated electrolyte, reaching -
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110 mA cm-2 at -1.0 V (RHE), along with a relatively low onset potential of -0.6 V (vs RHE), indicating 

clear electrochemical activity towards CO2 reduction. On the other hand, the addition of Cu on HAP 

did not yield the same effect: in the reference CN-free Cu@HAP binary materials no significant 

improvement was observed in the performance compared to bare HAP. The combination of HAP 

and CN, in the reference Cu-free binary material (HAP@CN), resulted in a higher current density (-

40 mA cm -2) than HAP and Cu@HAP, in both gaseous flows at the same onset potential (-0.9 V vs 

RHE). However, the increase in delivered current due to the presence of conductive scaffold is 

beneficial only to HER reaction, as the onset potential for CO2 electroreduction is quite higher than 

the potential for H2, which means that the Cu-free reference material is not a good catalyst for 

CO2ER.  

The results discussed so far for the binary reference materials clearly indicate that CN is an essential 

component to ensure electrical conductivity and thus enable efficient electron transport, whereas the 

presence of Cu is indispensable for directing these electrons toward CO₂ reduction. In the absence 

of Cu, CO₂ER is disfavoured in favour of the hydrogen evolution reaction (HER). By contrast, HAP, 

due to its insulating properties, does not appear to play a key role in the binary materials. However, 

a different and intriguing behaviour emerges from the analysis of the LSV results obtained for the 

ternary HAP_Cu@CN composite. 

 HAP_Cu@CN shows behaviour consistent with the trends identified in the binary reference Cu@CN 

composite. In CO2-saturated electrolytes, the ternary HAP_Cu@CN material achieved significantly 

higher current densities compared to N2-saturated conditions, displaying an onset potential of −0.8 

V (vs RHE) and a progressive increase in current up to −55 mA·cm-2 at −1.0 V (vs RHE). Notably 

the presence of HAP plays a non-negligible role in modulating the CO2 reduction pathways, as 

evidenced by the shift of the onset potential towards less cathodic values. Such an effect could lead 

to modified reaction kinetics or to the stabilization of intermediate species, ultimately facilitating the 

onset of CO₂ conversion at lower overpotentials and enhancing the overall catalytic efficiency of the 

composite system. 
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Figure 3-9 Cyclic voltammetry (CV) at different scan rates (from 5 to 100 mV s-1) evaluated in non-Faradic 
region (-0.58 to -0.70 V vs RHE) for a) Cu@CN b) HAP_Cu@CN.  
 

Cyclic voltammetry curves, displayed in Figure 3-9, were recorded in a non-Faradic region to 

evaluate the extent of double layer capacitance (Cdl) and electrochemical surface area (ECSA). 

These parameters are directly related to the electrochemically accessible surface and the kinetics of 

interfacial electron transfer, and thus provide insight into the overall electrochemical performance 

and effective conductivity of the material. By the slope of the scan rate vs the capacitive current (ic) 

curve, the Cdl (Figure S-6-10) was obtained, and ECSA was calculated from the ratio Cdl/Cs, where 

Cs is the specific capacitance of the material. As carbon matrix is the main component of the 

composite (binary and ternary), a plausible value of 7.5 µF cm−2 as Cs was selected, based on studies 

on other carbon-based materials.111 ECSA comparison among composites can be evaluated due to 

the acknowledgment that the ECSA is proportional to its Cdl value for electrocatalysts with a similar 

composition. Distinct electrochemical behavior can be observed for binary and ternary composites. 

Cu@CN exhibits higher charge storage capability, with a double layer capacitance (Cdl) of 0.3 mF, 

compared to the ternary one which shows a Cdl of 0.2 mF. The ECSA, estimated from the Cdl values, 

follows a similar trend: Cu@CN has higher area (0.04 cm2) than HAP_Cu@CN that reaches 0.03 

cm2. These results indicate that the binary composite possesses a larger population of 

electrochemically active sites, which is consistent with its higher current densities and lower onset 
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potential observed in the LSV curves. The slightly reduced ECSA value is directly related to the 

insulator properties coming from the HAP which inhibit the passage of electrons limiting the overall 

electric double layer.  

3.2.3. CO2 Electroreduction test 

From the electrochemical characterization, only Cu@CN and HAP_Cu@CN showed CO2 reduction 

activity, as a matter of fact chronoamperometric tests (1h) were carried out on only these two 

composites. Starting with Cu@CN, it behaves as electrocatalyst112, as evidenced by the results 

shown in Figure 3-10-a. Despite the inevitable contribution of the parasitic HER at low cathodic 

potentials (-0.5 V and -0.6 V vs RHE), Cu@CN exhibited clear electrocatalytic activity toward CO2 

reduction. The Faradic efficiency (FE) values for HER and CO2ER are consistent with LSV results 

because beyond -0.6 V, the H2 FE decreased below 50%, concomitant with the appearance of CH4 

as the main product. The selectivity reached approximately 60%, indicating that the material favors 

further reduction pathways, since CH4 formation involves an 8-electron transfer process.113 Cu@CN 

possesses strong reduction capability due to the high dispersion of copper species that enhances 

electron transfer properties, as it owns a large number of electroactive sites114,115, in agreement with 

both LSV and CV analyses. HAP_Cu@CN showed modest current density (-55 mA cm-2 at -1.0 V 

vs RHE), due to the higher catalytic, Consistently with LSV measurements, after onset potential (-

0.8 V vs RHE), CO2ER occurred. As Figure 3-10-b shows, starting with low cathodic potential (-0.5 

V and -0.6 V), H2 is the principal product, as expected. After -0.7 V, two main products appeared 

during CO2ER, methane and formic acid, particularly HCOO- was the main product at higher cathodic 

potential (60% at -1.0 V), limiting also HER. Though high cathodic potential, meaning high energetic 

supply for the catalytic system, CH4 is quite limited (< 10%) at -1 V and formate is the main product.  
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Figure 3-10 Faradic efficiencies and current densities on a) Cu@CN, b) HAP_Cu@CN evaluated in CO2ER 
in KHCO3 aqueous solution (0.1 mol L-1), 1 h, RT. 

 

In some cases for HAP_Cu@CN, noticeable fluctuations in FE can be observed. At -0.6, -0.7 and -

0.9 V (vs RHE), FE does not reach 100%. Since the collected liquid showed no evidence of leakage, 

these deviations are likely attributable to limitations in gas collection. Specifically, the adhesion of 

gas bubbles to the surface of the inked carbon paper, potentially facilitated by the composites’ 

porosity, may have hindered efficient gas recovery. As a result, the measured amount of CH4 and 

H2 were underestimated, leading to a lower apparent Faradaic efficiency. While experimental 

variability could be considered a contributing factor, reproducibility tests indicated a low relative error 

of 10-15% (Figure 3-10), effectively ruling out this possibility. 

Also, kinetic studies of the two electroactive materials (Cu@CN and HAP_Cu@CN) were carried 

out. Tafel plots of the two composites were studied (Figure 3-11-a) and compared with each other. 

The admixing of hydroxyapatite in the composite did not limit the electron transfer ability towards 

CO2ads species on the surface of the catalyst, as the values of the slopes of the Tafel lines (Figure 

3-11-a) differed only of ca. 100 mV dec-1. HAP-containing composite showed a Tafel line with a slope 

of 527 mV dec-1, while a value of 664 mV dec-1 was observed for Cu@CN. The results are consistent 

with the CA tests: a lower Tafel slope value is an indication of a more active catalyst, as a smaller 
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overpotential is required to reach a higher current density.116 In this case: particularly, HAP_Cu@CN 

favoured the formation of formate, enhancing the overall kinetics of the system. Catalytic results and 

kinetics evaluation observed with the ternary composites show that HAP plays a main role in the 

interfacial process between electrode and electrolyte.   

Based on chronoamperometry (CA) tests and the evaluation of kinetic limitations through Tafel 

analysis, both Cu@CN and HAP_Cu@CN can be considered effective electrocatalysts for CO₂ 

reduction, exhibiting high selectivity toward methane and formic acid, respectively, without significant 

kinetic limitations. Before discussing the reaction mechanisms in detail, it is important to assess the 

energy efficiency (EE%) of these systems, as this parameter provides key insights into their 

economic viability and potential for scale-up beyond laboratory conditions. According to the literature, 

energy efficiency (EE%) is defined as the ratio between the energy effectively used to produce a 

given product and the total energetic input, taking into account both overpotential and ohmic 

losses.117 The overpotential is evaluated with respect to the standard reduction potentials for 

methane and formic acid (0.2 V and -0.2 V vs RHE, respectively). Ohmic losses, associated with the 

internal resistance of the cell, are related to the geometric configuration of the system and were 

estimated from the high-frequency intercept of the Nyquist plot, yielding a value of approximately 20 

Ω, in agreement with literature data for H-type cells used in CO₂ER.118 

The calculated energy efficiency for both composites ranges between 20 and 25% at -1.0 V (vs 

RHE), indicating that, at present, these systems are not yet economically competitive. This relatively 

low efficiency is mainly attributed to the cell configuration, as H-type cells with aqueous electrolytes 

are known to suffer from significant ohmic drops due to the distance between electrodes. 

Nevertheless, considering the promising catalytic performance, further improvements could be 

achieved by optimizing the electrochemical setup. In particular, the use of alternative configurations 

such as single cell setups, the use of solid electrolytes, or gas diffusion electrodes (GDEs) could 

significantly reduce ohmic resistance and enhance overall energy efficiency. 

Prior to addressing the role of HAP in the catalyst, it is important to focus on some important steps 

of the HCOOH formation from CO2, as these insights are crucial for understanding intermediate 
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stabilization and the resulting reaction selectivity. The conversion to HCOOH is strictly related to the 

initial binding of activated CO2 (*CO2) and stabilization of the intermediate on the catalyst. One of 

the most accepted hypotheses for the formation of oxygenated reduced product (such as formate 

itself) is the presence of a double proton-coupled electron transfer (PCET). Activated *CO2 reacts 

through an electron and proton transfer (1st PCET) to form the activated intermediate formyl ∗OCHO. 

Furthermore, ∗OCHO undergoes another electron and proton transfer (2nd PCET) to form the 

intermediate ∗HCOOH, thus forming the HCOOH product. The stabilization of both the 

intermediates, which is a key aspect of CO2ER pathways, is the result of an interfacial effect where 

ions of the electrolyte co-participate with functional groups of the catalyst to engage in non-covalent 

interactions (hydrogen bonding, for example) with the adsorbed species that help in stabilizing such 

intermediates/adsorbed species. These interfacial effects are localized in a so-called 

microenvironment, which is a region that arises in the proximity of the active site through localized 

solvation, hydrogen-bond networks, and confined ionic arrangements119. Thus, the active site 

emerges not as a static center, but as a dynamic micro-system defined by multiple and 

interdependent forces. As a matter of fact, various studies demonstrated that hydrogen bonds in this 

microenvironment between the key intermediates (e.g. *COOH) and the inorganic modifiers could 

stabilize the intermediate itself 120,121, leading to oxygenated reduced products.122 The participants in 

the so-called microenvironment are necessarily, the catalytic surface and the CO2 molecules, 

alongside the electrolytic layer in the proximity of the electrocatalyst: the electrolyte is the carrier for 

ion migration and reactants transformation, which should maintain as a proton donor with certain 

proton activity but cannot be too active to induce HER. Furthermore, catalytic surface can induce 

modification, not only at the CO2 adsorbed, but also at the electrolytic interface in different ways such 

as suitable dissolution and interface enrichment capability for non-polar CO2, ionic strength, local 

pH, electrochemical double layer (EDL) structure, interaction of electrolyte-catalyst and ion 

adsorption effects, etc.123 

In this case, HAP plays a crucial role in directing selectivity toward formic acid, as its hydroxylated 

surface can interact with both dissolved CO2 in an aqueous solution and with reaction intermediates, 
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forming an extensive network of hydrogen bonds at the interface, working directly at the electrode-

electrolyte interface. Various studies demonstrated that hydrogen bonds between the key 

intermediate, *COOH, and the inorganic modifier could stabilize the *COOH intermediate, leading to 

oxygenated reduced products.122 This suggests that the presence of HAP affects the local 

environment at the interface of the electrode and modulates the reaction pathways through 

stabilization of intermediates, which is the radical anion CO2
•- upon CO2 activation. The CO2

•- radical 

anions could be stabilized through coordination of their oxygen atoms with the acid sites on the 

surface of HAP: indeed, Ca2+ and/or hydroxyl vacancies can establish electrostatic interactions with 

the partially negative O atoms, thus leading to coordination and stabilization. Furthermore, proton 

transfer might be facilitated due to both the stabilization and proximity of metal active sites. DFT 

studies analysed the correlation of presence hydrogen bonding which is greatly beneficial for proton 

migration.124  

 

Figure 3-11 . Tafel plots of copper-based composite materials from cathodic polarization of LSV plots a) and 
bicarbonate uptake by Cu@CN and HAP_Cu@CN at 30 °C determined by retro-titrations b) 

 

Furthermore, it is important to rationalize and study the interaction between CO2 and the surface 

catalyst as it is strongly influenced by the local availability of dissolved carbon species. CO2 cannot 
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serve as the direct carbon source for the reduction occurring at the cathode surface, since it first 

dissolves forming CO2 (aq). The CO2(aq) species are the ones adsorbed onto the catalyst and then 

activated for the reduction reaction. But it is important to emphasize that when gaseous CO₂ is 

bubbled into an aqueous electrolyte, it enters a dynamic chemical equilibrium involving CO₂(g), 

CO₂(aq), and HCO3
- species. Consequently, any variation in the concentration or consumption of one 

of these species, such as depletion of CO2(aq) due to reduction, inevitably perturbs the equilibrium, 

inducing shifts in the relative distribution of the others (HCO3
- and then CO2(aq)). This interconnected 

speciation is therefore central to understanding CO₂ adsorption, activation, and reaction pathways 

at the electrode-electrolyte interphase. Furthermore, the equilibria between CO2 and bicarbonate are 

relatively fast which buffer the pH in the bulk electrolyte. Although the buffering bicarbonate 

electrolyte minimizes the increase in pH, H+ in the interfacial region can be rapidly depleted leading 

to the promoted local pH after applying high potential. When the pH above 9.9, the concentration of 

the dissolved CO2 decreases rapidly and thus the concentration ratio of [CO2]/[H+] which favours the 

competing HER side reaction.125 Spectroscopic studies combining fast Attenuated Total Reflectance 

(ATR-SEIRAS) and isotopic labeling, have provided important insights into CO2ER mechanisms, 

revealing the key role of interfacial equilibria in governing surface-reactive species.126To evaluate 

the ability of the materials to interact with these dissolved species, bicarbonate uptake tests were 

performed as explained in the paragraph 2.2.3. The results, depicted in Figure 3-11-b revealed that 

Cu@CN exhibited negligible bicarbonate uptake, whereas the presence of hydroxyapatite 

significantly enhanced the adsorption capacity, with the HAP_Cu@CN composite reaching 50.6 

μmol g−1 at 30 °C. The enrichment of bicarbonate species at the solid-liquid interface increases the 

local concentration of CO2(aq) near the electrode surface, thereby facilitating its subsequent activation 

and reduction, as demonstrated by Berben et al.127 The presence of HAP can participate in different 

actions, even simultaneously enhancing the selectivity towards formate: stabilization of intermediate, 

pH buffering, coordination with HCO3
- ions. 

While the role of HAP in the ternary composite has been thoroughly discussed in relation to its ability 

to promote formation, the high FE towards CH4 for the binary composite, Cu@CN, deserves further 
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attention, as it also helps to consolidate the key aspects of using HAP as modifier. Since formate 

(HCOO*/HCOO-) is an intermediate to methane formation, it is reasonable to assume that formate 

is also generated using Cu@CN as catalyst, but it is continuously reduced. The reduction of formate 

to methane requires further electron and proton transfers steps, and the results obtained with 

HAP_Cu@CN suggest that these steps are partially inhibited in the presence of hydroxyapatite. As 

for the electron transfer step, HAP is an insulating material which slightly decreases electron transfer. 

This behaviour is confirmed by the lower current density in LSV analyses for HAP_Cu@CN 

compared to Cu@CN; as a consequence of the reduced electron transfer, formate becomes the 

main product for the ternary composite. Conversely, the highly conductive and catalytically active 

Cu@CN composite enables efficient charge transfer, promoting further reduction of the formate 

intermediate and ultimately leading to methane formation. Proton transfer also plays a critical role, 

as methane formation requires a high availability of protons and a suitable local pH at the electrode-

electrolyte interface. In the case of HAP_Cu@CN, this condition is not fully satisfied. HAP acts as 

buffer material stabilizing the local pH and preventing the formation of acidic microenvironment. 

While this buffering behaviour is beneficial for stabilizing intermediate and for shifting the equilibrium 

towards bicarbonate ions, it simultaneously limits the proton availability for the subsequent reduction 

steps. In contrast, with Cu@CN composite, no buffering effect occurs, allowing the pH to shift more 

favourably for the reduction pathways involving multiple proton transfers. As a matter of fact, Varela 

work128 found that CO2 reduction to CH4 is dependent of pH, consistent with CO* protonation as the 

rate-limiting step. Despite the high proton concentration, hydrogen evolution is not dominant in this 

case, likely due to the high activity of copper sites, which favours CH₄ formation.  

Taken all the effects, the presence of H-bond donors, moieties able to stabilize CO2
•-, intrinsic 

insulating nature, pH buffering effects in HAP collectively inhibit proton and electron transfer for the 

deeply reduced product such as CH4. Consequently, in the presence of HAP, the reaction pathway 

is steered toward formate, which is preferred thanks to the presence of H-bond donors and moieties 

able to stabilize CO2
•-, whereas in Cu@CN system, the absence of buffering and insulating effects 

enable further proton-electron transfer, allowing methane formation.123  
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Figure 3-12 Faradic efficiency on different materials evaluated in CO2ER in KHCO3 aqueous solution (0.1 mol 
L-1), 1 h, RT at fixed potential of -1 V (vs RHE). 

 

To further emphasize the added value of the binary and ternary composites, CA tests were 

performed on a set of reference materials. Even though LSV profiles already suggested the absence 

of any significant CO2 reduction activity, chronoamperometric tests were performed by applying 

different cathodic potentials to evaluate their electrocatalytic behaviour under CO2 reduction 

conditions. The FEs in all applied potential range are depicted in Figure S-6-11. A further focus was 

placed on the potential of –1.0 V (vs RHE), as it represents the most cathodic condition applied in 

this study and is theoretically associated with the highest CO2 conversion rate. The results of CO2ER 

catalytic tests at applied potential of -1.0 V (vs RHE) are shown in Figure 3-12.  

When CN was used as the electrocatalyst, only H2 was detected due to the absence of metallic 

active sites. Particularly, FE to H2 was not 100%, but reached about 70%, probably due to the 

accumulation of H2 bubbles on the inked coated carbon paper, which hindered efficient gas release 

and consequently collection and detection. The quantities of H2 gas were underestimated, leading 

to a lower apparent FE. For two HAP-containing reference materials (HAP and HAP@CN), H2 was 

again the only detected product but with a much lower current density of -10 mA cm-2 (meaning lower 
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conversion), reflecting their intrinsic insulating properties. The same behaviour is observed for the 

last HAP-based reference composite, Cu@HAP , as no CO2 reduction activity occurred. The electron 

transfer to copper sites appeared to be strongly hindered by the insulating features of HAP, as further 

confirmed by the shape of CV curves. As a result of this limited charge transport and the low current 

densities, the hydrogen evolution reaction (HER) remained the only active process, favoured by its 

lower energy requirement compared to CO₂ reduction. 

Finally, on ternary composite material (HAP_Cu@CN), long-term stability test (Figure S-6-11) was 

performed up to 8 h at a cathodic potential of -1.0 V.  The composite showed a high initial current 

density with a very noisy background indicating an activation phase, which stabilized after a short 

period. Then, gradually, the current stabilized around -60 mA cm-² over 7 hours, with a very slight 

decrease over the entire monitoring period. Although copper-based catalysts are known to be prone 

to passivation, which can reduce the electrochemical activity over time,129 the long-term stability test 

showed only a slight decrease in current (approximately 10% of the initial value), indicating that the 

studied composite can be considered stable over the tested period.   

Additional tests were also carried out on a physical mixture of Cu@HAP and CN to assess the 

influence of interfacial contact between the components. In this case, no chemical or structural 

integration occurred among the phases, unlike in the one-pot synthesized composite. The deposition 

of the mixture onto the carbon paper electrode was less homogeneous and more difficult to control. 

Consequently, the LSV curves (Figure S-6-12-a) showed no significant differences between N2 and 

CO2-saturated electrolytes, anticipating in some ways the absence of CO2 reduction activity as 

confirmed by CA tests, displayed in Figure S-6-12-b. In the absence of such contact, as in the case 

of the physically mixed CN-Cu@HAP, the electron transfer between the catalytic sites and the 

conductive carbon matrix is strongly hindered. In one-pot synthetized material, the enveloping of 

carbon scaffold around HAP nanorods and Cu nanoparticles likely acts as a junction, enabling a 

continuous flow of both electrons and adsorbed reagents across the electrocatalyst surface. In the 

composite (HAP_Cu@CN), the HAP-CN framework gives rise to confined interfacial domains that 

enable efficient charge and mass transport, establishing a well-integrated composite, confirmed by 

TEM analyses, seems to be crucial to ensure effective interaction between the catalyst and the 
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reagent. These interfacial regions support electron transfer through the CN network, while protons 

(H⁺) interact with CO₂ molecules adsorbed and stabilized on the phosphate groups of HAP. Such a 

synergistic interplay between the components effectively enhances the CO₂ electroreduction 

reaction (CO₂ER). On the other hand, in the mechanical mixture, such interfacial coupling is absent, 

and the synergistic mechanism cannot be established. While electron transfer remains thanks to the 

CN framework, CO2 molecules could not be in the proximity of these regions, making H+ ions, which 

also are the most abundant species in the electrolytic interface, the only reducible species and thus 

leading to the production of H2, as confirmed by CA tests. 

Another important factor that needs to be evaluated is the amount of HAP present in the composite, 

which requires the same attention as the presence of intimate contact, discussed above. Since HAP 

is intrinsically an insulating material, the content is expected to influence the reaction pathways 

through limiting the current in the electrocatalytic setup or steering the reaction selectivity. Even 

though previous works55,56,87 reported that 10-20 wt% HAP in the final composites showed optimal 

results in terms of conductivity, activity, and selectivity, three samples with different amounts of HAP 

(5, 25, 50 wt%) were synthesized and tested in CO2ER to confirm the influence of hydroxyapatite in 

our electrocatalytic systems. The CO2 electroreduction activity of these composites was first 

evaluated through LSV analyses. The LSV curves for 5HAP_Cu@CN, 25HAP_Cu@CN, and 

50HAP_Cu@CN are shown (Figure S-6-13). In all cases, higher current densities were observed in 

N₂-saturated solutions compared to CO₂, indicating that the HER prevails under these conditions. 

The insulating nature of hydroxyapatite (HAP) was reflected in the trend of current density: as the 

HAP content decreased, the current increased, with 5HAP_Cu@CN reaching 50 mA cm⁻² at -1.2 V 

(vs RHE), as highest value among the three composites. Notably, the values remained lower than 

the one of binary Cu@CN and ternary HAP_Cu@CN, likely due to incomplete homogenization of 

the three components. Consequently, the material behaves more like a quasi-mechanical mixture, 

where phase segregation limits interfacial contact and impairs efficient electron transport. Analysis 

of the onset potentials revealed a shift toward more negative values of potential for all samples. 

Notably, only 5HAP_Cu@CN displayed a slightly more favourable onset compared to Cu@CN and 
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HAP_Cu@CN, suggesting limited CO₂ER activity. 25HAP_Cu@CN and 50HAP_Cu@CN showed 

highest value of onset potential around -0.9 V and -1.0 V meaning high energy requirements for 

CO2ER which are not comparable to the ones of Cu@CN and HAP_Cu@CN (-0.6 and -0.8 V vs 

RHE). Chronoamperometry (CA) tests were performed to validate the LSV observations, with 

Faradaic efficiencies reported in Figure S-6-14. Hydrogen remained the primary product across all 

potentials for the three composites, consistent with LSV trends. A comparison among the samples 

highlight the critical role of HAP loading in steering the product selectivity (Figure 3-13). Composites 

with HAP below 10 wt% behaved similarly to Cu@CN, achieving approximately 30% selectivity for 

CH₄ and HCOOH. At 10 wt% HAP, as in HAP_Cu@CN, formate became the dominant product, 

attributable to an optimal balance of HAP properties, including intermediate stabilization, pH 

buffering, optimal conductivity. At higher HAP contents, however, the insulating effect overcame the 

modifier role, suppressing CO₂ER and favouring HER. Overall, these results demonstrate that HAP 

loading is a decisive parameter, as non-optimal amounts adversely affect charge transfer and 

catalytic performance. 

 

Figure 3-13 Faradic efficiency results for composites with different HAP content evaluated in CO2ER in KHCO3 
aqueous solution (0.1 mol L-1), 1 h, RT at fixed potential of -1 V (vs RHE). 
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Finally, after assessing the key role of HAP and the benefits associated with the proper incorporation 

of an apatite-based material, it is useful to consider how HAP_Cu@CN and Cu@CN position 

themselves within the broader landscape of CO2ER electrocatalysts. Overall, the composites 

presented in this work show electrocatalytic activity and selectivity comparable to other copper-

supported catalysts reported in the literature, as summarized in Table 3-4. In particular, Cu@CN 

and HAP_Cu@CN displayed relatively low onset potential and achieve high faradaic efficiency for 

methane and formate (>50%) at -1.0 V (vs RHE). However, when examining formate production in 

other composites that do not include HAP, several differences emerge. First, the carbon supports 

commonly reported in the literature are typically commercial materials characterized by well-defined 

porosity, ordered structures and a high degree of graphitization. These structural features are known 

to influence CO2ER activity and selectivity. In contrast, the carbon matrix used in this study was 

obtained though the pyrolysis of a covalent organic framework, leading to the formation of graphitic 

domain embedded within an overall amorphous structure with the aim to form a homogenous and 

highly linked composite.  

Second, in many literature examples, copper is deposited onto carbon supports though controlled 

techniques such as electrodeposition methods (e.g., square-wave electrochemical redox cycling) or 

by immobilizing commercial nanoparticles with well-defined particle sizes, surface morphologies, 

and exposed crystal facets. These parameters are well known to directly affect catalytic selectivity 

toward carbon reduced products. 90,130,131In the present dissertation, copper wad incorporated though 

a one-pot synthetic procedure, without the same level of control over particle size of surface 

characteristics. Finally, it should also be considered that experimental operating conditions can 

strongly affect product selectivity. For instance, in high pressure electrolyzer, FE for formate 

exceeding 80% have been reported under elevated CO2 pressures (30-60 atm), enhancing CO2 

dissolution levels in the electrolytic solution. In comparison, HAP_Cu@CN demonstrates promising 

CO₂ER performance under atmospheric pressure conditions. Moreover, the synthetic approach 

adopted here enables a highly integrated composite structure, promoting intimate contact between 

the different components, which may contribute to the observed catalytic behaviour.  
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Table 3-4 Comparative view of some promising electrocatalytic materials in the CO2ER containing copper. 

a. KHCO3 as the electrolyte solution 

  

Electrocatalyst Support 
Electrolyte a /  

mol L-1 

Current density / 

mA cm-2 

Faradic Efficiency / 
% 

Ref. 

Cu 
Carbon 

nanotubes 
(CNT) 

0.5 mol L-1  
10 

(-1.5 VAgAgCl) 
28 HCOOH 

132 

Cu NP CNT 0.5 mol L-1  
15  

(-1.2 VRHE) 
40 HCOOH 133 

Cu NP+HAP 
Graphene 
nanosheet 

0.5 mol L-1  
20 

 (-1.2 VRHE) 
50 HCOOH 87 

Cu NP 
N-doped 
carbon 

0.1 mol L-1  
2  

(-1.0 V RHE) 
40 HCOOH 134 

Cu PANI 0.1 mol L-1  
30 

(-1.0 VRHE) 
72 C2 

135 

Cu2O  

(SW) 
Cu 0.1 mol L-1  1 

27HCOOH 

(Under 1 atm of 
CO2) 

136 

Cu2O 

(SW) 
Cu 0.1 mol L-1  0.1 

98 HCOOH 

(Under 60 atm of 
CO2) 

136 

Cu@CN 
Carbon 
nitride 

0.1 mol L-1 
120 

(-1.0 VRHE) 
60 CH4 

This 
work 

HAP_Cu@CN 
Carbon 
nitride 

0.1 mol L-1 
110 

(-1.0 VRHE) 
60 HCOOH 

This 
work 
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3.3. Concluding remarks 

Across this Chapter, CO2ER has been addressed as an important strategy for CO2 remediation. In 

particular, CO2ER can be viewed as a strategy for combining process innovation and material 

engineering. On one hand, bioelectrochemical systems offer a biologically assisted route for CO2 

conversion to methane, where microorganisms and tailored cathodic materials enable power-to-gas 

concepts. On the other hand, purely electrochemical approaches focused on rationally designed 

composite materials to achieve deeper control over interfacial mechanisms, charge transport leading 

to governed product selectivity.  

Firstly, innovative biochar-based composite cathodes incorporating copper and hydroxyapatite were 

presented in this Chapter. The materials were fully characterized and tested in BES cells. The 

marked differences in methane production observed among the various biocathodes (single, binary, 

and ternary materials) highlight the pivotal roles of Cu nanoparticles and hydroxyapatite dispersed 

on the biochar surface in catalysing CO2 reduction. Beyond catalytic effects, hydroxyapatite also 

contributed to interfacial stability and functionality, highlighting the potential of multicomponent 

architectures as a platform for next-generation biocathodes, where surface chemistry, porosity, and 

component distribution are jointly optimized to maximize microbial activity, reaction rates, and 

selectivity. Finally, despite competitive catalytic activity, these materials showed some 

agglomeration of phases, which hindered the overall capacities. For example, it is noteworthy that 

the observed performance was determined primarily by the external surface area of the cathode, 

while the internal porous structure of the biochar remained largely unfunctionalized. Therefore, 

further efforts to have a more homogeneous dispersion of components in the composite can lead to 

higher catalytic activities.  

To overcome these main limitations, an innovative synthetic route for having a homogeneously 

dispersed components on the composite was presented. Particularly, a one pot strategy, starting fro 

COF precursor, was applied to produce binary (Cu@CN) and ternary (HAP_Cu@CN) functional 

composite materials comprising copper nanoaggregates and hydroxyapatite nanorods. Through 

structural, morphological, and spectroscopic analyses, the composites showed firstly COF features 
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and after pyrolysis, carbon nitride characteristics. In particular, the analyses revealed the 

coexistence of carbon-nitrogen functionalities and copper. Additionally, the ternary material 

(HAP_Cu@CN) exhibited the characteristic features of HAP, confirming its thermal and chemical 

stability. Notably, HAP was identified as promoter for carbon nitride formation, due to its anchoring 

properties that facilitate condensation and interlayer stacking of molecular precursor. For all these 

reasons, it results that the composite had features of carbon nitride totally wrapped around HAP 

nanorods, where copper is also distributed as nanospheres, indicating an intimate contact among 

the three phases. The final materials presented also high conductivity due to the presence of 

graphitic patterns and copper sites: the high dispersion of copper and the conductive nature of the 

carbon support collectively favoured efficient charge transport within the composite. Cu@CN and 

HAP_Cu@CN were then tested in CO2ER, demonstrating interesting catalytic properties: the first 

displayed high current densities and low onset potential, indicating strong catalytic activity and 

efficient electron transfer, converting CO2 towards CH4. On the other hand, HAP_Cu@CN exhibited 

a slightly higher onset potential but showed selectivity towards formate. The main difference was 

associated once again with the presence of amphoteric HAP: the typical exposure of HAP surface 

enhanced adsorption capacity towards CO2, it stabilized intermediates of reaction, and it steered the 

selectivity towards formate, through hydrogen bonding, ionic interactions, and pH buffering effects. 

Overall, the combination of copper, carbon nitride, and hydroxyapatite creates a synergistic system 

in which structural design and interfacial chemistry jointly determine catalytic efficiency and product 

distribution in CO2 electroreduction. 

The purpose of the multicomposite material in a one-pot technique was to improve the composites 

made using a multi-step process that suffered from copper phase or HAP phase segregation. The 

one-pot strategy assured a very close contact among the three phases. A more synergistic effect on 

the CO2ER resulted from the intimate contact: i) from a design standpoint, the charge transfer could 

flow easily through the conductive components, decreasing the overall overpotential; ii) once the 

CO2 was activated and stabilized, the proximity of copper active sites led the reduction process in 

favoured way. Furthermore, the optimal integration of components improved the structural stability, 

sustaining high activity over time throughout the reaction. Moreover, this synthetic strategy enables 
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the modular integration of key components into binary or ternary materials, allowing the catalytic 

selectivity to be tailored toward different target products and, consequently, toward distinct 

application domains, such as energy conversion or chemical manufacturing.  

Surely, as future perspective, the long-term durability and stability of the catalysts should be 

systematically investigated. Long time electrochemical tests are necessary to evaluate possible 

degradation phenomena, including structural changes, copper leaching, or modifications of the 

carbon nitride framework. Alongside these tests, post-reaction characterization would provide 

valuable insights into structural and chemical changes occurring during operation. These studies 

could also support the design of more robust composite catalysts able to maintain activity and 

selectivity during prolonged operation. 

On the other side, to further integrate sustainability principles into CCU technologies and based on 

the results discussed in this Chapter, two possible directions emerge for the development of 

composite materials for CO2 remediation. On one hand, further work may continue along a 

multiprotocol approach (the one introduced in 3.1), focusing on improving the morphological and 

porous properties of biochar to achieve a more homogeneous dispersion of the active phases, an 

aspect addressed in the following Chapter. On the other hand, an alternative strategy would be 

further developing the one-pot approach, exploring different molecular precursor for CN scaffold 

using greener and cost-effective reagents and solvents to enhance the overall sustainability of the 

process; this last direction was not investigated in the present dissertation.   

Focusing on the first route, namely the multistep protocol, an additional opportunity to improve 

sustainability lies in the reconsideration of both the carbon and hydroxyapatite sources. In this 

Chapter, the carbon scaffold was derived from a pyrolysis of maize stalk or from the annealing of 

covalent organic framework (CIN-1). Additionally, the latter came from a long synthetic route that 

used different chemical reagents with significant environmental impact and cost, resulting in a 

material that cannot be considered fully sustainable. Similarly, the hydroxyapatite phase used was 

synthetized using commercial saline precursors in a co-precipitation method. In the following 

chapter, a different biochar was studied from sugarcane (biomass with larger environmental 
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availability), and it is not obtained from a synthetic route; for inorganic phase, hydroxyapatites were 

obtained from ashes of waste-to-energy plant with different protocols. All the materials were first 

studied separately to identify their optimal physicochemical characteristics and later considered as 

potential components of a composite catalyst for CO2 electroreduction.  
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4. Waste-to-Resource strategies for 

improved and sustainable materials 

 

4.1. Carbon materials from natural sources 

As described in the previous paragraphs, two different carbon scaffolds for CO2ER and 

bioelectromethanogenesis were made and utilized. The composite electrocatalyst used in the 

bioelectromethanogenesis tests included a biochar produced by pyrolysis of maize stalk. Two key 

limitations of this material were poor surface area and predominance of microporosity, which arise 

from the high fibrous texture of the pristine biomass. On the other hand, the carbonaceous support 

(CN) utilized in CO2ER, while highly conductive, was prepared using costly bulk chemicals and 

several solvents in contrast with the fundamentals of sustainability. 

Looking for new biochar that are both highly functional, conductive, and sustainable is one of the 

challenges of scientific communities. Among biomasses, sugarcane is one of the most widely 

cultivated crops to produce alimentary goods (sugar) and energetic sources (bioethanol). After 

processing, sugarcane waste was often burnt, enhancing greenhouse gases emission (e.g. CO2). 

To decrease the environmental impact, the interest on valorisation of residues is nowadays 

increasing. For this purpose, one of the most used processes to transform sugarcane waste into 

added value materials is its controlled pyrolysis. 

In collaboration with Ricerca sui Sistemi Energetici-RSE S.p.A., an experimental procedure for the 

pyrolysis of sugarcane waste was optimized to obtain biochar. Two different pyrolysis temperatures 

(600 and 900°C) were studied to evaluate the morphological and structural features of the obtained 

biochars (labelled as ECCO_600 and ECCO_900).  
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4.1.1. Structural and morphological features of ECCO biochar 

Two biochar were obtained from the pyrolytic treatment of sugarcane waste. This biomass residue 

consists of bagasse and field waste, which are fibrous residue and leaves, respectively. Usually, the 

first residue has been used as a source for carbonaceous supports because it is a lignocellulosic 

biomass rich in cellulose and hemicellulose with a low amount of lignin (20 wt %) and a high moisture 

content. Generally, the co-presence of high content of water and cellulose structure provides a 

porous structure with high surface area, even after pyrolytic treatment at high temperatures (> 

600°C). Two different treatments were carried out on the sugarcane bagasse to evaluate the main 

differences induced by pyrolysis temperature (600 and 900°C).  

ECCO_600 and ECCO_900 were characterized through different techniques to evaluate their 

morphological features. From SEM images in Figure 4-1, both ECCO_600 and ECCO_900 exhibit 

a highly lamellar structure, derived from the collapse of vegetal cell walls. Pyrolysis at high 

temperatures leads to the presence of a different pore distribution, comprising macropores and 

mesopores. Moreover, fractures are visible in some agglomerates of biochar, likely due to the 

pyrolysis temperature, which led to initial breaking of the lignocellulosic structure and might enhance 

the exposed area.  

 

Figure 4-1. SEM images at 500x magnification (50 µm as scale) of a) ECCO_600 and b) ECCO_900. 
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EDX analyses (Figure 4-2), coupled with SEM imaging, revealed the presence of only C and O 

elements, assessing the absence of impurities in the sugarcane waste. Interestingly, the 

decomposition of cellular components during pyrolytic treatment resulted in an enrichment in carbon 

compared to the pristine biomass (the O/C molar ratio of sugarcane bagasse is typically 0.9-1).137 

 

Figure 4-2 Representative SEM image of ECCO_600 a) with relative EDX spectrum (b). The red square 
identifies the zone where EDX spectrum was recorded. 

The surface morphology was studied by N2 adsorption-desorption isotherms. The results are 

reported in Table 4-1. The ECCO_600 and ECCO_900 materials presented specific surface areas 

(SSAs) of 223 and 125 m2 g-1, respectively. As expected, increasing the pyrolysis temperature led 

to a decrease in SSA, due to pore collapse and agglomeration phenomena induced by high-

temperature processing. For comparison, the previously obtained maize stalk-derived biochar 

(prepared by pyrolysis at 900°C) had a relatively low SSA (9 m2 g-1), increasing by a factor of 10 

when the biomass source was changed. This improvement can be attributed to the intrinsic structure 

of lignocellulosic sugarcane, which promotes a more ordered porous network and exposes a greater 

surface area.  
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Table 4-1 Specific surface area of biochar determined by N2 adsorption-desorption isotherms. 

Sample 
Specific Surface Areaa 

m2 g-1 

Maize Stalk Biochar 9.0±0.1 

ECCO_600 223±15 

ECCO_900 125±1 

a. Evaluated by BET 2-parameter. The standard deviation was obtained from error propagation on Eq. 2-2, starting from 
the experimental value of Vm (and its relative standard deviation). 

 

To further investigate the structural features, XRPD analyses were performed on the materials. The 

Figure 4-3-a displayed the experimental XRD patterns. Upon pyrolysis, both ECCO materials 

displayed a broad background due to the presence of amorphous region in the materials. However, 

the two characteristic reflections of graphitic carbon can be detected: the first at around 2θ of 25° 

and the second at around 45°, corresponding to the (002) and (100) reflections of graphitic domains, 

respectively. ECCO_900 exhibited slightly sharper peaks compared to ECCO_600, confirming that 

higher pyrolysis temperatures promote the formation of larger graphitic domains within the carbon 

structure. Raman spectroscopy was employed to evaluate the degree of graphitization of the biochar 

materials, with the intensity ratio of the D and G bands (ID/IG) serving as an indicator of structural 

order (the lower the ID/IG ratio, the higher the structural order and the graphitic character).(Figure 

4-3-b). The spectra of ECCO_600 and ECCO_900 displayed the characterist 

ic D-band and G-band at approximately 1350 cm-1 and 1580 cm-1, respectively. The D-band is 

associated with structural disorder, while the G-band corresponds to ordered graphitic domains. 

ECCO_900 exhibited a lower ID/IG ratio (0.9) compared to ECCO_600 (ID/IG = 1.4), confirming a 

higher degree of graphitization directly related to the higher pyrolysis temperature. These Raman 

results are consistent with the XRPD patterns and EDS results, indicating that the pyrolysis of 

sugarcane bagasse at 900 °C provides a biochar material possessing a low oxygen content and a 

well-ordered graphitic structure, which generally corresponds to enhanced electrical conductivity. 
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These structural and electronic properties indicate that the ECCO_900 material may hold significant 

potential for electrocatalytic processes and bioelectromethanogenesis applications. 

 

Figure 4-3 XRPD (a) and Raman spectra (b) of ECCO_600 and ECCO_900 
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4.2. Hydroxyapatite from ashes 

The application of sustainability principles in material preparation and material engineering has 

become central and a growing topic of attention for society and scientific community. Particularly, 

the recovery of materials from waste is increasingly discussed in the context of sustainable 

production. One of the most abundant wastes is biomass derived from agricultural residues, food 

waste, and municipal sewage. Incineration plants for biomass and biomass wastes have been a 

proper way to deal with large amounts of discards. As for the organic part of wastes is transformed 

into gases and thermal energy, inorganic residues have been collected as ashes, usually released 

in the environment. The inorganic ashes represent a different source for inorganic materials, such 

as calcium phosphate solids.138 Starting from the already known extraction process of hydroxyapatite 

(HAP) from eggshell and bones, incineration ashes, can be exploited as a valuable feedstock for 

HAP recovery. In collaboration with Centrale Termoelettrica Enomondo Herambiente/Caviro Extra 

and Istituto di Scienza, Tecnologia e Sostenibilitá per lo Sviluppo dei Materiali Ceramici, CNR-

ISSMC from Faenza, four different hydroxyapatites have been extracted from ashes (with four 

different methods), fully characterized, and tested as catalysts. Furthermore, correlations between 

extraction parameters and morphology/surface characteristics have been assumed. Regarding the 

surface characteristics of hydroxyapatite, as it possesses a multifunctional surface and crystal lattice 

flexibility, HAP is suitable for both catalytic applications and environmental remediation 

processes.139,140 Finally, to understand the additional value of sustainable hydroxyapatite, a 

comparison between the ashes-based HAPs and synthetic HAP has been made. 

4.2.1. Extraction procedure, compositional and morphological 

characterization 

The inorganic ashes of the thermovalorization plant based in Faenza, containing silica (SiO2), 

calcium oxide (CaO), phosphate oxide (POx), and metal residue (Al, Fe, Mg and so on), have been 

treated to obtain hydroxyapatite. The extraction procedures, depicted in Figure 4-4, were 

implemented at CNR-ISSMC in Faenza, Italy. Generally, the extraction technique involved a 
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dissolution step in an acidic medium (HCl), which then contained Ca and P precursors, and a 

reprecipitation in a basic medium (NaOH). For the four samples, two main parameters were 

changed: temperature and contact time of leachate solution with basic aqueous solution. In 

particular, HAP_1 and HAP_2 were formed after dropping leachate into NaOH solutions with long 

maturation time at 40°C, while HAP_3 and HAP_4 were obtained after “one-pot” mixing of the two 

solutions with lower contact time (5 to 60 minutes) at a lower temperature (25°C). One important 

parameter kept constant in all four procedures was the basic pH, considering that hydroxyapatite is 

the thermodynamically stable calcium phosphate phase under strongly basic conditions. In fact, 

several studies confirmed that the formation of HAP under basic conditions goes through different 

transient phases: particularly amorphous calcium phosphate (ACP) to octacalcium phosphate 

(OCP), finally to HAP.141,142 

  

Figure 4-4 Flow diagram representation of the ash-derived HAP samples preparation steps. 

 

The composition of the four hydroxyapatites was determined by ICP-OES and reported in Figure 

4-5 and Table S-6-1, alongside the Ca/P molar ratio, which is a key parameter to identify specific 

calcium orthophosphate phases. The Ca/P ratio values of HAP_1 (1.82) and HAP_2 (1.79) were 

close to that of stoichiometric HAP (1.67). On the other hand, HAP_3 and HAP_4 have a Ca/P ratio 

slightly higher than HAP_1, HAP_2 with values of 2.06 and 2.03. Comparing the value of Ca and P 

content, all the four hydroxyapatites have a similar content of calcium, corresponding to 
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approximately 30%, while for P content, HAP_3 and HAP_4 exhibit a low amount of phosphorus in 

the chemical composition, resulting in a Ca/P ratio higher than HAP_1 and HAP_2. Given the 

heterogeneity of the elemental composition, comprising different oxides such as alumina or silica, of 

the ashes, a detailed compositional analysis is required to identify which elements are incorporated 

into the calcium phosphate (CaP) solid and to quantify their respective amounts. Generally, HAP_1 

and HAP_2 contained lower amounts of Al (4 mol% ca.), Mg (8 mol% ca.), and Si (7-8 mol% ca.) in 

respect to HAP_3 and HAP_4, which comprised 7 mol% ca of aluminium, 13 mol% ca. for 

magnesium and 14 mol% of silicon. HAP_1 and HAP_2 which had higher contact time and 

maturation time showed lower presence of external elements and it reflected to Ca/P ratio which are 

near to the stoichiometric hydroxyapatite value (1.67). The higher maturation time allowed to the 

formation of apatitic framework expelling the oxides and ions which are not comprised in the 

hydroxyapatite structure.143 On the other hand, the high content of Mg, Al and Si elements has been 

detected for the other two samples (HAP_3 and HAP_4) where a rapid contact time and low 

maturation time were maintained. For HAP_3 and HAP_4 the formation of CaP structure likely 

encapsulated also Al2O3, MgO and SiO2 while forming hydroxyapatite structure resulting in higher 

elemental content and consequently lower content of phosphorus, in terms of phosphate ion. The 

substitution of the oxides with phosphate had an impact on Ca/P molar ratio of sample 3 and 4 which 

are different from stoichiometric hydroxyapatite, HAP_1 and HAP_2. Among the other trace 

elements, Fe and Na are the most abundant, although their molar percentages remain below 3% 

(Table S-6-1). 
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Figure 4-5 Graphic representation of ICP results: weight percentage (wt %) of Ca and P (left), molar 
percentage (mol %) of hetero atoms mol % (right) 

To obtain an initial comparison between bulk and surface features, EDX analyses were performed 

to provide a preliminary assessment of the surface composition of the HAP samples and to compare 

these results with the overall chemical composition determined by ICP-OES. The EDX results 

revealed the absence of hetero elements in the HAP structure, such as Fe, Al, and Si, suggesting 

that these elements are mainly incorporated in the bulk phase. Mg and Na were the only external 

elements detected by EDX (Figure S-6-14). In addition, the Ca/P ratios calculated from EDX were 

notably different from those obtained by ICP-OES measurements: 1.31 for HAP_1, 1.47 for HAP_2, 

1.92 for HAP_3, and 1.24 for HAP_4. Importantly, all these values deviate significantly from the 

stoichiometric Ca/P ratio of HAP (1.67). Considering the HAP samples affected by Ca deficiency 

(HAP_1, HAP_2 and HAP_4), this can be explained by accounting for the inclusion of other elements 

(e.g. Mg and Na) in the crystalline lattice. Considering the external elements, the ratio (Ca+Mg+Na/P) 

shifts towards stoichiometric value: for example, 1.76 for HAP_1 and 1.74 for HAP_2. These findings 

indicate a discrepancy between bulk and surface compositions, even though EDX analyses does 

not give a full comprehensive view of apatite surface.144 
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Even though ashes from thermovalorisation processes have mainly inorganic characteristics (as 

confirmed by ICP-OES and EDX analyses), organic residues cannot be totally excluded and during 

extraction processes of hydroxyapatite, organic materials from biomass can be incorporated into the 

structure. To detect the presence of organic compounds, thermogravimetric analyses (TGA) were 

employed. For all samples, the thermograms (Figure 4-6) display a sudden drop in TGA curve at 

ca. 70°C, corresponding to a weight loss of ca. 10%. This weight loss could be ascribed to water 

desorption. Particularly, the mass drop phenomenon began almost at room temperature, more 

precisely at ca. 30°C and it ended at ca. 150°C, as deduced from the dTg curve, from which the 

maximum rate of water desorption was computed in the range from 65 °C to 80°C. The second mass 

drop, which slope is gentler, happened in temperature range of 275-315 °C and it is assigned to the 

loss of CO2 from the structure. To further confirm both water loss and decarbonilation of 

hydroxyapatite structures, infrared spectroscopy was coupled with TGA analyses: The IR analysis, 

depicted in Figure S-6-13, clearly showed how only water (3700 cm-1 and 1500 cm-1 regions) and 

CO2 (2400 cm-1 bands) left the sample over the course of the analysis. Finally, as no other mass 

drops phenomena occurred, no organic compounds were incorporated into ashes derived HAP 

samples during the extraction processes and furthermore thermal stability can be assessed as no 

phase transformation occurred during the whole TGA analyses.  
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Figure 4-6 TGA/DTGA profiles of the ashes derived HAP samples: HAP_1 (blue line), HAP_2 (red line), 
HAP_3 (black line), HAP_4 (orange line). Thermogravimetric profiles obtained under nitrogen flow (10 mL·min-

1) following three steps program: i) heating from 35°C to 400°C, at controlled heating rate (β = 10°C·min-1); ii) 
isothermal step at 400°C for 2 h; iii) cooling from 400°C to 50°C. 

 

After assessing the compositional characteristics of the ashes-derived samples and excluded the 

presence of organic compounds, morphology has been studied through transmission electron 

microscopy (TEM), electron diffraction (SAED) and X-ray diffraction analysis. In Figure 4-7, TEM 

images at low and high magnification are reported for the four ashes-derived sample. For HAP_1, 

TEM images (a, b) a longitudinal macrostructure composed by multiple overlapping layers which 

resembles the typical needle-shaped HAP structure. By studying the sample at higher magnification, 

as shown in images c) and d), nanocrystals in the size range of 5 to 10 nm are displayed where; the 

rows of atoms are visible as well, in a parallel and regularly spaced pattern., starting to confirm the 

presence of a crystalline HAP sample. Regarding HAP_2, the longitudinal arrangement of multiple 
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layers is even more sharp and defined than HAP_1 (e, f). Going further with magnification (g, h), the 

nanocrystals exhibit greater growth reaching up to 30 nm of length and width above 5 nm. TEM 

images of HAP_3 (i, j) showed agglomerates of crystallites in typical nanorods shape of 

hydroxyapatite, like the HAP_1 and HAP_2. With the images at high resolution (k, l), only some 

regions present an ordered structure, and the crystals boundaries are difficult to distinguish from the 

amorphous phase that seems to characterize most of this sample, indicating a lower degree of 

crystallinity in respect to the first two samples. A similar behaviour was observed for HAP_4. Low-

magnification TEM images (m, n) revealed a longitudinal long-range order, along with agglomeration 

comparable to that of the previous HAP samples; however, at higher magnification (o, p) no ordered 

structure was detected: a continuous amorphous phase is present, composing all the observed 

regions where the atoms rows, which were recognizable in the previous samples, are also impossible 

to be identified  To further confirm the differences between the first two HAP (more crystalline and 

with long range order) and the last two HAP, electron diffraction was employed (Figure S-6-15). For 

HAP_1 and HAP_2, electron diffraction investigation provided information on the structural order of 

the samples: the obtained pattern is rather defined, with cones that do not tend to shade into one 

another, with a slightly more defined pattern for HAP_2, as expected after analyzing TEM analyses. 

On the other hand, electron diffraction measurements on HAP_3 and HAP_4 showed uniform rings 

and the reflections are not distinguishable.  



 

113 
 

 

Figure 4-7 Morphological and structural characterization of the ashes derived hydroxyapatite samples:  
representative TEM images of HAP_1, HAP_2 HAP_3, HAP_4 (a, b, e , f, I, j, m , n). high resolution TEM 
images with magnification (20 and 10 nm) for HAP_1, HAP_2, HAP_3, HAP_4 (c, d, g, h, k, l, o, p).  For HAP_1 
and HAP_2 the average sizes of crystallites are displayed. 

 

Alongside with TEM analyses, X-Ray Powder Diffraction (XRPD) was carried out to examine the 

structure and phase purity of the ash-derived HAP samples. For all the four patterns (Figure 4-8), 

almost all the diffraction peaks were identified and correlated to the hexagonal structure of 

stoichiometric HAP (JCPDS 00-009-0432). Two different patterns can be highlighted: for HAP_1 and 
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HAP_2 all the peaks result sharp and intense due high crystallinity of the samples, while for HAP_3 

and HAP_4 the patterns present noticeably more amorphous patterns where broad peaks merge 

with the broad background. The XRPD data are consistent with TEM investigation and electron 

diffraction analyses where atom rows crystalline planes are well visible for the first two 

hydroxyapatite samples, while long-order lacks for HAP_3 and HAP_4. Furthermore, no secondary 

apatite phases or metal oxide reflections were observed, thereby confirming that all four extraction 

procedures are effective for producing phase-pure HAP and that the minor presence of foreign 

elements does not significantly modify the crystalline structure. Additionally, as confirmed by 

literature, low contact time and maturation time resulted in a more disordered HAP sample (HAP_3 

and HAP_4 in this case).145 

To conclude the morphology analyses of ashes-derived HAP samples, N2 adsorption/desorption 

isotherms were performed to study the specific surface area (SSA) and the porosity of the samples. 

In Figure 4-9, the isotherms, reported for all the HAP samples, present a type IV profile with an H2-

type hysteresis loop, which are typically associated with mesoporous materials. From the isotherms, 

SSA was calculated through 2-paramters BET equation and the results are reported in Table 4-2. 

The SSA values fall between 80 and 120 m2 g-1, consistent with surface area reported in other 

works.146 Particularly HAP_2, which is the most crystalline sample, presented the lowest SSA (83 m2 

g-1) while HAP_3 displayed the highest surface area, 119 m2 g-1, associated with higher amount of 

defects due to the amorphous features of the sample. Pore size and pore volume were then 

calculated on the desorption branch of isotherm, applying B.J. H. model in the 0.3 to 0.9 range of 

p/p0. The mean pore radius is higher than 2 nm for all the four samples, confirming their mesoporous 

nature. Even the pore volume is similar for all the hydroxyapatite samples, with a value around 0.20 

cm3 g-1, which is in good agreement with the values reported in literature. The compositional and 

structural information derived from ICP-OES, TEM, XRPD and BET analyses, confirmed that the 

extraction process of hydroxyapatite from ashes is a feasible way to obtain valorise residues of 

thermovalorisation process. In the next paragraph, structural functionalities were investigated to 

study the chemical properties and the surface features of the ashes-derived HAP samples. 
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Figure 4-8  XRPD pattern of the ashes derived hydroxyapatite samples, with the reference crystallographic 
pattern of hydroxyapatite (HAP) indexed at the bottom. Reflection indexes are indicated according to reference 
pattern (JCPDS 00-009-0432)  
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Figure 4-9 N2 adsorption/desorption isotherm at -196 °C for HAP_1 (blue), HAP_2 (red), HAP_3 (black), 
HAP_4 (orange). 
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Table 4-2 Morphological properties of the ashes-derived HAP samples obtained from N2 adsorption/desorption 
isotherms analyses. 

 Vma 
cm3 g-1 

SSAb, c  
m2 g-1 

Mean pore 
radiusd 

nm 

Pore volumed 
cm3 g-1 

HAP_1 23.76 ± 0.45 103 ± 2 6.1 0.21 

HAP_2 18.98 ± 0.09 83 ± 1 5.9 0.21 

HAP_3 26.71 ± 0.19 119 ± 1 3.4 0.19 

HAP_4 25.12 ± 0.52 110 ± 2 4.3 0.22 

a. Monolayer volume obtained by 2-parameter BET model with proper standard deviation, calculated from propagation 
error of the slope of BET linear fitting (Vm is the inverse of the slope). 
b. The dried sample was outgassed under vacuum conditions (10-2 torr) for 16 hours at 150 °C before analysis.  
c. Evaluated from Vm (according to 2-parameters BET model) The standard deviation was obtained from error 
propagation on Eq. 2-2 starting from the experimental value of Vm (and its relative standard deviation). 
d. Evaluated according to B.J.H. model. 

 

4.2.2.  Structural and spectroscopic characterization 

The structural functionalities of the ash-derived HAP samples were further investigated using 

spectroscopy, providing insights into the presence of characteristic vibrational modes of the moieties 

of the HAP samples such as phosphate groups, hydroxyl environments, and possible lattice 

distortions induced by foreign elements. FT-IR spectroscopy performed on the ashes-derived HAP 

samples revealed distinct absorption bands associated with the vibrational modes of characteristic 

HAP functional groups (Figure 4-10). The spectra confirmed the presence of phosphate groups (ν3 

as asymmetric stretching mode at 1100-1040 cm-1 and ν4 for the bending mode at 600-570 cm-1) and 

hydroxyl groups related both to water adsorbed by HAP samples (as confirmed by TGA analyses) 

and OH structural functional group at 3450-3300 cm-1, respectively, and the signal at 1640 cm-1 for 

OH- bending mode. As expected, the spectra also exhibited carbonate-related bands at 1480-1420 

cm-1 and around 870 cm-1. The bands are assigned to stretching and bending, respectively. These 

features are consistent with either B-type substitution, where CO3
2- ions replace PO4

3- groups within 

the HAP lattice, or with carbonate species adsorbed at the surface. The last hypothesis could be 

related to the absorption of atmospheric CO2 during the extraction process, which could be enhanced 
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by the co-presence with Mg2+, which is known to promote the apatite carbonation and it is present in 

the lattice of HAPs (as confirmed by compositional analyses).147 In contrast, characteristic signals of 

A-type substitution (CO3
2- replacing OH- groups in the lattice) were not detected in the FTIR analyses. 

 

Figure 4-10 FT-IR spectra in the 4000-400 cm-1 range of the ashes-derived HAP samples. Principal 
vibrational modes of bond are highlighted: ν as stretching mode δ as bending mode, respectively. 
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Figure 4-11 Raman spectra in the 350-1200 cm-1 range for all the ashes derived HAP samples. Phosphate 
and carbonates vibrational modes are highlighted. 

Alongiside with infrared spectroscopy, Raman spectroscopy provided complementary insights into 

the presence of phosphate groups and B-type carbonates in the HAP samples. The typical bands of 

symmetric stretching and bending (429, 446, 960 and 1045 cm 1) of phosphate groups are displayed 

in Figure 4-11. As for carbonate signal, only C-O stretching mode is observed at 1073 cm-1, which 

is assigned to typical B-type carbonate band (≈1070 cm-¹), confirming their incorporation into the 

structure of the ash-derived HAP samples.148 No A-type carbonation signals are visible in Raman 

spectra, ruling out the presence of carbonation in OH- groups in the lattice. Raman spectroscopy is 

consistent with FT-IR analyses and furthermore, some peaks in HAP_3 and HAP_4 are broader and 

not-well detectable due to the higher degree of structural disorder in these samples (as confirmed 

by TEM and XRPD analyses).  

As phosphate groups are one of the most important moieties present in the HAP structure, 31P solid 

state nuclear magnetic resonance was exploited to investigate phosphorus’ chemical surrounding. 

The spectra (Figure S-6-16) of the four samples show no significant difference, indicating that P has 

similar chemical surroundings among the different HAP samples, as confirmed by FT-IR and Raman 

spectroscopies. To fully understand P states, deconvolution of P peak was carried out (Figure S-
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6-16). Two protonation states were found and assigned to PO4
3- and HPO4

2- could be indicative, 

respectively, of the presence of a typical structural function and a non-apatitic environment as a 

surface layer. 

4.2.3. Surface characterization 

HAP exhibits multifunctional surface features such as acid-base character that can be tailored during 

synthesis or processing, thus making it a flexible material in different application such as adsorption 

and heterogeneous catalytic processes.149 The study of the surface properties, in terms trough 

different techniques is important to comprehend the surface reactivity and the possible application 

in sustainable process. The surface properties of the ash-derived HAP samples were thoroughly 

investigated by means of XPS, liquid-solid titration and adsorption microcalorimetry. 

Table 4-3 XPS results: surface composition of the ashes derived hydroxyapatite samples. 

Element 
Atomic percentagea (%) 

(Binding Energy from XP spectra / eV) 

 HAP_1 HAP_2 HAP_3 HAP_4 

P 2p 
8.57 

(132.72) 
8.15 

(132.57) 
8.73 

(132.84) 
8.95 

(132.83) 

Ca 1s 
3.31 

(284.60) 
3.83 

(284.60) 
3.7 

(284.60) 
3.89 

(284.60) 

Ca 2p 
16.57 

(346.95) 
16.18 

(346.69) 
16.49 

(346.84) 
16.64 

(346.82) 

O 1s 
66.01 

(531.19) 
65.74 

(530.84) 
65.63 

(530.89) 
65.30 

(530.85) 

Mg 1s 
5.24 

(1304.05) 
5.79 

(1303.26) 
5.12 

(1303.50) 
4.84 

(1303.50) 

Ca/P ratio 1.93 1.99 1.89 1.86 

a. The percentages are corrected by ruling out the contribution of the adventitious carbon (C-C at 284.60 eV). 
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The surface chemical composition of the ash-derived HAP samples was verified using XPS. The 

survey spectra (Figure S-6-17) identifies as elements present in the surface: Mg (1304 eV), O (532 

eV), Ca (348 eV), C (286 eV) and P (133 eV). From survey, only Mg is detected as external elements 

on the surface in an atomic percentage between 4% and 5% while Al, Si, Na and Fe are not present 

in the survey spectra. The XPS differs from EDX and ICP analyses (where different hetero atoms 

were present), assessing the incorporation of external elements in the bulk of the hydroxyapatite 

structure, avoiding surface segregation during extraction processes. The absence of these elements 

would not influence surface properties, changing the overall surface reactivity of HAP samples. The 

quantification of surface composition is reported in Table 4-3, and, also, the Ca/P ratio (one of the 

most important features for hydroxyapatitic materials) differs from ICP and EDX analyses. From XPS 

analyses, the surface Ca/P ratio is higher than stoichiometric HAP for all the four samples. According 

to the literature, such high values (Ca/P > 1.85) would suggest firstly, a Ca-enrichment on the surface 

and secondly an amphoteric character shifted towards basicity.150 Regarding the C content, two 

different main peaks are visible in C 1s HR spectra (Figure 4-12, a-c-e-g), that after deconvolution 

are subdivide in the peaks concerning the adventitious carbon (C-C peak at ≈285.0 eV and C-O 

peak at 286.0 eV) and the carbonate species present on the surface at approximately 290 eV.151 

The C atomic percentage is approximately below 4 % for all the four ashes derived HAP samples 

with the lowest amount being HAP_1 with 3.31%, as a matter of fact looking at deconvolution spectra 

of HAP_1 displayed in Figure 4-13-a, three main components of adventitious carbon can be 

subdivided and centred at  285.11 eV, 286.00 eV and 288.46 eV related to C-C, C-O and C=O bond, 

respectively. For HAP_2, HAP_3 and HAP_4 (Figure 4-13, c-e-g) the adventitious carbon peak was 

divided into two main peaks related to C-C and C-O peak. For the three samples the binding energy 

were approximately at 285 and 286 eV (respectively), without significant energetic shifts, confirming 

the quasi-pure HAP surface. Looking at O 1s HR spectra, for the four samples two main peak are 

visible after the deconvolution of the main peak (Figure 4-13): the main component of O 1s HR 

spectra is related to the contribution of O belonging to the lattice of HAP samples with relative 

energies at 531 eV; the second component, less intense, is related to the coupling of O vacancies 

present on the surface and the oxygen of carbonates.152,153 For Ca, P and Mg, representative HR 
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spectra and relative deconvolution are showed in Figure S-6-18 and Table S-6-2. For Ca 2p spectra, 

two main peaks centred at 347.64 and 351.22 eV are identified and associated with Ca 2p3/2 and Ca 

2p1/2 components proper assigned to the Ca-O bond. No Ca-CO3 signal was identified from the 

deconvolution of the HR spectra. For P 2p component, no proper deconvolution was carried out due 

to the highly symmetricity of the sample. As reported in literature, the absence of phosphate 

vacancies on the surface structure can lead to sharp and symmetric P peaks. Notably, looking at Mg 

1s HR spectra, two main components were identified and centred at 1304.51 and 1305.02 eV. The 

first peak was attributed to Mg-O bond, the latter, interestingly, was assigned to Mg-CO3 bond, during 

extraction process the formation of MgCO3 could occur on the surface of HAP, as also reported in 

literature for Mg-substituted HAP The XPS analyses confirm the presence of only Mg as external 

atoms present on the surface and also confirm the carbonation of ashes-derived samples: the 

presence of carbonate (alongside the absence of phosphate vacancies), particularly at the surface, 

is a further confirmation of the spectroscopic analyses carried out with FT-IR and Raman, where B-

type carbonation were identified for all the four samples. 
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Figure 4-12 High Resolution (HR) XP spectra of C 1s (left) and O 1s (right) of the ashes-derived HAP samples: 
HAP_1 (a,b), HAP_2 (c,d), HAP_3 (e, f) and HAP_4 (g h), respectively. The principal deconvoluted peaks are 
indicated (all the collected data were processed with the peaks shifted by ruling out the contribution of 
adventitious carbon C-C at 284.6 eV). 
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Figure 4-13 Adsorption isotherms of PEA (for acidity, right) and BA (for basicity, left) probes collected in cyclohexane at 30 C on HAP_1 (a) and HAP_2 (b) samples, 
collected in solid-liquid phase titration recirculation system. Full and empty markers represent I° run adsorption and II run adsorption on the surfaces. Blue lines 
and red lines represent the calculated Langmuir curves of PEA and BA adsorption on total and weak sites. The histogram (c) displays the distribution of the total 
number of sites into strong and weak sites (for details, see 1.2.3). 
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Figure 4-14 Adsorption isotherms of PEA (for acidity, right) and BA (for basicity, left) probes collected in cyclohexane at 30 °C on HAP_3 (a) and HAP_4 (b) 
samples, collected in solid-liquid phase titration recirculation system. Full and empty markers represent I° run adsorption and II run adsorption on the surfaces. 
Blue lines and red lines represent the calculated Langmuir curves of PEA and BA adsorption on total and weak sites. The histogram (c) displays the distribution of 
total number of sites into strong and weak sites (for details, see 1.2.3). 
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After assessing the chemical composition of the multifunctional surface of HAP samples, the study 

of the amphotericity undergoes through the study of nature, the number, the density, and the strength 

of acid and basic sites. The first step is to understand what type of sites are present on the surface: 

whether they act like Brønsted acids that donate protons, Lewis acids that accept electron pairs, or 

basic centres linked to oxygen atoms or hydroxyl groups. Then, it becomes important to study how 

many sites each surface possesses and the density of the sites, directly related to the availability 

and so the reactivity of the surface. Finally, the strength must also be considered, because weak 

and strong sites often lead the system down very different chemical pathways. Unfortunately, 

studying the exact nature of the sites is technically challenging: for example, using CO₂ adsorption 

with infrared spectroscopy gave back little information, as the sample carbonation hinder clear 

identification of basic sites (in the case of CO2). As confirmed by structural and morphological 

analyses, the ashes-derived samples fell in the family of hydroxyapatite and therefore, hypothetically 

typical acid-base moieties could be found on the surface of the material, such as phosphate 

(Bronsted acid), hydroxyl vacancies (Lewis acid), Ca2+ sites (Lewis base), calcium vacancies and 

oxygen vacancies (Bronsted base).149,154–156 

Concerning the acid-base functionalities of the ashes-derived HAP samples surfaces, the number of 

acidic and basic sites was determined by liquid–solid titrations in cyclohexane at 30  C 

using phenylethylamine (PEA) and benzoic acid (BA) as probe molecules through the recirculation 

chromatographic method by liquid-solid phase titrations. The titrations were carried out in a non-

polar and aprotic solvent like cyclohexane to determine the intrinsic acidity/basicity. In Figure 4-13 

and Figure 4-14, the adsorption isotherms are reported adsorption for HAP_1, HAP_2, HAP_3 and 

HAP__4. From the analysis of adsorption isotherms using the Langmuir model, the number of acid 

and basic sites was calculated and is reported in Table 4-4. All the Langmuir parameters (nads, bads 

and R2) are reported in Table S-6-3 for the fresh ashes derived HAP samples. 

For all samples, the number of basic sites exceeds that of acid sites, confirming the overall basic 

character of the ash-derived HAP samples, as expected from initial evaluation from Ca/P ratio. 

HAP_1 and HAP_2 exhibited a very low amount of acid sites (98 and 82 µeq g⁻¹, respectively), 
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roughly half of the corresponding basic sites (215 and 232 µeq g-1). For HAP_3 and HAP_4, basic 

sites (308 and 328 µeq g-1) were about three times more abundant than acid sites (124 and 130 µeq 

g-1). 

For a further comparison of the number of acid/base sites in the four samples, the surface densities 

of acid/base sites (expressed as μeq m−2), obtained by normalizing the number of acid-base sites to 

the surface area of each sample, should be considered. Since HAP_3 and HAP_4 have a slightly 

higher SSA than HAP_1 and HAP_2, when comparing acid site density values, the differences 

between the four samples become negligible, reaching a value around 1 μeq m-2 for all the four 

samples. In contrast, for basic site density, the distinction between crystalline and amorphous 

samples is preserved: HAP_1 and HAP_2 show values of about 2 and 2.5 μeq m-2, respectively, 

whereas the amorphous HAP_3 and HAP_4 display higher densities, reaching approximately 3 μeq 

m-2, confirming the enhanced basicity of the latter two and more amorphous samples. 

It is important to notice that higher amount of number acid site is typically associated with foreign 

elements incorporated in the HAP structure. In this case, Mg influenced the acidity of the samples 

as the amount is higher in HAP_3 and HAP:4 than HAP_1 and HAP:2, resulting in a slightly 

enhanced acidity. As expected from both morphology and the Ca/P ratio, the most amorphous 

sample displayed the highest intrinsic basicity due to exposed defects. A higher prevalence of basic 

over acidic sites was particularly evident when focusing on strong sites. Strong sites were quantified 

from the numerical interpretation of the isotherm curves obtained in the first and second adsorption 

runs (described in Paragraph 6.3). For acid strong sites, for all the four samples, the 50% of the 

titrated samples are attributed to strong sites. On the other hand, basic strong sites constituted the 

majority of the sites, approximately 60 to 80%: for HAP_1 and HAP_2, the results showed 149 and 

115 µeq g⁻¹, respectively. Particularly, HAP_3 and HAP_4 showed not only higher total basic sites 

but almost doubled number of strong basic sites than HAP_1 and HAP_2. From the elaboration of 

adsorption isotherms, HAP_3 possesses 233 µeq g⁻¹ while HAP_4 shows 243 µeq g⁻¹. Analysing 

the index of amphotericity, expressed as acid-to-base ratio (A/B), it decreases from the more 

crystalline samples to the more amorphous ones: HAP_1 and HAP_2 showed a ratio around 0.30-
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0.38 and HAP_3 and HAP_4 exhibited the highest overall basicity, with A/B ratios of 0.30 and 0.27. 

Even if the amphotericity index is similar for HAP_1 and HAP_3, the absolute number of acid sites 

and basic sites are quite different: notably HAP_3 showed higher number of sites. The higher number 

of sites for the third sample than HAP_1 is related to a particular morphology enriched with different 

defects in the amorphous part of the structure, as discussed from TEM and XRD analyses. 

Additionally, HAP_3 exposes higher number of sites due to highest specific surface area (SSA) 

among the four samples. Furthermore, for HAP_3, a shift towards basicity with high number of basic 

sites (total and strong ones) was also expected from the highest Ca/P ratio (2.08 ca.), compared to 

the other samples. 

With liquid-solid titration, the evaluation of strength is quite qualitative: the only parameter that 

evaluates the strength of the sites is the Langmuir parameter (bads), reported for all the samples in 

Table S-6-3. Overall, the Langmuir constants are quite consistent with the total, weak and strong 

sites of the HAP samples: in particular, the higher bads is related to the strong sites and 

consequentially the bads of weak sites corresponds to the weak sites. The strength of acidic and basic 

sites, along with the distribution of site strength on the ashes derived HAP samples was studied in 

greater detail through microcalorimetric-volumetric measurements157 of base (NH3) and acid (SO2) 

probe molecule adsorption at 80°C, with the work of Dr. Luca Previtali in collaboration with Institute 

for Research on Catalysis and the Environment (IRCELyon, Lyon, FR).  

The volumetric isotherms of adsorption for the ash-derived HAP samples are reported in Figure 4-15 

(a), and Figure 4-16 (a) for both NH3 and SO2 analyses. The results of volumetric isotherms are 

reported in Table 4-4. As for acidity, from the volumetric isotherms of NH3 adsorption, HAP_3 

emerges as the samples with the greatest amounts of acid surface sites (409 µeq g⁻¹). Moreover, 

the more amorphous samples (HAP_3 and HAP_4) overall present a higher number of sites when 

compared to the more crystalline HAP_1 and HAP_2, that possess 315 and 301 µeq g⁻¹, 

respectively. The results are consistent with solid-liquid adsorption with PEA. Simultaneously with 

the volumetric measurements, the enthalpies of adsorption of the probe molecules were recorded 

as a function of equilibrium pressure. The resulting calorimetric isotherms, shown in Figure 4-15 (b), 
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illustrate that the heat evolved initially rises sharply, reflecting the interaction of the probe with the 

strongest acidic sites first. As the strongest sites are filled, the curve flattens, reflecting adsorption 

on progressively weaker acidic sites. Throughout the entire series, HAP_3 and HAP_4 show 

consistently higher heats of adsorption (38.0 and 33.4 J g-1) than HAP_1 and HAP_2, indicating 

greater strength of acidic sites. Observing the differential heats, all samples appear to have a 

considerably heterogeneous acidic surface. In Figure 4-15 (c), the curves show steep changes in 

slope, indicating at least a bimodal distribution of acidic sites. A plateau can be observed for all the 

samples around 60-80 kJ mol-1, which corresponds to the filling the medium-strength acidic sites. 

After the common plateau, the more crystalline HAP_1 and HAP_2 exhibit a sharper decrease in 

heat evolution, corresponding to the weakest sites. This suggests that the preparation method 

influenced the distribution of acidic site strengths, likely through differences in crystal structure that 

affect the types of acidic functionalities exposed at the surface. Furthermore, to better understand 

surface heterogeneity, the evolved heats were divided into discrete, consecutive intervals, and the 

probe molecule uptake was quantified for each interval to define distinct populations of acidic sites 

(Figure 4-15, d). This division allows the visualization of the most significant site populations. For 

NH₃ measurements, many surface sites fall within a medium-strength range (50-100 kJ·mol⁻¹). A 

small population of weaker sites are observed for HAP_1 and HAP_2. On the other hand, HAP_3 is 

the only samples exhibiting a small population of sites with heats above 150 kJ·mol⁻¹, confirming 

that the more amorphous samples possess the strongest acidic sites among the ash-derived 

samples studied, as a further confirmation of solid-liquid titration analysis. 
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Figure 4-15 NH3 Adsorption microcalorimetric results. Volumetric isotherm (a), calorimetric isotherm (b), 
differential heat of adsorption of NH3 (c) collected at 80°C on the four ashes derived hydroxyapatite samples. 
Distribution of acid sites as a function of acidity strength (d). 

 

Regarding basicity, SO2 volumetric microcalorimetry adsorption were carried out. The volumetric 

isotherms (Figure 4-16, a) showed higher number of basic sites on the surface of the four HAP 

samples, than acid sites, confirming once more the shift towards basicity of the amphotericity of 

HAP. Even in this case, HAP_3 and HAP_4 display higher amount of total basic sites and strong 

sites: 500 µeq g⁻1 and 463 µeq g⁻1 for total basic sites, respectively. Considering HAP_1 and HAP_2, 

the more crystalline samples, both exhibit 352 and 388 µeq g⁻1 as total basic sites, respectively. 

Furthermore, 90% of the titrated sites are strong basic sites, as occurred in the case of BA solid-
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liquid titration for all the four samples (Table 4-4). Simultaneously with the volumetric measurements, 

the enthalpies of adsorption of the basic probe molecules were recorded as a function of equilibrium 

pressure to better characterize the surface basicity. The resulting calorimetric isotherms display a 

consistent trend: at low equilibrium pressures, a sharp increase in the amount adsorbed and in the 

evolved heat indicates interaction with the strongest basic sites, which are occupied first. As the 

adsorption progresses, the four curves gradually flatten, reflecting the filling of weaker basic sites. 

Even in this case, two cases can be identified: HAP_1 and HAP_2 feature lower enthalpies around 

53-57 J g-1 while the more amorphous samples reach approximately 70 J g-1 as evolved heat, 

meaning stronger interactions on basic sites. Finally, to assess the presence of different populations 

of basic sites with prevalence of strong sites, a plateau is observed at heat values of 150 kJ mol-1 in 

the differential heat curves for all the four samples. Then, in the medium strength range, HAP_3 and 

HAP_4 show once more the higher amounts of basic sites (Figure 4-16 c): particularly, HAP_3 

showed the overall number of basic sites but also the stronger sites as it can be seen from the 

discrete interval of differential heats (Figure 4-16, d).  
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Figure 4-16 SO2 Adsorption microcalorimetric results. Volumetric isotherm (a), calorimetric isotherm (b), 
differential heat of adsorption of SO2 (c) collected at 80°C on the four ashes derived hydroxyapatite samples. 
Distribution of basic site as a function of basic strength (d).  

 

From the physico-chemical characterization and surface analyses performed, it is important to 

highlight the possibility of modulating the morphological and surface properties, with particular 

attention to the acid-base feature. Generally, the amphoteric behaviour (A/B ratio) of all the ash-

derived HAPs was shifted toward basicity, in agreement with the compositional and surface Ca/P 

ratios. In particular, the more amorphous HAP_3 and HAP_4 samples exhibited a higher number of 

both acidic and basic sites compared to HAP_1 and HAP_2. This suggests that the preparation 

pathway may influence the strength of the surface sites, possibly due to differences in crystallinity 
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and the presence of defects that affect the nature of the functional groups exposed on the surface. 

Modulating and tailoring such properties pave the way for promising applications in key fields such 

as environmental remediation and catalysis.158,159  
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Table 4-4 Summary of the surface acidity properties of the ashes-derived hydroxyapatite samples: surface acid and base sites measured by solid-liquid phase 
titration at 30°C ± 0.1 in cyclohexane and adsorption microcalorimetry at 80°C ± 0.1. 

 Solid-liquid titration Adsorption microcalorimetry 

 
Total 
acid 

sitesa 

Strong 
acid 

sitesb 

Total 
basic 
sitesa 

Strong 
basic 
sitesb 

A/Bc 

Acid sites 
from I 

adsorption 
rund 

Acid 
chemisorption 

sitese 

Basic sites 
from I 

adsorption 
rund 

Basic 
chemisorption 

sitese 

A/Bc 

 µeq g-1  µeq g-1  

HAP_1 98 46 215 149 0.31 315 116 352±0.21 302±6 0.38 

HAP_2 82 44 232 115 0.38 301 115 388 330 0.35 

HAP_3 119±6 61±15 309±1 233±1 0.30 409 158 503 439 0.36 

HAP_4 125±11 60±18 328 243 0.27 363 120 463 401 0.30 

a. Total sites obtained from I run of solid-liquid phase titration with PEA (for acidity) and BA (for basicity). The analyses are reproduced three times for some samples to verify the 
reproducibility of the analyses. After the reproducibility the error percentage is 3% < Ɛ < 10%. 
b. Strong sites obtained from the difference between sites obtained from I run and II run of solid-liquid phase titration. The analyses are reproduced three times for some samples 
to verify the reproducibility of the analyses. After the reproducibility the error percentage is 3% < Ɛ < 10%. 
c. The A/B ratio (amphotericity index) was calculated on strong acid and strong basic sites ratio of the solid-liquid adsorption (6th column) and volumetric microcalorimetry (11th 
column). Particularly, for adsorption microcalorimetry, only the chemisorbed amount was considered for the A/B. 
d. Moles of probe molecule adsorbed on the bare sample during the first adsorption run. They were calculated by interpolating the experimental amounts adsorbed at the fixed 
equilibrium pressure Peq= 0.2 torr. To confirm reproducibility, the analysis was repeated only on HAP_1, giving an error percentage Ɛ < 1%. 
e. Moles of probe molecule chemisorbed calculated by the difference of the total amount of probe molecule adsorbed in the first run (c) and the total amount re-adsorbed. To 
confirm reproducibility, the analysis was repeated only on HAP_1, giving an error percentage Ɛ = 2%. 
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4.2.4. Influence of the aqueous system on the structural properties 

and surface features of the ashes-derived hydroxyapatite. 

Among the various media involved in these processes, water represents one of the most important 

and widely used solvent. Therefore, after investigating the intrinsic properties of the ash-derived 

samples, the following section focuses on studying the effect of water on the structural and surface 

characteristics of the HAP samples. Then, the HAP samples are examined directly in aqueous media 

(effective properties), with a specific application in the catalytic reaction of glucose isomerization. 

One of the most important properties of hydroxyapatite is its limited solubility under neutral 

conditions, which makes it an excellent support for catalytic reactions in aqueous media. Even tough 

HAP shows low solubility, the hydroxyapatite surface in contact with an aqueous environment 

undergoes a dynamic equilibrium where a continuous exchange of ions occurs. This process is found 

at the interface promoting the formation of a hydrated layer of hydroxyapatite which consists of 

flexible bonds of calcium, phosphate, hydroxyl ions and water molecules adsorbed on the surface of 

HAP. Due to the properties of the hydrated layer to be dynamic, it can continuously modify the overall 

properties of HAP, so the modification of the HAP due to water as solvent are herein studied both 

for the structure and the typical surface characteristics.160   

For the study of stability of ashes-derived HAP samples, each material was kept in contact with milliQ 

water at 90°C for 8 hours, to mimic catalytic conditions with relatively high temperatures. The 

suspension was then filtered and the solid was recovered and dried to undergo structural and surface 

characterization analyses. 

4.2.4.1. Morphological and structural characterization 

To study the morphological changes after water treatment, XRPD analyses were carried out and 

compared with the patterns of fresh samples, showed in Figure 4-17. No significant differences are 

detected between the fresh and water treated samples. The main peak reflections (002), (210), 

(211), (222), (213) and (004) at respectively 2θ of 26°, 28°, 33°, 47°, 49° and 53° are well sharped 

and visible, thus confirming the stability of hydroxyapatite phase after harsh water treatment.  A slight 
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difference can be observed in HAP_3 and HAP:4 samples, where some less intense peak in the 

region of between 2θ of 15° to 25° disappeared due to the broad background. In the most amorphous 

sample, the interaction with water slightly changes the short-range regularity enhancing marginally 

the apatite amorphous phase.  

 

Figure 4-17 Comparison of XRPD pattern of the ashes derived hydroxyapatite samples after water treatment 
(continuous line) in comparison with the fresh sample (dotted line, see Figure 4-8). 

To conclude the morphology analyses of ashes-derived HAP samples, N2 adsorption/desorption 

isotherms were carried out to study the specific surface area (SSA) and the porosity of the samples, 

after water treatment. In Figure 4-18, the adsorption isotherms are reported and for all the four 
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samples, the loss of mesoporosity is visible from the type of isotherms displayed. HAP_1 and HAP_2 

does not show the typical type IV isotherms, which they possess before water treatment. In HAP_3 

and HAP_4, a very small mesoporosity is detected at relative pressure (p/p0) above 0.7. Even 

though the porosity of the samples is different, the specific surface area decreased generally of 10-

15%. HAP_3 was the only sample affected the most by the water treatment as its SSA decreased 

from 119 m2 g-1 to 75 m2 g-1. Even looking at the pore volume of samples (Table 4-5) after water 

treatment, the decreasing of pore volumes for each sample is further evidence of a minimal change 

in morphology. Due to the water treatment, the overall structure of the samples remains stable, as 

confirmed by XRPD patterns, but the morphology of crystallite is slightly changed. The water 

molecules could modify the structure forming lamellar and more open agglomerates, due to the 

dissolution-reprecipitation phenomena, which HAP is known to undergo.161,162 For more amorphous 

samples, where a high number of defects, that can interact with water, is higher, the phenomenon is 

enhanced, explaining why HAP_3 is the most affected sample, in terms of specific surface area. 

Another possibility is the partial leaching of structural ions of HAP samples, that affected the overall 

changes in porous shape and surface area exposed. 
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Figure 4-18 N2 adsorption/desorption isotherm at -196 °C of ashes derived HAP samples after water treatment. 
(For fresh ashes derived HAP samples see Figure 4-10).  



 

139 
 

Table 4-5 Comparison of morphological properties of fresh HAPs and water treated ashes derived HAP 
samples. 

 Water treated samples 

Sample 
Vm

a  
cm3 g-1 

SSAb, c 
m2 g-1 

Pore volumed 

cm3 g-1 

HAP_1 21.11± 0.45 92± 2 0.12 

HAP_2 18.05± 0.19 78± 1 0.13 

HAP_3 17.13 ± 0.23 75± 1 0.09 

HAP_4 24.39 ± 0.35 106±2 0.11 

a. Monolayer volume obtained by 2-parameter BET model with proper standard deviation, calculated from propagation 
error of the slope of BET linear fitting (Vm is the inverse of the slope). 
b. The dried sample was outgassed under vacuum conditions (10-2 torr) for 16 hours at 150 °C before analysis.  
c. Evaluated from Vm (according to 2-parameters BET model) The standard deviation was obtained from error 
propagation on Eq. 1-2. 
d. Evaluated according to B.J.H. model. 

 

4.2.4.2. Acid-base surface characterization 

After water treatment the bulk structure of hydroxyapatite remain stable as confirmed by XRPD 

analyses and the morphology with relative surface area demonstrates to have only minor differences. 

Once assessed the principal structural properties, it is important to focus on the possible change of 

surface functionalities of the HAP samples. The ashes derived hydroxyapatite samples were then 

analysed in solid-liquid titration with basic (PEA) and acid (BA) probe in cyclohexane to monitor and 

analyse the number of sites after water treatment. In doing so, the study aims to comprehend if the 

surface of hydroxyapatite is as stable as the bulk of the materials, even in water the surface 

undergoes in a non-apatitic dynamic layer. The adsorption isotherms with PEA and BA are showed 

in Figure S-6-19 and the total sites calculated applying Langmuir model (which parameters are 

indicated in Table S-6-4) are reported in Figure 4-19 and Table 4-6. In the table, the total sites of 

the fresh samples are also reported to have a quantitative comparison.  
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Figure 4-19 Representation of total acid (red) and basic (blue) sites, determined by solid-liquid titration in 
cyclohexane at 30°C of HAP water treated samples. In dotted line, total acid and basic sites of fresh HAP 
samples are displayed. The collected isotherms are represented in Figure S-6-19 For information of 
quantification of the strong and weak sites see Table S-6-4.  

 

Based on the adsorption isotherms preliminary evaluation, the basicity features of ashes derived 

HAP samples is still confirmed even after water treatment. For all the four samples, there is still 

predominance of total basic sites over total acid sites. Looking more specifically at the total acid 

sites, the water treated samples possess the same number of acid sites of fresh HAPs (also 

considering the error tolerance of 8-10% of technique of solid-liquid titration). HAP_1, HAP_2 and 

HAP_3 possess approximately ≈100 µeq g-1 which was consistent with the fresh total sites. For 

HAP_4, since the total acid sites dropped from 130 µeq g-1 to 112 µeq g-1, which is 13% fewer than 

the total sites of fresh samples, it appears that only HAP_4 was the sample that appeared to be 

impacted slightly more by water treatment. As for strong and weak sites, no remarked differences 

are observed as expected from the calculated total sites. Notably, HAP_2 and HAP_4 water treated 
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(WT) possess lower number of strong sites (0.029 µeq g-1 and 0.0.0436 µeq g-1, respectively), which 

value is halved the value of fresh sample. On the other hand, the weak acid sites increased for both 

the samples resulting in an overall acidity as similar as the fresh sample. The formation and 

dissociation of hydrated layer changed partially the exposed sites for HAP_2 and HAP_4, 

maintaining a ratio between strong and weak sites very comparable to the fresh samples.  

Considering the basicity of the water treated HAP samples, the total number of sites decreased 

approximately by 10% to 20%. The more affected samples are HAP_1 and HAP_4 which sites 

passed from 215 to 256 µeq g-1 and 328 to 271 µeq g-1, respectively. Focusing on strong basic sites 

(Table S-6-4), for all the four samples the number of sites is marginally decreased confirming once 

more that the hydrated layer modified the exposure of sites. Notably, HAP_4 was the sample that 

seemed to suffer more the water treatment. Looking at amphotericity index, even after water 

treatment, the basic features are still confirmed for all the four samples. Notably the acidity-basicity 

ratio (A/B) is as similar as for the fresh samples considering HAP_1 and HAP_4. A more pronounced 

difference is observed for HAP_2 and HAP_4: the surface restructuration by water molecules 

enhanced more the strong basicity features of HAP_2 (from 0.38 to 0.25) and for HAP_4 (from 0.27 

to 0.22).   

Concluding the assessment of properties after water treatment a different behaviour of crystalline 

samples from amorphous ones is observed. After water treatment, HAP_1 and HAP_2 are typically 

very stable, with minimal changes in surface amphotericity. Referring to the two amorphous samples, 

HAP_3 and HAP_4, the greater number of surface and structural flaws can interact with water, and 

this water-surface interaction can cause some surface rearrangement of the sites. While the 

alterations for HAP_3 are appropriately tied to the material's morphology, the rearrangement for 

HAP_4 involves the surface acido-basicity of the materials. This confirms further the relationship 

between amorphous features (with relative defects) and water interactions.163 It is important to focus 

that all the modification induced by water treatment are not in large extent that modify entirely the 

morphological structure and surface features. The hydrodynamic layer formed on the surface of 

HAP, upon drying, tends to revert toward the pristine configuration. The removal of adsorbed water 

seems to promote local reorganization in form of recrystallization of HAP surfaces. The water 
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exposure and the subsequent drying is a process largely reversible: such transitions between dried 

and hydrated layer highlight once more the dynamic nature of HAP: particularly the structural and 

chemical stability of ashes-derived samples. 

Table 4-6 Summary of surface acid and base sites measured with solid-liquid phase titration at 30 °C ± 0.1 in 
cyclohexane for ashes derived fresh HAPs sample and water treated HAPs. 

Water treated samples 

 Acid sitesa 
Variation of 
acid sitesa 

Basic sitesa 
Variation of 
basic sitesa 

 

 µeq g-1 % µeq g-1 % A/Bb 

HAP_1 WT 101 3 256 16 0.29 

HAP_2 WT 86 4 209 10 0.25 

HAP_3 WT 129 4 282 8 0.36 

HAP_4 WT 112 13 271 14 0.22 

a. Total sites obtained from I run of solid-liquid phase titration with PEA (for acidity) and BA (for basicity). Each value is 
coupled with variation of number of total sites in respect to fresh sample. 
b. The amphotericity index was calculated on strong acid and strong basic sites ratio of the solid-liquid adsorption (6th 
column). 

 

Once confirmed the reversibility of the process of formation-disappearance of hydration layer 

formation on HAP surfaces upon water exposure and drying, the amphotericity of ashes-derived 

samples was quantified directly in water. The solid-liquid titrations were carried out to calculate the 

effective acido-basicity ratio (E.A/E.B.). The exemplificative collected adsorption isotherms of PEA 

and BA in water are displayed in Figure 4-20 and the quantified total acid and basic sites are 

reported in Table 4-7. From a preliminary analysis, the total basicity prevails on the acidity of the 

sample: the basic sites are three times higher than acid sites: specifically, the basic sites exposed 

in water are 50 µeq g-1 and the total acid sites are much lower (12 µeq g-1). At this very low amount 

of acid and basic sites, the detection of weak sites (by II run of liquid-solid titration) became very 
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difficult, preventing the subdivision of strong and weak sites. From the adsorption isotherms in water, 

it seems that total acido-basicity resemble strong acido-basicity. 

 

Figure 4-20 Adsorption isotherms of BA (left) and PEA (right) in water at 30°C on HAP_2 as an example of 
ashes derived HAP sample. Full markers represent I° run adsorption and blue and red lines represent 
Langmuir curves of BA and PEA adsorption, respectively. II run was not operated due to the low number of 
adsorption sites. 

Furthermore, to highlight the importance of the hydrated layer, discussed above, a comparison 

between total acido-basicity in cyclohexane and water has been made (Table 4-7). The acid sites in 

water drastically reduced by 1/10 (from 82 to 12 µeq g-1) while the basic sites were depleted by the 

75 %. The formation of hydrated layer, though it is a key feature of HAP and very useful for ions 

mobility, tends to cover quite completely the surface itself, hindering quite large probe molecules 

(PEA or BA, in this case) to interact with the acid or basic sites. Many studies reported that the 

adsorption properties for water on HAP surfaces depends firstly on the surface of crystalline plane 

exposed; secondly the interaction between water molecules and constituents was based not only on 

physisorption but on chemisorption with dissociation of H2O and formation of Ca-OH and PO-H 

covalent bonds HAP surface.162  
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Table 4-7 Comparison of the total surface acid and base sites measured in cyclohexane at 30°C (intrinsic 
acidity/basicity) and in water (effective acidity/basicity) at 30°C for HAP_2, trough solid-liquid titration in a 
recirculation system. 

 Cyclohexane Water 

 Acid sitesa Basic sitesa Acid sitesa Basic sitesa 

 µeq g-1 µeq g-1 

HAP_2 82 232 12 50 

a. Total sites obtained from I run of solid-liquid phase titration with PEA (for acidity) and BA (for basicity). 
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4.2.4.3. Catalytic isomerization of glucose into fructose by ashes derived HAP 

samples. 

The chemical conversion of glucose to fructose (Scheme 4-1) has been known for the past 100 

years and constitutes one of a group of reactions collectively known as the Lobry de Bruyn-

Alberdavan Ekenstein transformation.164 

 

Scheme 4-1 Reaction scheme of glucose isomerisation into fructose. 

The reaction is an equilibrium reaction, slightly endothermic (ΔH = 2.78 kJ·mol−1) and with a free 

energy Gibbs positive, making it a reaction where the glucose species are predominant in respect to 

the fructose molecules. The study of catalytic system became so necessary to improve fructose 

production both for food industry and chemical manufacture. Since glucose is the building block of 

different biomass and also the main reagent for producing fructose reason, the isomerisation reaction 

is a key step in chemical processes.165 One chemo-catalytic pathway, explored beyond the 

enzymatic route, is the homogenous catalytic conversion of glucose into fructose, which passes 

through basic catalysis. Through basic homogeneous catalyst, the mechanism of the reaction was 

futher confirmed, assessing the enediol mechanism involving the following steps: D-glucose ↔ trans-

enediol ↔ D-fructose, as represented in Scheme 4-2. Particularly, the enediol anion intramolecular 

proton shift was the rate-determining step, based on kinetic data. Generally, strong inorganic bases 

(e.g., sodium hydroxide, calcium hydroxide, alluminate complexes) have been shown to be 

favourable for converting glucose to retro-aldolization byproducts via cation-ketose complexes, thus 

giving a poor fructose selectivity but very high conversion.166. 
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Scheme 4-2 Reaction mechanism for the homogeneous phase base-catalysed isomerization of glucose to 
fructose. 

 

Since base-catalysed isomerisation is one of the possible mechanism, solid base catalysts can be 

used for glucose isomerization such as basic resins, metal oxides and hydrotalcites. 167 Furthermore, 

thanks to easy product identification and manageable experimental setup, glucose isomerisation has 

been chosen as model reaction to evaluate the different surface properties of ashes-derived HAPs.  

Alongside these established materials, hydroxyapatites (HAP) derived from waste incinerator ashes 

are emerging as a sustainable inorganic base catalyst, as in the previous paragraph marked basicity 

and stability after water treatment have been assessed. Through this first evaluation by this specific 

reaction model, waste derived HAP samples could open the possibility to behave as catalytic 

materials for biomass valorisation. The choice of selecting the isomerisation of glucose as catalytic 

reaction for HAP samples is related to the consideration of this reaction as a model one. In 

heterogenous catalysis, model reactions are well-defined transformations, characterized by a known 

and widely accepted reaction mechanism. The concrete information about one specific reaction 
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make it suitable for extracting fundamental structure-activity relationships. By relying on these 

“known” systems, model reactions allow the identification of the key physico-chemical features that 

a catalyst must possess such as specific surface area, porosity, nature and strength of active sites, 

their accessibility and so on. A model reaction can be viewed as a diagnostic tool to reevaluate 

rationally the material optimization.168 The glucose isomerisation to fructose represents a prototype 

of base-catalysed enediol mechanism reaction. Owing to this well-established pathway, it enables a 

rational evaluation of the correlation between catalytic activity (conversion and selectivity) and the 

morphological and surface properties of the ash-derived HAP samples. In particular, relationship can 

be drawn with porosity, number of acidic-basic sites, the influence of amphoteric character, and 

catalyst stability under aqueous conditions, which is critical for reactions involving biomass-derived 

substrates.169 More broadly, the use of model reactions also provides valuable information on 

experimental design, helping to identify suitable reaction conditions and analytical protocols, as well 

as practical limitations such as mass transfer effects, catalyst deactivation, and reproducibility 

issues. 

Following the procedure explained in the Experimental section (2.4), independent tests were carried 

out on the four ashes-derived HAP samples at fixed temperature (120°C). In Figure 4-21, the main 

catalytic results are displayed: for each HAP, the moles of glucose converted, and the moles of 

fructose produced are depicted as a function of time. The glucose isomerisation as already 

mentioned is an equilibrium reaction and for all the four curves the same trend can be observed: 

after a drop of glucose moles in the first 30 minutes, a plateau is reached. In the meantime, the 

fructose curve also reaches a steady state after an initial increasing in moles.  
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Figure 4-21 Results of the batch catalytic reaction of glucose isomerisation to fructose in water carried out at 
120°C on a) HAP_1, b) HAP_2, c) HAP_3 and d) HAP_4 samples as function of time, expressed as residual 
glucose moles (full markers) and fructose moles detected (empty markers). Each experimental point is the 
result of independent catalytic test.  

 

As the behaviour of the curves is almost complementary in a mirror-image way, the equilibrium 

reaction behaviour is further confirmed. Furthermore, as no other significant concentrated products 

are detected and the fructose curve is quite steady, the catalytic isomerisation could be assessed 

as high selective towards fructose as main product. In Table 4-8, the main results of conversion, 

selectivity and carbon balance are reported for all the four HAP samples. Two different behaviour 

can be distinguished, HAP_1 and HAP_2 showed conversion around 40% but selectivity around 
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70%; on the other hand, HAP_3 and HAP_4 showed lower conversion (34% and 26%, respectively) 

but quite higher selectivity (≈ 90%). The selectivity trend is then confirmed by carbon balance 

calculation, where HAP_1 and HAP_2 showed lower carbon balance. In fact, the samples (HAP_1 

and HAP_2) after the reaction appears more brownish, as a result of higher carbon deposition on 

the surface in the forms of humins, that are the main byproduct in the biomass valorisation reactions. 

The conversion as a function time, displayed in Figure 4-22-a, further confirms the different 

behaviour of the first two samples in respect to the HAP_3 and HAP_4. The curves increased more 

rapidly for HAP_1 and HAP_2 rather than the other two HAPs, meaning higher activity for glucose 

isomerisation; on the other hand, this higher activity led for both samples, deactivation leading to 

lower selectivity and lower carbon balance, as mentioned before. Finally, the evaluation of initial 

velocity could be a further proof of different catalytic trends.  

Table 4-8 Main catalytic results of Glucose isomerisation to fructose on ashes-derived HAP samples- 

Sample Conversiona Normalized conversionb Selectivitya Carbon balancea Initial velocity  

 % % % % mmol g-1 min-1 

HAP_1 39 64 68 87 0.62 

HAP_2 40 66 72 89 0.58 

HAP_3 34 56 96 99 0.43 

HAP_4 36 59 86 95 0.42 

a. The values reported are calculated after 120 min, carrying out glucose isomerisation reaction at 120°C. 
b. The normalization is carried out using equilibrium conversion (61 %) calculated from equilibrium constant (Keq = 1.56) 
and free Gibbs energy at 120°C, using Tewari et al. extrapolation49. 

 

The results are reported in Table 4-8 and Figure 4-22-b. all the results were normalized for the mass 

of catalyst used in the catalytic reaction, keeping the catalyst-substrate ration constant (1:5). Even 

for kinetic evaluation, the first two HAP sample showed higher initial velocity: 0.62 mmol t-1 g-1 for 

HAP_1 being the “fastest” catalyst and 0.58 mmol t-1 g-1 for HAP_2. The initial velocity for HAP_3 

and HAP_4 was quite lower than first and second HAP samples, with very similar value around 40 

mmol t-1 g-1.   
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It is important to underline that, glucose isomerisation has a thermodynamic value of equilibrium 

which corresponds to the maximum conversion at fixed temperature. Due to the correlation between, 

temperature, free Gibbs energy and equilibrium constant, an equilibrium conversion can be 

calculated, as explained in the Supplementary Information (6.3). Through the comparison with 

equilibrium conversion (61 %), all the four HAP samples reaches glucose conversion above 50%, 

shifting the reaction towards the fructose product. As expected, HAP_1 and HAP_2 remain the most 

active sample with a normalized conversion of 64% and 66%, respectively, among all the four ashes-

derived hydroxyapatite. HAP_3 and HAP_4 have conversion values slightly lower than the first two 

HAPs, with 56 and 59% respectively. 

 

Figure 4-22 a) Conversion curves of ashes derived HAP samples in glucose isomerisation reaction to fructose 
carried out in water at 120°C, as a function of time; b) evaluation of initial rate of glucose isomerisation 
normalized by the mass catalyst. 

 

To highlight the different properties of ashes-derived HAPs, a comparison with synthetic HAP was 

carried out. In Figure 4-23, the conversion results are reported both compared with equilibrium curve 

(a) and with all the tested HAPs at 120°C for 120 minutes. In all cases, HAPs from ashes 

demonstrate higher conversion than synthetic HAP. The main difference is related to lower amount 

of acid and basic sites, as reported in literature.170 Furthermore, acido-basicity in water is completely 

changed in respect to the intrinsic amphotericity so it is lowered even more when synthetic HAP is 
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used as catalyst in water; on the other hand, even though ashes derived HAPs showed a lower 

amount of total sites in water, the effective sites are higher than stoichiometric HAP leading to higher 

conversion of glucose to fructose.  

As briefly mentioned, higher conversion is directly related to the number of acidic-basic sites. Going 

further, two distinct situations can be identified: HAP_1 and HAP_2 showed higher conversion and 

lower selectivity leading to fast deactivation as carbon balance is far from 100%, while HAP_3 and 

HAP_4 have the opposite behaviour: lower conversion but higher selectivity towards fructose. 

 

Figure 4-23 a) Equilibrium conversion curve (black markers and continuous line) calculated from elaboration 
of equilibrium constant at different temperatures (Paragraph 6.3) and glucose conversion of HAP samples 
(empty markers) at 120°C after 120 min; b) comparison of glucose conversion of different HAP samples 
(synthetic and ashes derived samples) at 120°C after 120 min.  

 

Since conversion values are very similar (around 40%), it is important to focus on the relationship 

between selectivity and acido-basicity of HAP samples. As reported in Figure 4-24, the lower 

number of sites of HAP_1 and HAP_2 results in moderately higher glucose conversion (40% rather 

than 30% for HAP_3 and HAP_4) but limits fructose formation. In particular, the reduced availability 

of basic sites constrains the initial deprotonation step, which is crucial for initiating the isomerization 

pathway. In contrast, HAP_3 and HAP_4 exhibit a higher overall number of active sites, with a 

pronounced contribution from basic functionalities, which significantly affects reaction selectivity, 
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reaching values above 80%. The enhanced basicity correlates with increased fructose production, 

in agreement with mechanisms reported for homogeneous base-catalysed systems. According to 

literature, the deprotonation step is the rate-limiting and basic moieties can help in overcoming this 

kinetic barrier. As the reaction proceeds, enediol formation is followed by reprotonation of the acyclic 

intermediate, leading to fructose while suppressing condensation side reactions. This final step is 

found to be an intramolecular step which can be co-helped by external parameters (solvent or co-

factor).171,172 In this specific case, the re-protonation could be assisted by the acidic moieties of 

HAP_3 and HAP_4, which could both justify the higher selectivity towards fructose and limit the 

formation of humins.172 

 

Figure 4-24 Correlation of glucose conversion and fructose selectivity at 120°C after 120 min with a) total acid 
sites of ashes derived HAP samples measured by solid-liquid phase titration at 30°C in cyclohexane 
(Paragraph 4.2.4.2); b) total basic sites of ashes derived HAP samples measured by solid-liquid phase titration 
at30°C in cyclohexane (Paragraph 4.2.4.2). 

 

Finally, the catalytic results coupled with kinetic evaluation and possible proposed mechanism, 

confirmed once again the main differences between HAP_1-HAP_2 and HAP_3-HAP_4: While each 

pair shows high internal similarity in terms of structure, surface properties, and catalytic response, 

pronounced differences can be observed between the two groups. Once more, HAP_1 and HAP_2, 

that exhibit a higher degree of crystallinity, are characterized by fewer and slightly weaker acid-base 

sites, which translates into a lower selectivity. In contrast, HAP_3 and HAP_4, which display a more 
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amorphous character, result in higher number of stronger acid-base sites, leading to significantly 

enhanced activity in glucose isomerization. 

4.2.5. Comparison with stoichiometric HAP 

The ashes derived hydroxyapatite showed different properties mainly related to the process 

parameters of the extraction (dripping time, maturation time, mixing). Two distinguished class of 

ashes derived HAP were obtained: HAP_1 and HAP_2 more crystalline with oriented crystallites with 

needle-like morphology and HAP_3 and HAP_4 with more amorphous phase composed of 

disordered agglomerated crystallite. Even though morphological evidence shows two kinds of 

different hydroxyapatites, the surface properties are generally similar concerning amphotericity index 

or exposed acid-base sites. To highlight new features and properties of sustainable HAP derived 

from ashes, a comparison between these samples and synthetic HAP was carried out. 

Synthetic HAP (s-HAP) was precipitated from calcium and phosphorus precursor solutions to obtain 

a stoichiometric HAP with Ca/P ratio of 1.67. As discussed in Paragraph 2.1.1.1, the experimental 

conditions during precipitation are critical for controlling the formation of specific calcium phosphate 

phases. To ensure the precipitation of pure s-HAP, high temperature (80 °C) and basic pH (10) were 

maintained throughout the synthesis. Ashes derived HAP samples and synthetic HAP are compared 

in terms of composition, morphology, and surface characterization.  

From a preliminary comparison, it is important to highlight that synthetic HAP tends to crystallize in 

needle/rod-like shape, elongated along the c-axis. Since the conditions of synthesis are like the 

extraction parameters of the first two ashes derived hydroxyapatites, s-HAP, HAP_1 and HAP_2 

possess high crystallinity with ordered crystallites in the range of 5 up to 30 nm. From a 

morphological view, N2 adsorption/desorption isotherm display a type IV isotherm as the ashes-

derived samples. From the elaboration through the BET equation, specific surface area (SSA) was 

calculated and compared with the ashes HAP samples.  
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The waste derived hydroxyapatites have similar SSA (from 80 to 100 m2 g-1) as showed in Figure 

4-25, meaning that the formation of hydroxyapatites from inorganic salts or by controlled extractions, 

lead to the formation of highly mesoporous materials with similar surface area.173 Notably s-HAP and 

HAP_2 have similar surface area, lower than the other sample, due to the high crystallinity of 

samples, as expected. The higher the crystallinity often corresponds to lower surface area due to 

the low defects on the surface and in the pores which does not allow molecules (such as N2) to 

adsorb. 

 

Figure 4-25 Comparison of the specific surface area values (SSA), calculated with BET equation from N2 
adsorption/desorption isotherms of synthetic HAP and ashes derived HAP samples. 

 

As discussed in the previous paragraphs, the surface reactivity and the surface characteristics of 

ashes-derived HAP samples were discussed highlighting the overall basicity of the samples, leading 

to exploit the shifted amphotericity in base-catalysed reaction such as glucose isomerization. To 

further emphasize this specific features due to the different initial source (inorganic salts or ashes) 

and formation procedures (co-precipitation or extraction), a comparison between the amphoteric 

index was carried out, and reported in Figure 4-26. Furthermore, as reported in literature, the higher 
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the Ca/P ratio (Ca/P > 1.67), the higher the basicity: for this reason, Ca/P ratio (calculated from ICP-

OES) was selected as independent variable.  

 

Figure 4-26 Amphotericity index A/B, calculated from the total sites derived from adsorption isotherms 
obtained via solid-liquid titration with PEA or BA in cyclohexane at 30°C, as a function of Ca/P ratio of each 
sample, for both synthetic HAP and ash-derived HAP. 

 

B/A ratio was calculated from the adsorption isotherms of the solid-liquid titration with PEA and BA 

in cyclohexane at 30°C. As expected, synthetic HAP possess a more amphoteric surface (all the 

results of acido-basicity are reported in and Table S-6-6 and Table S-6-7), as B/A ratio is very close 

to 1 while the family of ashes derived HAP samples expose a more basic sites, particularly, with the 

more amorphous samples (HAP_3 and HAP_4) having higher total basic sites. 

Furthermore, another important characteristic is the behaviour of HAP surfaces in water and how 

they interact with water molecules. The presence of different sites with different charges (Ca2+, OH- 

PO4
3-, CO3

2- and so on), can lead to different rearrangements of water molecules at the interface. 

For solid materials, an important characteristic is the point of zero charge (PZC), which determines 

the surface charge of the material. The PZC is defined as the pH value at which the surface exhibits 

no net charge, meaning electroneutrality on the surface. For example, when the pH is higher than 
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the PZC, deprotonated surface groups predominate, leading to negative surface charge that can 

theoretically attracts positive ions and accept protons, acting as Bronsted base. Even in this case, a 

comparison was carried out between synthetic HAP (which possess an amphoteric surface) and 

ashes derived samples. 

 

Figure 4-27 Point of zero charge as a function of basicity-acidity. ratio for synthetic HAP and ashes derived 
HAP samples. 

 

In Figure 4-27, PZC is correlated with the amphotericity index of synthetic HAP and ashes-derived 

HAP samples. Even in this case, the more basic samples (HAP_3 and HAP_4) have the higher PZC 

(PZC > 8), leading to a negative charged surface. On the other hand, synthetic HAP impose a neutral 

pH to the aqueous layer with a PZC of 7.4, as expected from literature. In case of water exposure, 

the hydrated layer discussed in the previous paragraph will be arranged attracting the positive 

hydrogen ends of water molecules. Because of this new rearrangement, the attraction forces water 

molecules to align in a specific orientation relative to the surface, disrupting the natural hydrogen 

bonds network and creating a more ordered structure near the surface.  

Ashes-derived HAP samples demonstrate a pronounced basicity. Different works explained that the 

primary factor governing the acid-base properties of HAP is the Ca/P molar ratio, typically adjusted 
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by varying precursor concentrations during synthesis or controlling extraction parameters. However, 

Ca/P ratio is not the only factors: the surface chemistry of HAP is far more complex. In fact, degree 

of carbonation, presence of hydroxyl groups and defects could play a decisive role in determining 

the amphotericity nature of the final HAP catalyst. 174–177 
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4.3. Concluding remarks 

The development of sustainable materials represents a key strategy toward circular and low-impact 

technologies, as exemplified by biochar from sugarcane waste and hydroxyapatite from ashes.  

Vegetable biomasses have gained recognition as flexible and sustainable alternatives for carbon-

based materials. Leveraging biomass as a feedstock for carbon production provides a renewable 

and environmentally friendly approach, aligning with the growing demand for cleaner energy 

technologies. In this chapter, a very preliminary study has been conducted on sugarcane biomasses 

with thermal treatment as main biochar conversion techniques. The main focus was the sugarcane 

feedstock, whose properties with a proper control of pyrolysis temperature, led to enhanced porosity, 

large surface area, and enhanced graphitization, which make them ideal for applications such as 

supercapacitors, batteries, fuel cell and good support for CO2 electrocatalyst. Starting from these 

findings, different biomasses will be further investigated (such as cotton fibre and waste from paper 

industry) combining innovative raw materials with different pyrolytic techniques, that can enhance 

further the morphological and structural properties of the obtained biochar. Alongside the preliminary 

studies of sustainable carbon materials, deep studies on ashes derived HAP samples have been 

conducted. In conclusion, hydroxyapatite from ashes exhibit a complex and tuneable surface 

chemistry, different composition and diverse structural order, that are all strongly influenced by its 

extraction procedure. Regarding the importance of surface chemistry of HAP, the ash-derived 

samples show a clear amphoteric character, with a predominance of basic sites over acidic ones, 

particularly in the more amorphous (and Ca-richer) samples. Moreover, the presence of water clearly 

affects the surface reactivity, hindering both acidic and basic sites, but under drying, the surface (and 

the bulk properties) of HAPs return as the “fresh” sample, confirming that all the transformation on 

HAP samples, are largely reversible. These analyses underscore the dynamic nature of HAP 

surfaces: HAP confirmed to be a responsive system, which properties can be tailored. In this way, 

ashes-derived HAP samples become promising candidates for application where controlled surface 

reactivity is requires, such as biomass transformation reaction (i.e. glucose isomerisation over basic 

catalysis).  
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Building on these findings, biochar from sugarcane with good morphological properties and tuneable 

HAP from ashes can be combined for an optimal composite for CO2ER. As main future perspective 

these composites could offer a synergistic platform for the reduction of carbon dioxide: carbon phase 

ensures electrical conductivity, metal sites drive selective CO₂ conversion, and HAP tunes the local 

chemical environment through acid-base interactions and water-mediated surface dynamics.  
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5. Concluding remarks and future 

perspectives. 

This dissertation explored the sustainability concept as a common factor that correlates materials 

design, process innovation, environmental remediation, and circular economy principles. 

Particularly, environmental issues can be addressed through developing both sustainable processes 

and materials. In this work, innovative CO2 remediation strategies and material engineering are 

presented and driven by sustainability principles.  

From a process perspective, the thesis presents examples of CO2 conversion routes, based on 

electrochemistry or bio-electrochemistry, where carbon dioxide is transformed into value-added 

chemicals or energy carriers. For the bioelectromethanogenesis process, a power-to-gas pathway 

was studied, besides contributing to CO2 remediation, also advancing circular energy system 

technologies. Through the studies of biocompatible composite and highlighting the role of 

hydroxyapatite as a key inorganic component for biological systems, the dissertation advanced in 

understanding the reaction mechanism, interfacial phenomena, and catalytic selectivity. HAP-

containing electrodes enhanced CH₄ production compared to HAP-free systems by increasing 

surface area, buffering local pH, adsorbing bicarbonate species, and promoting microbial adhesion. 

In this way, biological and electrochemical CO2 conversion could be interconnected and can be 

exploited for environmental remediation, leading to energetic advantages.  

On the electrochemical pathways, the focus was on the design of a composite that enhances the 

single features of single component and with a synergistic work could tailor the CO2 reduction 

selectivity, overcoming the main disadvantage of the composite used in biochemical processes. In 

this work, a one-pot synthetic strategy led to binary or ternary composites, with a high intimate 

contact among the phases, that are also able to reduce CO2 in a highly selective way, opening routes 

to other processes such as the application in bioelectromethanogenesis processes. With this 

synthetic pathway, the modulation and the combination of single components could modulate also 

the added-value products of carbon dioxide reduction. Structural analyses confirmed effective 

integration of CN, Cu, and HAP. When tested for CO₂ electroreduction (CO₂ER), HAP_Cu@CN 
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achieved 60% Faradaic efficiency toward formate at −1.0 V vs RHE, with H₂ as the only by-product, 

demonstrating that HAP steers selectivity by modifying the interfacial environment and stabilizing 

intermediates without significantly compromising charge transfer. On the other hand, Cu@CN 

showed higher selectivity towards methane, with preserving high conductivity of the material. 

At the same time, strong emphasis was placed on the development of tailored materials both organic 

and inorganic, designed to meet specific requirements. Carbon-based materials derived from 

vegetable biomass were studied to optimize both graphitization and morphology, achieving high 

porous carbon scaffolds: Sugarcane-derived biochar, produced at two pyrolysis temperatures (600 

and 900°C), exhibited significantly enhanced surface area (up to 200 m² g⁻¹) and increased graphitic 

character compared to previously used biochar, indicating improved conductivity and suitability for 

electrochemical applications. In parallel, hydroxyapatites from ashes were extracted and deeply 

studied. Through the modulation of extraction parameters, different HAPs have been obtained with 

enhanced surface properties quite different from synthetic hydroxyapatite. As result, the four 

materials demonstrated tuneable crystallinity, Ca/P ratios, and acid-base surface properties. While 

bulk compositional differences were observed, all samples retained structural features comparable 

to synthetic HAP. Surface analyses revealed that more amorphous samples possessed higher 

densities of predominantly basic sites, advantageous for catalytic applications. Their morphology 

and surface reactivity, sensitive to synthesis conditions, make ash-derived HAPs a sustainable and 

tuneable platform for catalytic and electrochemical applications.  

The study of sustainable materials, different designs of composite preparations, and the application 

of these composites in CO2 reduction processes are summarized in Scheme 5-1. Combining waste 

valorization through pyrolysis and chemical extraction to produce materials suitable for CO2 

remediation demonstrates that chemistry and sustainability principles can work together to address 

environmental issues. 
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After rationally tailored properties of organic and inorganic materials, the combination of both is the 

following step to produce the optimal composite materials for the application in remediation 

processes. Therefore, the rational coupling of optimized organic scaffolds with functional inorganic 

phases represents a key step toward designing composite materials with enhanced activity, 

selectivity, and stability. By leveraging the complementary properties of each component, these 

hybrid systems can be tailored to address the multifactorial requirements of CO₂ER and related 

remediation technologies, ultimately advancing the development of efficient and sustainable catalytic 

platforms.  

Scheme 5-1 Schematic representation of the two main aspects discussed in the thesis: the recovery of components 
from biomass waste and their utilization in composite materials for CO₂ remediation techniques 

(bioelectromethanogenesis and conventional CO₂ electroreduction (CO₂ER)). 
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Regarding bioelectromethanogenesis, future studies for should also investigate the interaction 

between these composites and microbial communities, evaluating possible effects on microbial 

adhesion, biofilm formation, and metabolic activity of the microorganisms. Once assessed the 

optimal components and the optimal biochemical features, the studies are essential to determine 

whether these materials could be effectively employed as cathodes in hybrid processes, such as 

bioelectromethanogenesis or other CO₂ conversion systems. 

By integrating complementing properties including conductivity, catalytic activity, and surface 

functionality, composite materials provide significant benefits in both bioelectrochemical and CO2 

electroreduction systems. The composites used in bioelectromethanogenesis offer a more robust 

and biocompatible interface for microorganisms, which encourages microbial adhesion and 

improves long-term performance. Changing the methodology of design for CO2ER composites lead 

to the optimization of the dispersion of each component which reflected to the local reaction 

environment and the effectiveness of charge transfer. These composites allow for customizable 

selectivity (CH4 or HCOO-). Furthermore, a greener-focused strategy has been implemented by 

investigating substitute sources for hydroxyapatite and biochar, such as biomass and materials 

obtained from waste, which helps to create catalytic systems that are more sustainable. 

Overall, this work demonstrates that sustainable chemistry can be applied in different fields: looking 

for green materials, structural design and improving catalytic processes. By combining CO2 

remediation technique with material engineering, the thesis tries to offer a contribution both to 

environmental issues and to the sustainability of materials. The strategies explored in this work, 

tailoring organic and inorganic materials for sustainable application, may serve as a starting point for 

future investigations aimed at developing more efficient composites that can be exploited in 

environmental remediation processes, which can exploit chemical or chemo-biological pathways 

where catalysts can improve the overall efficiency. 
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Supplementary Information 
 

6.1. Experimental Section 

Acid-base liquid-solid titration in a recirculation HPLC line 

The isotherms of PEA and BA adsorption on samples collected in I and II runs (Figure S-6-1) have 

been modeled according to Langmuir model equation. From the linearized equation (Eq. S-6-1)  

Ce

qe
=

1

nmaxbads
+

Ce

nmax
                               Eq. S-6-1 

the relevant parameters nmax, and bads can be obtained: where, qe is the adsorption capacity, Ce is 

the probe equilibrium concentration in solution (mol L-1) detected by the HPLC line, nmax is the 

maximum amount of adsorbed probe (mol g-1) and bads is the adsorption constant (L mol-1). I run 

isotherm can be associated with probe adsorption on both strong and weak sites of the sample 

surface: so, its linear regression gives back the total number of surface acid/basic sites. On the other 

hand, II run isotherm accounts only for probe adsorption on weak acid/basic sites, since strongly 

interacting ones will not be freed by the mild desorption step occurred between the two titrations. As 

for strong adsorption sites, a proper elaboration occurred to avoid possible errors due to the 

mathematical subtraction between the experimental points of I run and II run because of the 

difference of Ce. In this elaboration, starting from the experimental points of Ce of the I run, nads of 

weak sites were calculated through the parameters (nmax and bads) of II run Langmuir elaboration. 

Then, a subtraction had been made between the experimental nads of I run and nads calculated in this 

way, corresponding to the number of strong adsorption sites attributed to the same Ce. Through Ce 

and the calculated number of strong sites (nads), Eq. S.1.1 can be applied to calculate nmax and bads 

for strong sites. Finally, by summing up the Langmuir isotherm modeled on II run experimental data 

and the one regarding to strong sites, a Langmuir isotherm (called Langmuir sum) was obtained, 

which could be superimposed to the I run experimental Langmuir curve. 
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Figure S-6-1 Example of adsorption isotherms of probes at 30°C on powder sample. Green markers and 
orange markers represent experimental points of I and II adsorption runs, respectively. Green lines represent 
the calculated Langmuir curves of I run; orange lines represent the calculated Langmuir curves for II runs; red 
lines represent the calculated Langmuir curves on strong sites; light blue lines represent the adsorption trends 
of I runs, obtained as sum of red and black lines. 
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Adsorption microcalorimetry 

Two experimental parameters are calculated from the adsorption microcalorimetry: the heat evolved 

was measured through the heat flux in the calorimeter, by thermocouples, and the equilibrium 

pressure related to each adsorbed amount was measured by means of a pressure transducer.  

 

Figure S-6-2 Example of thermogram obtained by microcalorimetric technique and relative equation to 
calculate the evolved heat (area of peak). For the equation, Q is the evolved heat (µcal), K is the 
calorimetric constant (µcal mm-2), W is the output of the detector (cal h-1), dt (h) is the variable of integration. 

 

The evolved heat was calculated measuring the area under the thermogram “peak” using the 

calibration factor obtained with the Joule effect calibration. Correlation between the evolved heat and 

the area below the thermogram “peak (Figure S-6-2) is provided by a calibration factor obtained with 

Joule effect calibration: a special crucible including a metallic wire of known electrical resistance (R) 

is posed inside the calorimeter cell; in the wire an accurately controlled current intensity (I) is 

circulated, which produces a known dissipated thermal power (P) equal to P = R*I2.  

As for the adsorbed amount the probe, from the difference of pressure before and after expansion, 

the adsorbed amounts were calculated using the ideal gas equation of state (which can be applied 
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given the extremely small amount (µmol) of gas expanded). The adsorption isotherms correlate the 

amount of probe molecule adsorbed with the corresponding equilibrium pressure. The first 

adsorption allowed us to measure the overall uptake of probe gas on catalyst. By subtracting the 

second isotherm from the first one, the irreversibly adsorbed amount (nchem) of probe gas was 

obtained. An estimation of the number of strong acidic and basic sites can be derived from this 

amount (often associated with adsorption heats at least of the order of 100–150 kJ/mol). 

 

Figure S-6-3 Data obtained from volumetric microcalorimetry analyses. 

The calorimetric and volumetric data obtained this way can be combined to obtain volumetric 

isotherms, calorimetric isotherms, integral heats, and differential heat (Figure S-6-3). 

 All the data combined gave: 1) the total number of sites, obtained from the adsorption experiment 

by interpolation of the experimental amounts adsorbed during the analysis (displayed in the 

volumetric isotherm, at the fixed equilibrium pressure of 0.2 torr, Fig. S-1 (a)). This pressure was 

selected as representative of the equilibrium point at which the monolayer is achieved; 2) the 

chemisorbed sites which are only the strong sites (nchem), obtained by the difference of the total 

amount of probe molecules adsorbed (1) and the total amount re-adsorbed after sample evacuation, 
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calculated by interpolation of the experimental data at 0.2 torr;  3) energy distribution of surface 

active sites from the differential heat (qdiff), which is the molar heat of each dose of adsorbate, as a 

function of the amount of gas/vapor adsorbed (na). The curve of differential heat as a function of 

surface coverage is traditionally represented as histograms. For convention, the steps of histogram 

are often replaced by a continuous curve connecting the centers of steps. The variation of the 

differential heats of adsorption with coverage gives access to energy distribution of surface-active 

sites with respect to a given adsorbate and their varying reactivity on given adsorbents. The variation 

of the enthalpy of adsorption with successive adsorbed amounts (Figure 4-15, d) can also be better 

represented defining consecutive ranges of heat of adsorption and for each of them quantifying the 

related adsorbed amount (equal to the acid/basic sites). The information obtained can be 

represented by histograms, thus displaying the strength distribution of sites, grouped into 

populations.  
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6.2. Sustainable Electrochemical Processes 

 

Figure S-6-4 SEM-SE observations of maize stalk sample (a); SEM elemental mapping of multi-composite 
powder: b) 5Cu/5HAP-MS900; c) 20Cu/10HAP-MS900. blue=C red=O; orange=P; yellow=Ca; green=Cu. 

 

Figure S-6-5 Voltammograms from the CV analysis for the estimation of the ECSA. 
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Figure S-6-6 Histograms of Total Volatile Fatty Acids measured in the cathodic compartment at the end of the 
test (8 days). 

 

Figure S-6-7 XP survey spectrum of HAP_Cu@CIN-1 and HAP_Cu@CN. The principal elements detected 
on the surface are indicated in the image. 
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Figure S-6-8 Representative TEM of HAP_Cu@CN (a), HR-TEM and respective EDX spectra of spherical 
nanoaggregates containing Cu (b, c). 

 

Figure S-6-9 . Linear Sweep Voltammetry (LSV) results for reference materials: CN (a, black), HAP (b, green), 
HAP_CN (c, grey), Cu@HAP (d, dark blue) under N2-saturated (dashed line) and CO2 -saturated (solid line) 
0.1 M KHCO3 aqueous solution at 20 mV s-1 scan rate. 
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Figure S-6-10 Cdl curves of Cu@CN and HAP_Cu@CN, calculated from CV analyses. Cdl values are reported 
for Cu@CN and HAP_Cu@CN in mF. 

 

Figure S-6-11 Faradic efficiency of reference materials (CN, HAP@CN, HAP) for CO2ER in KHCO3 aqueous 
solution (0.1 mol L-1), 1 h, RT at different potential (vs RHE). Long term stability test of HAP_Cu@CN at -1.0 
V (vs RHE) for 8 h, RT, in KHCO3 aqueous solution (0.1 mol L-1). 
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Figure S-6-12 (a) Linear Sweep Voltammetry (LSV) results for physical mixture of Cu@HAP (wt %) and CN 
N2-saturated (dashed line) and CO2-saturated (solid line) in 0.1 mol L-1, KHCO3 aqueous solution at 20 mV s-

1 scan rate; (b) Faradic efficiency of physical mixture for CO2ER in KHCO3 aqueous solution (0.1 mol L-1), for 
30 min, RT at different potential (vs RHE). 

 

Figure S-6-13 Linear Sweep Voltammetry (LSV) results for composites with different HAP: 5HAP_Cu@CN 
(HAP 5 wt %), 25HAP_Cu@CN (HAP 25 wt %), 50HAP_Cu@CN (HAP 50 wt %) in N2-saturated (dashed line) 
and CO2-saturated (solid line) in 0.1 mol L-1, KHCO3 aqueous solution at 20 mV s-1 scan rate. 
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Figure S-6-14 Faradic efficiency of composites with different HAP weight percentage: a) 5HAP_Cu@CN (HAP 
5 wt %), b) 25HAP_Cu@CN (HAP 25 wt %), c) 50HAP_Cu@CN (HAP 50 wt %) for CO2ER in KHCO3 aqueous 
solution (0.1 mol L-1), 1 h, RT at different potential (vs RHE).  
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6.3. Sustainable Materials 

 Table S-6-1 Chemical composition of the hydroxyapatite samples determined by ICP-OES 

a. Ca and P percentage are expressed in weight percentage so the sum of molar percentage of remaining elements (3 rd to 9th column) is not reaching to 100%. 

Sample 
Caa 

(wt %) 
Pa 

(wt %) 
Al 

(mol %) 
Fe 

(mol %) 
Mg 

(mol %) 
Na 

(mol %) 
Si 

(mol %) 
Sr 

(mol %) 
Zn 

(mol %) 
Ca/P  

molar ratio 

HAP_1 29.48 ± 2.02 12.54 ± 0.90 4.80± 0.13 1.42 ± 0.02 8.78 ± 0.37 1.44 ± 0.07 8.15 ± 0.50 0.05 ± 0.01 0.13 ± 0.01 1.82 ± 0.01 

HAP_2 33.85 ± 0.44 14.65 ± 0.19 3.47± 0.08 1.74 ± 0.01 8.68 ± 0.20 1.16 ± 0.12 6.95 ± 0.35 0.05± 0.01 0.13 ± 0.01 1.79 ± 0.01 

HAP_3 29.45 ± 1.88 11.04 ± 0.77 6.53 ± 0.04 2.50 ± 0.02 13.03 ± 0.09 1.51± 0.05 14.19± 0.88 0.08 ± 0.01 0.14 ± 0.01 2.06 ± 0.02 

HAP_4 28.04 ± 1.18 10.65 ± 0.46 7.20± 0.01 2.33 ± 0.00 13.31 ± 0.02 1.55 ± 0.02 15.14 ± 0.33 0.08 ± 0.01 0.14 ± 0.01 2.03 ± 0.02 
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Figure S-6-15: FT-IR spectra of the gases leaving the furnace at a) 102 °C and b) 341 °C, during the TGA 
analysis of sample HAP_2. The spectra were acquired at the temperatures corresponding at the two mass 
losses highlighted by the DTG curve in Figure 4-7. 

 

Figure S-6-16 EDX spectra and relative TEM images displaying the main element observed for HAP_1 (blue 
line), HAP_2 (red line), HAP_3 (black line), HAP_4 (orange line). The most intense signals are reported; Cu 
and C signals are not quantified as they are related to the TEM grid and of conductive coating, respectively. 



 

190 
 

 

Figure S-6-17 Eectron diffraction patterns (left) and appropriate processing showing the reflections (right) for 
ashes derived hydroxyapatite samples with identification of the crystal planes. 
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Figure S-6-18 31P ssNMR spectra of the ash-derived HAP samples, with four spinning side bands for each of 
them (left), NMR spectral decomposition for sample HAP_1 (illustrative), showing the two different 
contributions to the 31P signal indicative of two protonation states coexisting inside the samples (right). 

 

Figure S-6-19 : XP spectrum of ashes-derived HAP samples, reporting the main elements observed (Mg, O, 
Ca, C, P).  
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Figure S-6-20 Representative high resolution (HR) XP spectra of Ca 2p, P 2p and Mg 1s of HAP_1. The 
principal deconvoluted peak are indicated (all the data were processed by ruling out and shifting the peaks 
based on the contribution of adventitious carbon C-C at 284.6 eV). 

 

Table S-6-2 XPS peak fittings of HR spectra of Ca, P, Mg of HAP_1 (Figure S-7-16): binding energies and 
their assignments according to NIST database (all the collected data were processed by ruling out the 
contribution of adventitious carbon C-C at 284.6 eV). 

Peak fit 
Binding Energy 

eV 
Chemical bonds 

Ca 2p 

346.95 
Ca 2p3/2 

Ca-O 
350.23 
Ca 2p1/2 

P 2p 
132.76 

P 2p1/2 and 2p3/2 
P-O 

Mg 1s 
1303.52 Mg-O 

1304.31 Mg-(CO3) 
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Table S-6-3 Regressed Langmuir parameters for PEA and BA adsorption isotherms collected at 30°C in 
cyclohexane on ashes derived HAP samples. 

Sample 

 Acidity Basicity 

 
nmax 

meq g-1 
bads 

L mol-1 
R2 

nmax 

meq g-1 
bads 

L mol-1 
R2 

       

HAP_1 

I run 0.098 86497 0.997 0.215 416248 0.999 

II run 0.054 51058 0.989 0.069 81912 0.999 

Strong sites 0.046 90737 0.998 0.149 537137 0.998 

        

HAP_2 

I run 0.082 100453 0.998 0.232 91955 0.998 

II run 0.041 95391 0.984 0.134 16441 0.998 

Strong sites 0.044 159206 0.998 0.115 521983 0.998 

        

HAP_3 

I run 0.124 319422 0.999 0.308 349853 0.999 

II run 0.053 75006 0.995 0.075 45462 0.999 

Strong sites 0.071 150405 0.968 0.233 567106 0.999 

        

HAP_4 

I run 0.130 110892 0.999 0.328 332406 0.998 

II run 0.073 97408 0.987 0.069 34712 0.993 

Strong sites 0.066 58061 0.989 0.243 751366 0.998 
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Influence of water system on ashes derived HAP samples. 

 

Figure S-6-21 Adsorption isotherms of PEA (for acidity) and BA (for basicity) probes collected in cyclohexane at 30 °C on water treated hydroxyapatite samples 
(a) HAP_1, b) HAP_2, c) HAP_3, d) HAP_4), collected in solid-liquid phase titration recirculation system. Full and empty markers represent I° run adsorption and 
II run adsorption on the surfaces. Blue lines and red lines represent the calculated Langmuir curves of PEA and BA adsorption. The detailed elaboration data is 
reported in paragraph  2.2.3. The adsorption isotherms on fresh samples are reported in Figure 4-20 and Figure 4-21 
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Table S-6-4 Regressed Langmuir parameters for PEA and BA adsorption isotherms collected at 30°C in 
cyclohexane on ashes derived HAP samples after treatment in water (80°C, 8 h). 

Sample 

 

Acidity  

post water treatment 

Basicity  

post water treatment 

 
nmax 

meq g-1 
bads 

L mol-1 
R2 

nmax 

meq g-1 
bads 

L mol-1 
R2 

       

HAP_1 WT 

I run 0.101 95201 0.996 0.256 41896 0.990 

II run 0.068 72814 0.988 0.115 94972 0.991 

Strong sites 0.045 30871 0.937 0.157 18314 0.897 

HAP_2 WT 

I run 0.086 247306 0.996 0.209 49334 0.988 

II run 0.056 234114 0.996 0.107 22453 0.978 

Strong sites 0.029 273320 0.999 0.117 66655 0.993 

HAP_3 WT 

I run 0.129 74598 0.987 0.282 128089 0.996 

II run 0.071 54304 0.989 0.116 15973 0.974 

Strong sites 0.071 64266 0.999 0.198 247403 0.998 

HAP_4 WT 

I run 0.112 48585 0.997 0.271 32441 0.992 

II run 0.085 18143 0.943 0.085 52184 0.997 

Strong sites 0.036 133577 0.995 0.161 32109 0.818 

 

Table S-6-5 Regressed Langmuir parameters for PEA and BA adsorption isotherms collected at 30°C in water 
(effective acidity/basicity) on HAP_2, as representative sample in water.  

 

 

 

 

 

Sample 

 Effective acidity Effective basicity 

 
nmax 

meq g-1 
bads 

L mol-1 
R2 

nmax 

meq g-1 
bads 

L mol-1 
R2 

       

HAP_2 I run 0.012 62353 0.967 0.050 46364 0.982 
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Catalytic Isomerisation of glucose to fructose 

 

Figure S-6-22 Calibration lines of glucose (GLU) and fructose (FRU) for HPLC analytical setup, calculated 
from external standard solutions. 

 

The conversion calculated from moles of glucose detected and quantified by HPLC analyses is 

compared to conversion equilibrium at 120 °C. From the work of Tewari and Goldberg, a proper 

correlation between free Gibbs Energy (ΔGo), specific heat capacity (Cp) and temperature (T) was 

carried out and verified in different temperature ranges. The correlation is expressed following the 

equation (Eq. 6-2):  

∆𝐺𝑇
0 =  ∆𝐻298.15

0 + ∫ ∆𝐶𝑝
0𝑑𝑇

𝑇

298.15
− 𝑇 ∗ [ ∆𝑆298.15

0 + ∫
∆𝐶𝑝

0

𝑇
𝑑𝑇

𝑇

298.15
]  Eq. 6-2 

where ΔGo
298.15 is 2780 J mol-1, ΔCp

o is 76 J mol-1 K-1, ΔSo
298.15 is 8.15 J mol-1 K-1 and T is the 

working temperature different from 298.15 K. After integration, equilibrium constant (Keq) was 

calculated from the equation Eq. 6-3:  

𝐾𝑒𝑞 =  𝑒(
−∆𝐺𝑇

0

𝑅𝑇
)
  Eq. 6-3 

Where R is the universal gas constant equal to 8.314 J mol-1 K-1. The correlation is an exponential 

proportion between equilibrium constant and temperature, as it can be seen in Figure S-6-21 
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Figure S-6-23 Exponential correlation between equilibrium constant (Keq) and T (K) for glucose isomerisation 
to fructose reaction in water.  

Equilibrium constant can be expressed as a function of equilibrium concentration as reported in the 

following equation: 

𝐾𝑒𝑞 =
[𝐹𝑅𝑈]𝑒𝑞

[𝐺𝐿𝑈]𝑒𝑞
=

𝑥

1−𝑥
  Eq. 6-4 

Where [FRU]eq and [GLU]eq are the equilibrium concentration of fructose and glucose respectively, 

that can be expressed as a function of conversion x. In this way, a correlation between conversion 

and temperature was calculated and a comparison could be carried out. 
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Table S-6-6 Regressed Langmuir parameters for PEA and BA adsorption isotherms collected at 30°C in 
cyclohexane on synthetic HAP sample. 

 

Table S-6-7 Distribution of acid and basic sites as a function of heat developed after the introduction of dosed 
amount of probe (NH3 and SO2) for synthetic HAP sample. 

 NH3 Adsorption microcalorimetry SO2 Adsorption microcalorimetry 

 < 50 50-100 100-150 150-200 < 50 50-100 100-150 150-200 

 kJ mol-1 kJ mol-1 

Synthetic HAP 

(nads / µmol g-1) 
52.7 268.0 35.5 n.d. n.d. 25 158.5 86.2 

  

Sample 

 Acidity in Cyclohexane Basicity in Cyclohexane 

 
nmax 

meq g-1 
bads 

L mol-1 
R2 

nmax 

meq g-1 
bads 

L mol-1 
R2 

       

Synthetic 

HAP 

I run 0.159 9554 0.988 0.196 137488 0.999 

II run 0.121 8345 0.983 0.115 133654 0.999 

Strong 

sites 
0.0378 11860 0.906 0.0845 80342 0.974 
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