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Abstract 
The demand for sustainable energy and circular resource management is driving research into bio-

based and waste-derived materials. In this context, pyrolysis is emerging as an efficient and versatile 

technology, converting waste into oil, gas, and char fractions that can serve as raw materials for fuels, 

chemicals, and smart materials. This thesis focuses on valorizing pyrolysis-derived fractions from both 

lignocellulosic and non-lignocellulosic biomass, as well as plastic waste. Specifically, the first part of 

the research explores the use of the solid fraction (biochar) obtained by slow pyrolysis of biomass 

sources like hazelnut shells, rice husks, rice grains, and tannery leather shavings. These biochars were 

transformed into activated carbons to support Pd- and Co-based catalysts. Pd-supported catalysts 

were applied in benzaldehyde hydrogenation as model reaction to investigate the influence of biochar 

feedstock on catalytic performance. Activated rice husk biochar (A-RH) emerged as the optimal 

support. Additionally, co-pyrolyzing rice husk with leather shavings produced a new hybrid material with 

enhanced catalytic properties and selectivity. Leveraging these insights, Co-based catalysts were 

synthesized and applied in the hydrodeoxygenation (HDO) of isoeugenol and furfural. These compounds 

represent the phenolic and furanic fractions of bio-oil, that could be used as alternative source of fuels, 

especially in the aviation sector. Co/A-RH demonstrated superior activity, attributed to its intrinsic 

properties and strong interaction with the metal phase, facilitating synergy between Co⁰ and Co²⁺ 

species. Lastly, part of this research targeted plastic-derived chars. These chars were not suitable to be 

used as supports for catalytic materials, therefore gasification was considered for the valorization of 

this byproduct of plastic recycling. By successfully converting them into carbon monoxide via the 

Boudouard reaction, the carbon balance in chemical recycling of plastics was improved. This approach 

contributed to carbon capture and reutilization. Overall, this thesis highlights the transformative 

potential of waste-derived materials in catalysis, supporting sustainable fuel production and offering 

viable strategies for enhanced circular resource utilization. 
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1. Introduction 

Concerns over climate change, particularly global warming driven by increased greenhouse gas 

emissions from the consumption of non-renewable resources, have prompted research into alternative 

solutions to meet energy demands1. Despite this, petroleum-derived liquid fuels continue to be the 

dominant source of energy2. The continuous exploitation of fossil fuels generates side effects for the 

environment. As a result of their combustion, approximately 37 billion tons per year of CO2, along with 

other harmful gases, are released into the atmosphere globally, causing the greenhouse effect3. 

The reliance on fossil fuels (coal, oil, and natural gas) not only poses significant environmental risks but 

also raises political and security concerns, as these resources are unevenly distributed, and often 

located far from areas of high demand (Figure 1.1, Table 1.1).  

 

Figure 1.1. Fossil fuel consumption in 2023. Source https://ourworldindata.org/fossil-fuels 
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Table 1.1. Top 10 producer countries of fossil sources. Source https://www.visualcapitalist.com/visualizing-the-scale-of-
global-fossil-fuel-production/#google_vignette. 

 Top 10 coal-producing 
countries 

Top 10 oil-producing 
countries 

Top 10 gas-producing 
countries 

Rank Country Million 
tonnes 

% Country Million 
tonnes 

% Country Million 
tonnes 

% 

1 China 4126.0 50 U.S.A. 711.1 17 U.S.A. 934.2 23 

2 India 811.3 10 Russia 536.4 13 Russia 701.7 17 

3 Indonesia 614.0 8 Saudi Arabia 515.0 12 Iran 256.7 6 

4 U.S.A. 524.4 6 Canada 267.1 6 China 209.2 5 

5 Australia 478.6 6 Iraq 200.8 5 Qatar 117.0 4 

6 Russia 433.7 5 China 198.9 5 Canada 172.3 4 

7 South Africa 234.5 3 Iran 167.7 4 Australia 147.2 4 

8 Germany 126.0 2 U.A.E. 164.4 4 Saudi Arabia 117.3 3 

9 Kazakhistan 115.7 1 Brazil 156.8 4 Norway 114.3 3 

10 Poland 107.6 1 Kwait 131.1 3 Algeria 100.8 2 

 

Over the past 50 years, interest in sustainable technologies has surged, motivated by the need to 

transition towards a more sustainable energy landscape. The concept of sustainable development, first 

defined in the UN’s Our Common Future report in 19874 emphasized the need for balanced resource 

use. In 1992, the connection between energy, greenhouse gas emissions, and climate was formally 

acknowledged in the UN’s Framework Convention on Climate Change, with further emphasis in the 

1997 Kyoto Protocol, which stressed the urgency of sustainable energy development. The UN’s 

Millennium Declaration in 2000 reinforced the importance of diversifying energy resources. By 2015, the 

2030 Agenda for Sustainable Development was ratified, featuring 17 goals, of which 7 directly address 

environmental protection (Goals 6, 13, 14, 15), energy (Goal 7), and sustainable consumption (Goal 12), 

as reported in Figure 1.25.  

 

Figure 1.2. Sustainable development goals of the 2030 Agenda. 
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In 2020, the European Commission approved the European Green Deal, a comprehensive policy 

framework aimed at achieving climate neutrality in the European Union by 2050. Central to this initiative 

is the promotion of a circular economy, a model that challenges the traditional linear economic 

approach of "make, use, dispose"6. A circular economy strives to minimize waste by transforming end-

of-life products into new resources, effectively "closing the loop" in industrial ecosystems. The 

principles of "reduce, reuse, recycle" underline this model, where reducing waste, reusing materials, 

and recycling non-reusable products are prioritized. Adopting this model could potentially reduce 

greenhouse gas emissions by up to 70%.  

 

Figure 1.3. Linear economy vs circular economy. 

In this context, the reuse of waste as an alternative to fossil fuels offers a promising pathway to lower 

greenhouse gas emissions while adhering to circular economy principles. This approach can facilitate 

a reduction in fossil fuel dependency and provide sustainable sources of both energy and raw materials. 

Furthermore, with the global population and consumption patterns continually increasing, waste 

generation is expected to rise by millions of tons annually over the next 20 to 30 years (Figure 1.4). 

Therefore, leveraging waste as a resource presents a dual advantage: it utilizes renewable materials and 

aids in managing the environmental impact of waste, particularly in reducing landfill pollution. 

 

Figure 1.4. Projected waste generation, by region (millions of tonnes/year) in the next 30 years. 
 Source https://www.iea.org/search   
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1.1 Waste as source 

Global waste generation is projected to rise to 3.40 billion tons by 20507, with high-income nations 

expecting a 19% increase by the same year. Various types of waste can be considered valuable sources 

of chemicals and energy, with particular attention given to biomass as a renewable resource. Indeed, 

the production of agricultural waste has been escalating globally, driven by a combination of factors 

including population growth, rapid urbanization, and economic development8. 

In addition to biomass, other waste types, particularly plastic waste, must be addressed to reduce 

reliance on fossil fuels and mitigate environmental contamination. Despite plastic not being renewable, 

effective recycling processes can substantially extend its lifecycle. By recovering the organic content of 

plastic waste and transforming it into new chemicals or energy sources, plastic recycling aligns with the 

principles of a circular economy, contributing to waste reduction and resource recovery. 

Biomass and waste are unique among renewable energy sources, such as solar power9, 

hydroelectricity10, geothermal11, and tidal energy12, because they serve as a source of carbon4. Unlike 

other renewables, which primarily produce energy, biomass and waste can be converted into a wide 

range of valuable products, including fuels, plastics, and various chemical compounds, making them 

crucial in both energy generation and chemical industries. 

In the following chapters, the key characteristics of biomass waste (Chapter 1.1.1) and plastic waste 

(Chapter 1.1.2) are reviewed, along with the most employed strategies for their valorization and 

utilization as alternative sources of energy and chemicals, with a particular focus on the use of pyrolysis 

(Chapter 1.2). These discussions highlight the advantages and challenges associated with each waste 

type, as well as the technological approaches used to enhance their potential within the framework of 

a circular economy.  

1.1.1 Biomass 

Biomass refers to the entirety of organic material directly or indirectly derived from the photosynthesis 

process13, including residues from agriculture, forestry, aquatic crops, industry, animals and 

households, as well as byproducts from the processing of these materials14. It is classified as renewable 

because the CO₂ released during its processing or thermal conversion is fixed back into organic matter 

within relatively short cycles (years), thereby maintaining a closed carbon loop. Plants reabsorb the CO₂ 

released through the degradation of other biomass, making the process carbon neutral. In contrast, the 

CO₂ emitted from fossil fuel combustion is part of a carbon cycle that spans millions of years, far 
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exceeding human timeframes for renewability. Biomass also presents advantages in terms of cost-

effectiveness, local availability, and large-scale production. 

 

Figure 1.1.1.1. CO2 closed loop in the production and utilization of biomass. Source: Biofuel Research Journal 22 (2019) 962-

97913. 

The world's total biomass reserves are estimated at approximately 1.8 trillion tons of land-based 

biomass and 4 billion tons of aquatic biomass. These reserves correspond to an estimated energy 

potential of around 33,000 EJ15 which is more than 80 times the current annual global energy 

consumption. However, despite this vast potential, renewable energies contribute to only about 14% of 

the world's primary energy supply. This underexploitation highlights the significant opportunity for 

expanding biomass use as a renewable energy source to meet growing global energy demands while 

reducing reliance on fossil fuels to harness the full potential of biomass, and biorefineries play a critical 

role. A biorefinery is an integrated network of facilities that converts biomass into biofuels, energy, and 

chemicals through multi-step processes16. Following the selection of feedstock, the biomass typically 

undergoes a pretreatment phase, which is essential for preparing it for subsequent biological and 

chemical transformations. By efficiently converting biomass into energy, biofuels, and high-value 

products such as fine chemicals, cosmetics, and pharmaceuticals, biorefineries can contribute to both 

large-scale energy production and the generation of specialized products. Additionally, biorefineries 

produce materials like bioplastics, along with food and animal feed sources, offering a versatile 

approach to sustainable development.  
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The composition of biomass is highly diverse and can be primarily divided into lignocellulosic biomass 

(LBM), comprising woody and herbaceous biomass, and non-lignocellulosic biomass, comprising 

aquatic, animal, and human waste (NLBM). LBM primarily consists of cellulose, lignin, and 

hemicellulose, while NLBM have a more varied composition depending on the type of waste. Animal 

and human biomass contain high levels of proteins17,18, algae and oily biomasses are abundant in 

lipids13. 

When considering biomass for fuel production, it is also categorized into four generations based on its 

source and processing technologies19: 

I. First generation biomass includes edible oil seeds, food crops, and animal fats, primarily 

used for biodiesel production. The use of agricultural land for biofuel production competes 

directly with food production, potentially driving up food prices. Due to this food-fuel 

conflict, the reliance on first-generation biomass has declined. 

II. Second generation biomass are comprised of non-edible oil seeds, waste cooking oil, and 

lignocellulosic materials from non-food or dedicated energy crops (e.g., miscanthus, 

switchgrass). By utilizing non-food feedstocks, second-generation biomass reduces food 

competition and optimizes land use. However, it requires extensive pre-treatment and 

processing to convert these materials into viable energy sources or chemicals and their 

exploitation to date is not enough to cover global need. 

III. Third generation biomass mainly consists of aquatic plants and algae, which grow rapidly 

and can be cultivated in marine environments, thereby avoiding competition with food 

crops. Algae, with their high lipid content, are particularly suited for biodiesel production. 

However, the widespread use of third-generation biomass is limited by the high costs 

associated with bioreactors and cultivation systems, and as for second generation biomass, 

their utilization is still too scarce to be employed as single alternative to fossil sources. 

IV. Fourth generation biomass refers to genetically engineered organisms designed to enhance 

the production of specific components (e.g., lipids from algae). While fourth-generation 

biomass offers significant potential for sustainable biofuel production, it remains in the 

early stages of research and development, and its large-scale exploitation is still limited. 

Unlike crude oil, which is primarily composed of hydrocarbons, biomass-derived materials are often 

highly oxygenated. This higher oxygen content in biomass introduces challenges for its direct use as fuel 

or chemical feedstock. However, the more diverse and flexible composition of biomass presents 

significant opportunities for producing a wide range of chemicals20.  
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To enable the use of biomass in sectors traditionally dominated by fossil fuels, such as in biorefineries, 

various treatments are necessary. These treatments primarily focus on reducing the oxygen content, 

often through processes like hydrodeoxygenation, which involves the addition of hydrogen to remove 

oxygen. This allows biomass-derived products to achieve properties similar to those of fossil fuel-

derived products, making them viable alternatives in energy and chemical industries. 

Biomass can be converted into fuels or high-value products via distinct pathways, divided into physical, 

chemical, thermochemical and biological processes21,22, schematized in Figure 1.1.1.2. 

Thermochemical methods, including pyrolysis, gasification, carbonization, and liquefaction, use heat 

to break down biomass, resulting in a range of valuable products. These processes can be distinguished 

based on the target products. For example, hydrothermal and conventional gasification convert 

biomass into syngas (a mixture of carbon monoxide, hydrogen, and carbon dioxide) through controlled 

oxidation at high temperatures. Liquefaction involves the conversion of biomass into liquid fuels under 

conditions of high pressure and moderate temperatures, providing a viable alternative for biofuel 

production. In carbonization, biomass is heated in a low-oxygen environment, producing biochar, a 

stable, carbon-rich material with various applications. Among these thermochemical technologies, 

pyrolysis plays a particularly important role. It is the thermal decomposition of organic matter in the 

absence of oxygen, and it can yield a solid, liquid, and gaseous phase. By adjusting process parameters 

such as temperature, heating rate, and residence time, the product distribution between biochar, bio-

oil, and biogas can be controlled to suit specific applications. This flexibility makes pyrolysis a highly 

versatile and adaptable technology for biomass valorization. 

 

Figure 1.1.1.2. Methods for biomass valorization 
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In this work, special attention is given to pyrolysis due to its capacity to simultaneously produce multiple 

products. This multifunctionality enhances its potential as an efficient and sustainable method for 

transforming biomass into valuable fuels and materials, offering both environmental and economic 

benefits.

1.1.2  Plastic 

Plastic is a versatile, lightweight, cheap and widely used material, deriving from synthetic polymers, 

primarily from petrochemicals. Its use has revolutionized modern life, resulting indispensable in several 

applications, such as packaging, construction, medical equipment, electronics etc.23. Plastics are 

categorized into two primary subtypes based on their thermal response: thermoplastic and 

thermosetting polymers. Thermoplastic polymers soften upon heating without undergoing chemical 

alterations, allowing them to be melted and reshaped multiple times. In contrast, thermosetting 

polymers undergo irreversible chemical reactions during their initial curing process, resulting in a rigid 

structure that cannot be remelted or reformed upon subsequent heating24. The industrial production of 

plastics started in the second half of the 20th century, and it has increased year by year, reaching 400.3 

Mt of plastic produced in 202225. In Europe, the predominant application of plastic is packaging, 

accounting for 40% of usage, followed by building and construction (20%), automotive (10%), electrical 

and electronics (6%) etc.26. The packaging market primarily utilizes thermoplastic polymers such as 

polyethylene (PE), polypropylene (PP), polyethylene terephthalate (PET) and polystyrene (PS). PS, along 

with polyvinyl chloride (PVC) and polyurethane (PUR) (the latter being a thermosetting polymer) are 

instead mainly employed in the building and construction sector27.  

The inherent chemical stability, durability, and inertness of plastics, while advantageous for many 

applications, simultaneously present significant challenges in terms of waste management. The 

predominantly non-biodegradable nature of most plastics, coupled with inadequate waste disposal 

practices, has led to severe environmental consequences28. Moreover, due to the variable nature of 

plastic polymers, and the presence of high amounts of additives, which can comprise up to 40-50 wt.% 

of the final material, the disposal and recycling of these materials is particularly challenging. Compared 

to other commonly used materials such as paper, glass, and metals, plastic recycling remains 

significantly underdeveloped. According to a report by the United Nations Centre for Regional 

Development (UNCRD), Southeast Asian countries exhibit the highest levels of plastic waste 

mismanagement, with approximately 88% of plastic waste ultimately entering aquatic environments. In 

contrast, the European Union, often regarded as a leader in plastic recycling, manages to recycle only 

32% of its plastic waste29.  
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Approximately 42% of this waste is either utilized as refuse-derived fuel or incinerated for energy 

recovery, while the remaining 25% is relegated to municipal solid waste disposal. Despite these efforts, 

significant waste management challenges persist. The durability and extensive use of plastics 

contribute to serious environmental issues, from the association of chlorinated plastics with dioxin 

formation in waste incinerators to the pervasive "plastic soup" in the oceans. The accumulation of 

plastic in natural environments is increasingly leading to soil and water contamination. Plastic waste 

serves as a vector for organic pollutants, heavy metals, and pathogens, and the release of toxic 

compounds through abiotic degradation contributes to soil degradation29 and water contamination30. 

Microplastics can infiltrate fish tissues and, through bioaccumulation in the food chain, present 

significant health risks to humans31,32. These problems are exacerbated not only by consumer behavior 

and inadequate regulations but also by technological and economic constraints that make recycling 

less economically viable compared to landfill disposal. Consequently, significant efforts are being 

invested in advancing recycling technologies and improving waste management practices for these 

critical materials. 

The strategies to accomplish plastic recycling can be divided into four categories: primary, secondary, 

tertiary and quaternary33. Primary recycling consists in re-extrusion, not being applicable to plastic 

mixtures (PM) or municipal solid waste (MSW). Secondary recycling consists in the separation of 

plastics from contaminants and melting and remolding of the polymers into new products. However, 

the obtained recycled materials display lower quality and performances compared to the original 

products34,35. Tertiary recycling refers to chemical recycling, which involves the breakdown of plastics 

into their chemical constituents to produce new materials or chemicals.  The common approaches 

include solvolysis, pyrolysis and gasification34,36. This approach allows to obtain virgin polymers with the 

same characteristics as the starting materials. Quaternary recycling pertains to energy recovery through 

incineration, where plastics are burned to generate energy. It results the easiest and most scalable 

strategy, but it has several drawbacks such as air pollution, with the emission of VOCs, NOx, SOx, 

chlorinated compounds and dioxins37,38. 
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Figure 1.1.2.1. Types of plastic recycling.  

The advantages of the employment of chemical recycling, in particular thought pyrolysis, are several: it 

can be used for plastics that cannot be recovered mechanically because of its properties (i.e. 

thermosetting polymers) or due to the low degree of purity, meaning the presence of additives, 

multilayered plastics, composites with other materials or more in general a mix of plastic deriving from 

urban wastes. 

1.2 Pyrolysis 

Pyrolysis is a versatile, cost-effective, and robust thermochemical process for transforming a wide range 

of organic materials, including biomass, municipal waste, and plastics. In this process, organic matter 

is decomposed at elevated temperatures (400–700°C) in the absence of oxygen, yielding three primary 

products: a liquid fraction (oil or bio-oil, if derived from biomass), a solid fraction (char or biochar), and 

gases (syngas or biogas)27. The ratio and composition of the three products are highly dependent on the 

starting feedstock. Consequently, the pyrolysis process can be tailored to produce specific target 

products based on the characteristics of the initial material. 

The flexibility of pyrolysis technology enables its integration with existing agricultural, forestry, and 

industrial systems for waste treatment, producing valuable outputs for various applications. The liquid 

fraction can be upgraded for use as fuel or chemicals39, while the solid char can serve as a substitute 

for fossil-based coal in energy production, as a soil amendment40 that improves carbon sequestration 

and reduces greenhouse gases, and can also be utilized in several other fields, such as catalysis, energy 

storage (batteries), and as an adsorbent for pollutant removal41. The gas fraction can be utilized as a fuel 

or as renewable source of syngas42. 
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Pyrolysis equipment ranges from small-scale laboratory devices capable of processing a few milligrams 

of material to large industrial systems handling several tons per hour. The largest pyrolysis units in North 

America can process 250–200 dry tons of biomass per day.  

The composition and yields of the three pyrolysis products are highly dependent on the feedstock 

(which will be discussed in detail in the following chapters) and the operational conditions, such as 

temperature, heating rate, residence time, and total flow rate. Pyrolysis can be classified into four 

general types: slow pyrolysis, fast pyrolysis, flash pyrolysis, and catalytic pyrolysis43. 

• Slow pyrolysis: it is carried out at a slow heating rate (°C/min) and long residence time (minutes to 

hours). The main target is the production of char44. For lignocellulosic biomass, slow pyrolysis typically 

yields 35 % biochar, 30 % bio-oil, and 35 % biogas45. 

• Fast pyrolysis: it has a higher heating rate (°C/s) and shorter residence time (few seconds). 

• Flash pyrolysis: the heating rates are even higher (10³–10⁴°C/s) with residence times under a second. 

Both for fast and flash pyrolysis the target product is the liquid fraction, which can reach 50-70 %46,47. 

• Catalytic pyrolysis: it involves the use of a catalyst during the pyrolysis process48–50. It is mainly used 

for improving oil characteristics, facilitating the removal of oxygenated compounds51 and enhancing 

the stability of the mixture, and to reduce coke formation52,53. The most used catalysts include solid 

acids such as zeolites, silica–alumina, silicalite, fluid catalytic cracking (FCC) catalysts, alumina, and 

molecular sieves. Additionally, metal oxides such as zinc oxide, zirconia, ceria, and copper chromite 

are also employed. Notably, char produced during pyrolysis can itself function as a catalyst, promoting 

secondary reactions that further refine the product composition54,55. 

During pyrolysis, several chemical reactions are initiated by the high-energy input, which can be 

classified into primary and secondary reactions56. Primary reactions include depolymerization, 

fragmentation, and char formation57. Depolymerization, which begins at around 250 °C and continues 

up to 500 °C, breaks the chemical bonds of the macromolecules present in the feedstock (such as 

lignin, cellulose, and hemicellulose in biomass, proteins in animal waste, or polymer chains in plastics), 

producing volatile and condensable fractions. Fragmentation reactions become dominant at higher 

temperatures (>550 °C), increasing gas yields. Char formation involves the condensation of aromatic 

rings into macro polycyclic structures58. The primary products formed during pyrolysis can undergo 

secondary reactions, such as cracking, dehydration, isomerization, aromatization, decarboxylation, 

and recombination.  
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The type of reactor has an important impact in the final pyrolysis results, acting on the mixing of the 

matter, heat transfer and residence time. Pyrolysis can be carried out in batch, semi-batch or 

continuous flow reactors both with fluidized or fixed bed, and there are also some innovative solutions 

such as plasma, microwave59 or solar reactors. Batch and semi-batch reactors, due to the simple 

design, are useful to investigate pyrolysis conditions. Based on literature results, batch or semi-batch 

reactors are preferable to conduce thermal pyrolysis, because the reaction parameters can be easily 

controlled. Catalytic pyrolysis is instead favored in continuous system, to improve selectivity toward 

liquid products, because it is easier to control the contact time between feed and catalyst, lowering 

char formation. 
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2. Aim of the thesis 
The aim of this PhD thesis is to advance the valorization of waste materials through pyrolysis, supporting 

circular economy and sustainability objectives. Specifically, the thesis explores transforming 

lignocellulosic biomass and complex industrial byproducts, such as tannery waste and plastics, into 

higher-value products that can serve as alternatives to conventional fossil-derived materials. This 

research focuses on the valorization of both biomass and plastic waste, structured across three core 

topics: 

1. Biomass valorization for biochar production: this part of the thesis examines the pyrolysis of 

biomass to produce biochar, intended for use as a support material in heterogeneous catalyst 

preparation. 

2. Catalytic upgrading of bio-oil: this part of the thesis involves utilizing the biochar-based 

catalysts to upgrade the liquid fraction (bio-oil) obtained from biomass pyrolysis, specifically 

through hydrodeoxygenation (HDO) reactions. 

3. Plastic char valorization: finally, this part of the thesis investigates the valorization of char 

obtained from plastic pyrolysis by gasification via the Boudouard reaction, with the goal of 

producing carbon monoxide for reintegration into plastic production processes. 

Thesis Structure Overview: 

Chapter 1: Introduction 

This chapter addresses the environmental challenges of biomass and plastic waste, explores the 

concept of circular economy to transform waste into resources, and presents pyrolysis as a strategic 

method for converting waste into valuable products such as bio-oil, biochar, and syngas. 

Chapter 2: Aim of the thesis 

Chapter 3: Biomass Valorization via Pyrolysis 

Section 3.1.Introduction: an introduction to the primary pyrolysis products (bio-oil, biochar, and biogas) 

and pathways for valorizing bio-oil and biochar. 

Section 3.2. Biochar as support for heterogeneous catalyst: a detailed study of lignocellulosic and non-

lignocellulosic biomass for biochar synthesis, focusing on biochar characteristics as catalytic supports, 

with practical examples in catalysis. 
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Section 3.3.Hydrodeoxygenation of bio-oil model compounds using biochar-based catalysts: 

application of selected biochars as support for catalysts in the hydrodeoxygenation of bio-oil model 

compounds, namely isoeugenol and furfural. 

Chapter 4: Recovery of Char from Pyrolysis of Mixed Plastics 

After a brief overview of plastic pyrolysis processes and industry trends toward adopting this technology 

for plastic recycling, this section discusses the Boudouard reaction application in valorizing char 

derived from mixed plastic pyrolysis, with the specific aim of producing carbon monoxide—a valuable 

input for plastic production. 

Chapter 5: General Conclusions 

This chapter summarizes the key findings of the research, highlighting the major goals achieved and 

their contributions to the understanding of biomass and plastic valorization through pyrolysis. It reflects 

on how these investigations have advanced knowledge in these fields and their implications for 

sustainable waste management. 

 

Figure 2.1. Schematic representation of the developed topics of the thesis. 
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3. Valorization of biomass via pyrolysis 
3.1 General introduction 
Lignocellulosic biomass pyrolysis 

Among the various types of biomasses, lignocellulosic biomass is the most extensively studied and 

utilized. These materials comprise three primary components: lignin, cellulose, and hemicellulose 

(Figure 3.1.1). Cellulose is a linear polysaccharide made up of glucose monomers linked by β-glycosidic 

bonds, while hemicellulose is a heteropolysaccharide composed of a variety of sugars, including 

glucose, galactose, mannose, xylose, arabinose, and glucuronic acid. Lignin, the structural component 

of the biomass cell wall, consists of phenylpropane polymers. During pyrolysis, each component 

undergoes distinct reactions, resulting in the production of bio-oil, biogas, and biochar. Cellulose and 

hemicellulose decompose at lower temperatures (below 400 °C), producing furans, ketones, and 

aldehydes in the liquid phase, as well as gases such as CO, CH₄, CO₂, and H₂, alongside char resulting 

from the repolymerization of these products. In contrast, lignin decomposes at higher temperatures 

(>400 °C), generating a range of gaseous products, including H₂, CH₄, C₂H₄, C₂H₆, C₃H₄, formaldehyde, 

and acetaldehyde, along with phenolic liquid compounds. The majority of the produced char originates 

from the lignin fraction, due to the condensation of aromatic rings during its decomposition1–4.  

 

Figure 3.1.1. Structure of lignocellulosic biomass. Source: Applied Science 2019, 9, 37215.  
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Several types of biomasses have been explored as feedstock for pyrolysis, including agricultural 

residues such as waste wood, nutshells, wheat straw, and husks. The most studied biomass types are 

presented in Table 3.1.1. The selection of biomass and the pyrolysis conditions are typically tailored to 

the desired primary product. 

Table 3.1.1. Key lignocellulosic biomass types used in pyrolysis and their respective compositions 
 adapted from Garba et al.6. 

Feedstock Cellulose (wt%) Hemicellulose (wt%) Lignin (wt%) Reference 

Pinewood 49 16 25 [7] 

Rice straw 38 27 13 [8] 

Rice Husk 29 16 7 [8] 

Switch grass 23 19 20 [8] 

Pine sawdust 35–45 25–30 10–30 [8] 

Palm shell 28 22 27 [9] 

Palm tree fibers 28 30 27 [9] 

Empty fruit bunches 51 21 23 [9] 

Beach wood 42 31 12 [10] 

Empty Fruit bunches 43 20 22 [10] 

Sawdust 32 20 30 [10] 

Wheat shell 11 21 26 [10] 

Palm kernel shell 31 31 32 [11] 

Wheat straw 37–41 27–32 13–15 [12] 

 

Non-lignocellulosic biomass pyrolysis 

In addition to lignocellulosic biomass, various non-lignocellulosic biomasses (NLBM) have been utilized 

for pyrolysis, including algae, hair, bones, sewage sludge, meat, manure, feathers, leather, and other 

animal-derived byproducts13. These biomasses have a fundamentally different composition compared 

to lignocellulosic biomass and can vary significantly among themselves. Generally, their primary 

components include proteins, lipids, and carbohydrates. During pyrolysis, the weaker bonds, such as 

hydrogen bonds in proteins, begin to break down at around 200 °C, with the main decomposition of 

organic materials occurring between 300–600 °C. Unlike lignocellulosic biomass, NLBM contains 

significant amounts of nitrogen, sulfur, and phosphorus, leading to more complex pyrolysis reactions14.  
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The properties of products deriving from NLBM can vary depending on the feedstock, so that the desired 

requirements can be addressed by selecting biomass sources. For instance, algae are typically used to 

produce gas (such as hydrogen)15,16 or bio-oil17 due to their high lipid content, while animal-derived 

biomasses are often targeted for char production, as the presence of proteins enables natural nitrogen 

doping18,19. 

This thesis the focused on the valorization of both lignocellulosic biomass and animal-derived waste - 

specifically leather shaving waste generated from the tannery process20 - via pyrolysis. The application 

of pyrolysis for the valorization of this waste is still scarce21. The first to study the kinetics of thermal 

decomposition of tannery waste were Cabellero et al. in 199822, and most of the studies were focused 

on char production23–27, with only a few on the valorization of this waste for bio-oil production28–30. As 

already mentioned, three distinct fractions can be obtained from biomass pyrolysis, namely biogas, 

biochar and bio-oil. As all three fractions can be exploited to produce high added value chemicals, 

materials and fuels, therefore their main characteristics and applications are discussed below. 

Biogas 

The biogas produced from biomass pyrolysis primarily consists of H2 and CO, along with CH4, CO2 and 

several low molecular weight organic compounds, such as short chain hydrocarbons31. Although biogas 

has a significantly lower heating value compared to natural gas (6 MJ/kg vs. 54 MJ/kg), it is commonly 

used as an energy source, particularly for sustaining pyrolysis14,32. Moreover, biogas can serve as a 

sustainable source for syngas production, which can then be converted into hydrogen or other fuels and 

chemicals33. 

Biochar 

Biochar is the solid byproduct of pyrolysis, primarily composed of carbon (65-90%)34 along with smaller 

amounts of hydrogen, oxygen, and trace quantities of nitrogen, phosphorus, sulfur, and inorganic 

species (ash), including K, Na, Ca, Mg, Si, Al35,36. By sequestering carbon in its structure for extended 

periods, biochar can serve as a carbon sink, contributing to the reduction of greenhouse gas (GHG) 

emissions and potentially becoming a carbon-negative material37,38.  

Biochar structure consists of condensed aromatic rings, varying between amorphous, turbostratic, and 

graphitic forms, depending on pyrolysis conditions, particularly temperature39. Pyrolysis temperature 

also has a significant impact on biochar physicochemical properties, such as surface area, pH, and 

surface functional groups40. Moreover, also the nature of the feedstock strongly influences the final 

properties of biochar41,42.  
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In terms of chemical composition, heteroatoms present in the biomass can be retained in the biochar 

matrix, or as surface functional groups, including carboxyl, hydroxyl, amino, and lactone groups. The 

presence of functional groups on biochar surface is an important characteristic for several biochar 

applications, such as soil amendment, adsorbent and catalyst43.  

The starting raw material also has influence on biochar’s porosity and texture. The selection of 

feedstock with hierarchical structures, such as wood, grasses, and nut shells, can result in hierarchical 

porosity of the final biochar44,45. In lignocellulosic biomass, the decomposition of cellulose and 

hemicellulose leads to the formation of channels and pores, while a higher lignin content results in a 

biochar with a greater surface area46,47. Biochars derived from non-lignocellulosic biomass tend to have 

higher inorganic content, although certain lignocellulosic feedstocks, such as rice husk, naturally 

contain high silica content that is retained in the biochar13. Ash content plays a significant role in 

biochar's final structure, as it can act as an intrinsic catalyst during pyrolysis, promoting oxidation and 

increasing surface area, or during subsequent activation processes.  

The textural properties of biochar can be modified by proper activation steps. Activation is a thermal 

treatment occurring in presence of both chemical (KOH, ZnCl2, K2CO3, H2SO4, H3PO4) or physical (CO2, 

steam, ozone) agents that lead to oxidation and devolatilization of part of the carbonaceous structure 

in form of CO and CO2 , generating new porosity and enhancing the surface area. An example of the 

reactions occurring during physical activation is reported in Eq. 3.1.1, and Eq. 3.1.2. Physical activation 

occurs at high temperatures (800-900 °C)48,49 and maximize the formation of micropores33,50. The 

chemical activation allows the formation of chars with modulable porosity, ranging from micro to 

mesopores, and to work at lower temperatures, but it requires corrosive compounds that complicate 

the scalability of the process and can lead to damages of the plants34,51 (Figure 3.1.2). 

                                                                                   𝐶 + 𝐶𝑂2 ↔ 2 𝐶𝑂                                                                            (Eq.3.1.1) 

𝐶 + 𝐻2𝑂 ↔ 𝐶𝑂 +  𝐻2          (Eq.3.1.2) 

Due to its high carbon content, electrical conductivity, thermal stability, and potential for large surface 

areas, biochar has attracted attention as a sustainable alternative to other carbon-based materials. Its 

chemical, textural, and morphological properties can be finely tuned for specific applications through 

treatments such as activation and doping52. Biochar has been applied in diverse fields, including soil 

amendment53–57, abatement of pollutants and water treatment36,39,46,56,58, energy production59,60, and 

catalysis35,61–64.  
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The valorization of biochar as support for the preparation of heterogeneous catalysts has been part of 

this work of thesis, and it is discussed in detail in Chapter 3.2. 

 

 

Figure 3.1.2. Biochar structure and modification after activation. 

Bio-oil 

Bio-oil is the condensable fraction obtained from the pyrolysis of biomass. The composition of bio-oil 

is strongly influenced by the original biomass feedstock, and the pyrolysis conditions. The most 

exploited biomass for bio-oil production is lignocellulosic biomass, deriving from agriculture and 

forestry residues. Bio-oil is a complex liquid, containing more than 250 distinct compounds, 

characterized by a high oxygen content. It also has a high amount of water, comprising up to 25 wt. %65,65, 

which originates from the moisture of biomass and from the condensation reactions occurring during 

pyrolysis. The organic major components are acids (3-5 %), aldehydes and ketones (3-4,5 %), 

anhydrosugars (1-5 %), alcohols (̴ 1 %), furans (1-3 %), cyclopentenones and phenolic compounds (1-5 

%)66. Lyu et al., investigated the bio-oil composition of four different lignocellulosic biomasses 

(bagasse, corncob, spruce, and pine) and recognized the molecules represented in Figure 3.1.3 as main 

components of bio-oil66.   

Due to the high oxygen content (15-60 %), bio-oil exhibits high viscosity, instability, and corrosiveness. 

It is prone to polymerization and polycondensation during storage or heating, leading to changes in its 

chemical and physical properties67. The high oxygen content also causes a low calorific value, with bio-

oil yielding about 17 MJ kg-1, compared to 40 MJ kg-1 for conventional petroleum fuels29,68. Furthermore, 

the presence of polar oxygenated compounds renders bio-oil immiscible with traditional hydrocarbons, 

precluding direct use through blending. Consequently, bio-oil cannot be used as an alternative biofuel 

without further upgrading69–71.  
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Figure 3.1.3. Principal compounds of bio-oil. 

Significant research has been devoted to improving bio-oil quality. The most widely studied upgrading 

methodologies include emulsification, steam reforming72, hydrocracking73,74, catalytic cracking75,76, and 

hydrodeoxygenation (HDO)77. Emulsification78, the simplest method, involves mixing bio-oil with 

hydrocarbon using surfactants to stabilize the mixture. While this method improves bio-oil’s stability 

and viscosity, it does not mitigate its corrosivity, nor substantially enhance its calorific value.  

Catalytic upgrading, including hydrocracking, steam reforming, and HDO offers more promising routes 

for bio-oil enhancement. However, steam reforming of bio-oil primarily aims to produce H2, making this 

strategy unsuitable for generating liquid biofuels. Hydrocracking, in contrast, employs hydrogen to 

break down larger molecules into smaller ones, while HDO focuses on removing oxygen functionalities 

without cleaving carbon chains. The HDO process is  particularly advantageous to for producing diesel, 

gasoline and kerosene-grade hydrocarbons79,80. 

The valorization of bio-oil model compounds through HDO to produce biofuels has been one of the key 

topics  in this PhD thesis, and it is addressed in detail in Chapter 3.3. 
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Figure 3.1.4. The three fractions obtained from biomass pyrolysis. 
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3.2 Biochar as support for heterogeneous catalysts 

 

3.2.1 Introduction 

In the context of a circular economy, the reutilization of materials traditionally considered waste is a 

critical strategy. While the valorization of lignocellulosic biomass is a major focus, other types of waste 

— such as those from industrial sectors — present greater challenges for reuse and require deeper 

investigation. One such sector is the leather industry, which encompasses the global processing, 

production, and distribution of leather. Due to growing demand for leather goods81, this industry is 

expanding, with Italy holding a leading position in European leather production82. 

The tannery process involves several stages, including rawhide collection, tanning, finishing, and the 

manufacture of leather goods. This industry plays a significant role in both the agricultural and fashion 

sectors, though it is also associated with considerable environmental impacts due to chemical usage 

and waste generation. Leather tanning refers to the process of treating hides to make them durable and 

resistant to decomposition, involving steps such as cleaning, fleshing, splitting, tanning, shaving, and 

buffing83. However, the process is notorious for producing large volumes of toxic solid and liquid waste, 

with an estimated 700 kg of solid waste generated per 1000 kg of wet salted leather84. Sustainability 

initiatives, including the use of Cr-free tanning agents (such as vegetable tannins or organic polymers) 

and the valorization of byproducts like tannery residues, are increasingly gaining importance in modern 

leather production. 



3. Valorization of biomass via pyrolysis  - 3.2 Biochar as support for heterogeneous catalysts  
 

27 
 

Among tannery waste, shaving residues account for about 35-40% of the total, representing a significant 

environmental and economic challenge due to the impact related to their disposal impact.  

Pyrolysis, being a versatile and cross-cutting technology, has been explored as a treatment method for 

leather waste. The pyrolysis of leather wastes has been investigated over the years21, especially for char 

production and use in several applications, such as solid fuel83, pollutants absorption and 

abatement85,86, supercapacitors87, and fertilizers84,88. Under European legislation, the use of materials 

derived from animal transformations in some fields, particularly in soil amendments, cosmetics, and 

the food industry, is prohibited89. Consequently, alternative applications for these materials must be 

explored. Recently, our research group explored the potential of an activated biochar derived from 

metal-free leather shaving waste (LS) prepared using Life GOAST (Green Organic Agents for Sustainable 

Tanneries) technology. The pyrolysis of this material has been shown to produce high yields of biochar 

and its performances as anode material for Li and Li-free batteries have been investigated27.  In this work 

of thesis, particular attention is given to the use of biochar derived by leather shaving waste as support 

for heterogeneous catalysts, to be used in hydrogenation reactions. 

Carbon-materials have long been employed in heterogeneous catalysis, both as active catalysts and as 

support for active phases90. It is well established that the role of support extends beyond merely 

providing a carrier for the active phase to enhance dispersion and prevent leaching or sintering, and they 

can actively contribute to the catalytic process. This occurs either through direct interactions with the 

active phase, modifying its catalytic properties, or through interactions with reactants, enhancing 

chemisorption. For instance, carbon atoms located at the edges of graphitic planes are unsaturated, 

with a high density of unpaired electrons that serve as active sites for the chemisorption of reactant. 

Biochars and activated biochars possess a highly disordered structure with a significant number of edge 

carbon atoms. In addition, key features such as high surface area and modulable porous structure, the 

presence of heteroatoms in the structure (i.e. N-doping) or on the surface, (hydroxyl, carboxylic, lactone, 

amino groups), have an important role in its catalytic applications. High surface area allows to achieve 

high dispersion of the metal phase, increasing the available active sites for the reaction to occur91. 

Furthermore, a hierarchical network of interconnected meso- and micropores facilitates reactant 

diffusion to the active sites. The presence of heteroatoms in the carbon lattice, (such as N-doping) can 

modify its electronic properties, by promoting charge delocalization and disrupting the inert sp2 carbon 

network92. Recently, N-doped carbons have attracted considerable attention due to their ability to 

enhance catalytic performance93,94. Nitrogen doping induces lattice deformation in the carbon 

structure, creating defects that enrich the surface with protons, thereby enhancing the hydrogenation 

capability of non-noble metals. N-doping can be achieved through the pyrolysis of nitrogen-containing 
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compounds, such as melamine, combined with organic substances like glucose95. Alternatively, N can 

be naturally present in the biomass used for carbon production, such as in leather shaving waste, which 

is rich in proteins96, or in shrimp shells, which contain chitin97. Surface functionalities, in turn, contribute 

to catalyst performance by enhancing the anchoring of active metals, stabilizing the catalyst against 

leaching and sintering98,99, reducing biochar hydrophobicity to improve wettability in aqueous 

environments, and influencing surface acidity to boost reactions such as acid-catalyzed 

transesterification62. Moreover, biochar exhibits high thermal stability, resistance to acidic and basic 

environments, and moderate mechanical strength. The structural flexibility of carbon-based materials 

allows for the customization of catalytic properties to meet specific requirements. These attributes 

make biochar a highly suitable material for catalytic applications, either as a catalyst itself or as a 

support for active phases.  

Unlike other carbonaceous materials, such as activated carbon, graphite, or carbon nanotubes, which 

can only be derived from specific precursors, biochar can be produced from virtually any biomass 

through pyrolysis. Nevertheless, the properties of the resulting biochar are heavily influenced by the 

type of feedstock used. Biochars derived from both LBM and NLBM have been employed as catalyst or 

support in various catalytic fields, such as contaminant degradation58,85,100, fine chemical synthesis62,101–

103, biomass and bio-oil upgrading64,104, bio-oil upgrading105–108, and reforming processes35,63,109–111. 

Buentello-Montoya, et al.112 utilized hardwood biochar and activated biochar as catalyst for the steam 

reforming of tar. Guo et al.113 explored the catalytic activity of Fe-group metals supported on biochar for 

the catalytic microwave pyrolysis. Biochar has also been used for the preparation of heterogeneous 

catalysts for the upgrading of bioderived platform chemicals, such as vanillin114–116, guaiacol117, and 5-

hydroxymethyl furfural96,118, and it has also found applications in photocatalysis39. 

The choice of biomass feedstock is well known to play a pivotal role in shaping the properties of biochar, 

which subsequently impact the performance of the resulting catalyst. In this study, alongside leather 

shaving waste (LS), additional second-generation biomass sources, particularly lignocellulosic 

materials, were carefully selected. These included hazelnut shells, rice husks, and rice grains, chosen 

due to their local abundance in Italy, aligning with sustainability and circular economy goals. The study 

had multiple objectives: to highlight the fundamental influence of biomass feedstock on biochar 

characteristics and to optimize these properties for enhanced valorization of diverse biomass types.  
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The selected second-generation biomasses are described above:  

a) Leather tannery shaving waste (LS), derived from a chromium-free tanning process. It is a solid 

waste, mainly consisting of collagen fibers, proteins and tanning agents (organic green 

polymers)119. 

b) Hazelnut shells (HS), a lignocellulosic biomass, composed  mainly of lignin, cellulose and 

hemicellulose. This byproduct is highly abundant in Italy, which ranks as the second-largest 

producer of hazelnut in the world92,120. 

c) Rice husks (RH), another LBM, which, in addition to its lignocellulosic components, contains a 

significant amount of silica (approximately 30 %)121. 

d) Broken rice grains (RG) are an industrial byproduct obtained from the whitening and polishing 

process of rice. It is rich in starch, protein, vitamins, and minerals. Both RH and RG, byproducts 

of rice production, represent a globally highly abundant biomass resource, as rice is one of the 

most widely consumed foods worldwide122. 

In addition to examining individual pyrolysis processes, the study explored the co-pyrolysis of two 

different feedstocks (leather shaving waste and rice husks) to investigate how this approach could 

further modify the properties of both biochar and catalysts, potentially offering new avenues for 

performance optimization. The findings related to co-pyrolysis will be addressed in detail in Chapter 

3.2.4. 

The biomasses underwent slow pyrolysis to maximize biochar yield. The resulting biochars were 

characterized by (CHNS, ash content, N2 physisorption, SEM) and to further enhance their suitability as 

catalyst supports, they were physically activated using steam. To evaluate their catalytic potential, the 

biochar-based materials were used to prepare Pd-supported catalysts for hydrogenation reactions. 

Pd/C remains one of the most widely used hydrogenation catalysts in industry, and finding alternative 

sources for activated carbon is a critical topic in catalysis. In this study, the hydrogenation of 

benzaldehyde was selected as a model reaction to test the performance of the Pd/C catalysts, with 

potential industrial applications in aldehyde hydrogenation processes, such as the hydrogenation of 4-

carboxybenzaldehyde (4-CBA) during terephthalic acid123–126, and bio-oil upgrading 127,128.  

The main and side reaction pathways for hydrogenation of benzaldehyde are schematized in Figure 

3.2.1.1. Typically, the main reaction is consecutive, consisting of two steps: in the first step, the 

reduction of the aldehyde group occurs with the formation of the benzyl alcohol (II) as the intermediate. 

Benzyl alcohol, in the presence of hydrogen and the hydrogenation metal-based catalyst, goes through 

the hydrogenolysis of the C-O bond, leading to the formation of toluene (III)126. When using ethanol as 
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the solvent and in the presence of acidity, acetal (IV) and ethoxy methylbenzene (V) can be produced 

through side reaction pathways129,130.  

 

Figure 3.2.1.1. Reaction pathway from benzaldehyde to toluene. 

Benzyl alcohol and its derivatives are important intermediates in the synthesis of vitamins, drugs, 

pesticides, fragrances, and various ethers used in the cosmetic and flavoring industries. It is also used 

as a solvent for inks, paints, and lacquers. On the other hand, toluene is an excellent organic solvent 

being widely used in the production of benzene derivatives, caprolactam, saccharin, an intermediate in 

the synthesis of dyes, perfumes, polyurethane resins, and furthermore as an additive in gasolines to 

increase the octane number131,132.  

Since the hydrogenation of the aldehydic group, and the hydrogenolysis of the hydroxyl group to toluene 

are consecutive reactions, it is possible to modulate the conditions to selectively conduct the reaction 

to the desired product. Nevertheless, the study of this tandem reaction is useful to understand and 

compare the activity of different catalysts and to explore the potentiality of biochars as catalytic 

supports. 

In the hydrogenation of benzaldehyde, different types of catalysts have been used and tested mostly 

based on noble metals such as Pd123, Pt133, Ru134, Rh135, which are still the most efficient ones and also 

non noble metals such as Ni136, Co137, and Cu138. In addition, various supports based on oxides such as 

alumina, silica zirconia, titania, ceria, and carbon have been applied for the reaction138–141. Up to now, 

biochar obtained from different classes of biomasses has been used as the support of metal-based 

catalysts for different hydrogenation reactions96,142. For benzaldehyde hydrogenation, only one study 

has been reported in which the carbon support was obtained from pyrolysis of lignin model component 

and magnetic Fe2O3 was loaded on the support to be used as the catalyst of the reaction. The reaction 

resulted in 95% yield of benzyl alcohol at full conversion of benzaldehyde with the use of non-green 

solvent (THF), harsh reaction conditions (120 °C, 35 bar H2) and a very long reaction time (18 h)143. 
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Hence, the aim of the present study is to investigate and optimize a proper biochar support from actual 

waste biomasses for Pd based catalysts to be used in targeted hydrogenation. To achieve this, after 

formulation of Pd/activated biochar catalysts, all supports and catalysts were characterized in depth 

and they were then tested in benzaldehyde hydrogenation, while comparing the result with a Pd catalyst 

prepared by the same technique on a commercial active carbon. 
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3.2.2. Experimental 

Hazelnut shells (HS) from cultivar Tonda Gentile Romana were supplied by Fattoria Lucciano Soc. Agr. 

S.s., Civita Castellana, Viterbo, Italy; metal-free leather tannery shaving waste (LS) supplied from 

PASUBIO S.p.A. tannery, Arzignano, Italy, through the European project of GOAST technology, Green 

Organic Agents for Sustainable Tanneries; broken rice grains (RG) and rice husks (RH) were supplied by 

Riseria delle Abbadesse, Grumolo delle Abbadesse, Vicenza, Italy.  

Pyrolysis and activation 

The pyrolysis process was carried out in a laboratory-scale prototype plant (Carbolite custom model 

EVT 12 / 450B) consisting of a fixed bed quartz tube fixed inside a vertical tubular oven equipped with 

the lines and Brooks mass flow controllers for passing nitrogen inert gas and the steam activation agent. 

In addition, the temperature was adjusted and controlled using electrical heating system, 

thermocouples, and a PID temperature controller. The system is schematized in Figure 3.2.2.1. 

 

Figure 3.2.2.1. Schematic representation of the pyrolysis plant. 

About 40 g of biomass was loaded inside the quartz reactor. The pyrolysis was carried out in the 

presence of a nitrogen flow of 100 mL/min and the system was heated up to a 700 °C, with a ramp of 5 

°C/min and it was maintained at this temperature for 30 min. The biochars obtained by pyrolysis were 

labeled as B-HS, B-RH, B-RG, and B-LS, according to the feedstock. After pyrolysis, the biochar was 

subjected to the physical activation process by steam in the same oven at temperature of 850 °C, with 

a rate of 10 °C/min, in the presence of a H2O/N2 mixture at 50 vol. % with a total gas flow of 100 mL/min, 

for 90 minutes. The activated biochars were washed with a 1M HCl solution, in a ratio of 1 g activated 
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biochar: 20 mL HCl solution. The suspension was left in ultrasound for 1 h to eliminate most of the 

inorganic components, that can be found in variable amounts in natural feedstocks, and then it was 

filtered, washed with deionized water until reaching a neutral pH27. The sample was dried in an oven at 

110 ° C for 16 h and finally, it was ground and sieved to obtain a powder with the fraction between 105-

63 μm. The final samples were labelled A-LS, A-HS, A-RH, A-RG, respectively. A commercial activated 

carbon (AC) was used as a reference to compare the catalytic properties of the selected materials.  

Catalyst preparation 

The Pd catalysts were synthesized using wet impregnation technique. First, 1 g of activated biochar or 

commercial active carbon was mixed with a predetermined amount of aqueous solution of  H2PdCl4 as 

Pd precursor to obtain nominal Pd content of 0.6 wt.% in the final catalyst. The palladium was reduced 

with a sodium formate solution at 80 °C. The final suspension was filtered and washed with deionized 

water until the complete elimination of the chlorides, and the catalysts was then dried at 110 ° C for 18 

hours. 

Biomass, biochar, support and catalyst characterizations 

The CHNS elemental analyses of biomasses, biochars and activated biochars were performed using 

UNICUBE organic elemental analyzer (Elementar). The percentage of ash was calculated following the 

thermos-gravimetric analysis (TGA 8000 PerkinElmer) according to the ASTM-D7582 protocol and the 

oxygen percentage was calculated by difference of the two analyses, as given by the following equation 

(Eq.3.2.2.1): 

O% = 100 - (C% + H% + N% + S% + ash%)    (Eq.3.2.2.1) 

Fourier transform infrared (FT-IR) analyses were performed by Perkin Elmer Spectrum, one 

spectrometer with a wave number range of 400 – 4000 cm−1 and resolution of 4 cm−1 at room 

temperature. To evaluate the surface area and pore volume, N2 physisorption analyses were carried out 

at −196 ℃ using Tristar II Plus Micromeritics (MICROMERITICS USA). Samples (ca. 50 mg) were 

previously degassed at 200 °C for 2 hours using a vacuum degasser system. The surface area was 

calculated by the Brunauer Emmett Teller (BET) and Langmuir and T-Plot equations and the total pore 

volume Vtot was measured according to the adsorbed amount of N2 and p/p0 (absolute 

pressure/saturation vapor pressure) values near 0.98. Pd effective amount was analyzed by Microwave 

Plasma – Atomic Emission Spectrometry (Agilent Technology 4210 MP-AES). About 50 mg of the catalyst 

was digested with a mixture containing 5 mL of HCl (37 %): HNO3 (65 %) = 3:1 and 5 mL of deionized 

water for 5 hours.  
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X-ray powder diffraction (XRD) analyses were carried out by a Bruker D8 Advance Da Vinci diffractometer 

equipped with LynxEye detector and a sealed tube providing CuKα radiation at an accelerated voltage 

of 40 kV and an applied current of 30 mA. 

Scanning electron microscopies (SEM) were carried out using a FE-SEM LEO 1525 ZEISS (Jena, DE). The 

acceleration potential voltage was maintained at 15 keV and measurements were carried out using AsB 

detector (Angle selective Backscattered detector) and In-lens detector. Samples were deposited on 

conductive carbon adhesive tape and metallized by sputtering with chromium (8 nm). Elemental 

composition and chemical mapping were determined using a Bruker Quantax EDX. 

TEM images were obtained using a Philips 208 Transmission Electron Microscope. The samples were 

prepared by putting one drop of an ethanol dispersion of the catalyst powder on a copper grid pre-

coated with a Formvar film and dried in air. 

Temperature Programed Reductions (TPR) of catalysts were carried out with a lab-made instrument 

under 5 vol % H2 in Ar flow, heating from 25 °C to 800 °C with a ramp of 10 °C min−1. The effluent gases 

were analyzed by a Micrometrics TPDTPR 2900 analyzer equipped with a TCD detector (Gow-Mac 24-

550 TCD instrument CO, Bethlehem, PA, USA). 

Catalyst testing 

Benzaldehyde hydrogenation was carried out in a semi-batch reactor, consisting of a jacketed three-

necked flask. A hydrogen bubbler was inserted to flow the gas into the solution at atmospheric pressure. 

The flask was equipped with an external jacket, which was connected to a thermostat (Haake DC 30) 

allowing the reactor temperature to be kept constant throughout the reaction time. 

Preliminary tests were carried out to verify that during the reaction, the conversion of benzaldehyde to 

the respective products was not affected from mass transfer phenomena (diffusion). The chosen 

reaction conditions were the following.  Solvent: ethanol (20 mL), temperature: 25 °C, pressure: 1 bar, 

benzaldehyde/Pd: 260 w/w, benzaldehyde concentration: 0.1 M, stirring speed: 1500 rpm, H2 flow: 33 

mL/min, catalyst particle size: between 105-63 μm123. In a typical catalytic test, 160 mg of catalyst and 

20 mL of ethanol (>99.9% J.T. Baker) as the solvent were loaded in the reactor, which was saturated with 

H2 under stirring. The temperature was increased to 80 °C to activate the catalyst and these conditions 

were maintained for 1 h. At the end of this first phase, the temperature was decreased to 25 °C, and the 

benzaldehyde (>99% Aldrich) and internal standard (n-octane, > 99 % Fluka) were added. The reaction 

solution was taken at certain time intervals, and it was analyzed using an Agilent Technologies 7820 gas 

chromatograph equipped with an HP-5 column (L=30 m, Ø= 0.32 mm and film made of polysiloxane = 

0.25 μm) with FID detector.  
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In addition, the types of products were confirmed using a GC/MS (EI, 70 eV) with a HP5-MS capillary 

column (L= 30 m; Ø= 0.32 mm; film= 0.25 µm). The relative error of repeating reactivity test for each 

catalyst was less than 5 %. For the catalyst recycling, the same conditions were employed. Between the 

cycles, the catalysts were filtered and washed with ethanol, and dried in the oven at 110°C. 

The benzaldehyde conversion and products selectivity were calculated according to the following 

equations (Eq. 3.2.2.2, 3.2.2.3): 

                       𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑏𝑒𝑛𝑧𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒 𝑎𝑡 𝑎 𝑐𝑒𝑟𝑡𝑎𝑖𝑛 𝑡𝑖𝑚𝑒

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑏𝑒𝑛𝑧𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒
∗ 100                         (Eq. 3.2.2.2) 

 

                      𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝑖) (%)  =  
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (𝑖) 𝑎𝑡 𝑎 𝑐𝑒𝑟𝑡𝑎𝑖𝑛 𝑡𝑖𝑚𝑒

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (𝑖)+𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑡ℎ𝑒𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠
∗ 100                       (Eq. 3.2.2.3) 
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3.2.3 Results and discussion 

Characterization of biomass, biochars and activated biochars  

The chemical composition of the biomasses (HS, LS, RG, RH), biochars (BCs) (B-HS, B-LS, B-RG, B-

RH) and the corresponding activated biochars (ACs) (A-HS, A-LS, A-RG, A-RH), as well as the 

commercial activated carbon (AC) was estimated by elemental analysis and determination of the ash 

content. The yield of BCs after pyrolysis and ACs after activation are also reported. The results are 

reported in Table 3.2.3.1.  

Table 3.2.3.1. CHNS elemental analysis of biomasses, biochars, activated biochars and commercial carbon. The amount of 
elements is reported in mass percentage. 

Samples Yield (%) C [%] N [%] H [%] S [%] O [%] Ash [%] H/C O/C 

HS / 49.1 0.3 5.7 0.5 42.9 0.9 0.12 0.87 

B-HS 30 86.1 0.3 2.2 0.1 9.4 1.8 0.03 0.11 

A-HS 57.6 94.3 0.2 0.8 0.1 4.0 0.5 0.01 0.04 

LS / 46.9 11.5 6.1 3.4 28.6 3.4 0.13 0.61 

B-LS 33 74.1 10.3 1.6 1.1 4.8 8.0 0.02 0.06 

A-LS 55.0 81.5 6.0 1.8 0.5 7.1 3.0 0.02 0.09 

RG / 44.7 1.7 7.0 0.5 46.2 0.7 0.16 1.03 

B-RG 27 85.2 26 1.9 0.2 5.6 4.5 0.02 0.07 

A-RG 67.9 87.7 1.8 1.0 0.1 8.3 1.0 0.01 0.09 

RH / 37.7 0.6 5.1 1.0 55.7 18.1 0.13 1.48 

B-RH 38 50.9 0. 4 1.2 0.2 2.4 44.5 0.03 0.05 

A-RH 70.7 39.4 0.2 0.5 0.1 3.2 56.6 0.01 0.08 

AC / 92.5 0.2 0.5 0.1 6.4 0.2 0.005 0.07 

 

After pyrolysis, the biochar yield for all samples was approximately 30%, aligning with values reported 

in literature as 31% yield for HS under comparable conditions144. Yilmaz and coworkers21 reported a 

44% yield of biochar from vegetable-tanned leather at 600°C. The lower biochar yield observed in our 

study is attributed to the higher pyrolysis temperature, which promotes further decomposition of the 

biomass into liquid and gaseous products. The higher yield noted for B-RH, compared to the other 

biochars is linked to its elevated inorganic content (ash), which is not involved in the pyrolysis process 

and remains in the solid fraction. 

The activation process resulted in burn-off values ranging from 30% to 70%, corresponding to an 

increase in porosity. The highest burn-off values were observed in samples that experienced the 

greatest surface area expansion during activation, as confirmed by N₂ physisorption measurements 

(Figure 3.2.3.2, Table 3.2.3.2). 
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Elemental distribution varied significantly across the different feedstocks, strongly influenced by the 

nature of the starting materials. These differences are attributable to the complexity of biomass 

structures, composed of various components (cellulose, hemicellulose, and lignin in HS and RH, starch 

in RG, and proteins and vegetable tanning agents in LS) that differ in their thermal decomposition 

behavior at elevated temperatures145.  

Samples A-HS, A-RG, and AC exhibited notably high carbon contents (94.3%, 87.7%, and 92.5%, 

respectively)123. A-LS, derived from animal residues primarily composed of proteins, showed a high 

nitrogen content (6.0%), making A-LS a natural oxygen- and nitrogen-doped carbon material. This dual 

doping imparts distinct characteristics to A-LS compared to biochars derived from lignocellulosic 

biomass. On the other hand, A-RH displayed significantly lower carbon content due to the high inorganic 

content, predominantly silica (confirmed also by the EDX measurement, reported in Appendix, Figure 

3.2.6.1)146. Activation generally led to a reduction in heteroatom content and a decrease in the H/C and 

O/C ratios, indicative of increased aromaticity and enhanced structural stability of the biochars146,147. 

As shown in Table 3.2.3.1, samples AC and A-HS presented the lowest H/C ratios, suggesting a high 

degree of carbonization, resulting in a highly condensed and stable structure149.  

Despite the activation process, all biochars retained a notable amount of oxygen, likely in the form of 

surface oxygen-containing functional groups. Interestingly, sulfur was present in small amounts across 

all samples. This feature could be advantageous for catalytic applications, as sulfur is known to act as 

a poison for noble metals96. The presence of surface functionalities and aromatic structures was 

confirmed by FT-IR spectroscopy (Figure 3.2.3.1a). Key signals included the stretching vibrations of C=C 

(~1548 cm⁻¹), C-H (800 cm⁻¹), -OH (3455 cm⁻¹), and C-O (~1400 cm⁻¹), indicating the presence of 

oxygenated functional groups such as ketones, aldehydes, lactones, carboxyls, alcohols, phenols, and 

ethers. Additional evidence of these functionalities came from Temperature Programmed Desorption 

(TPD) measurements34 (Figure 3.2.3.1b). In this type of analysis, the functional groups are thermally 

decomposed releasing CO, CO2, and H2O at different temperatures depending on the thermal stability 

of the considered functional groups35. In all samples,  the band at temperature range of 100-400 ° C is 

associated with the CO2 released by the decomposition of the carboxyl groups. Moreover, the band 

between 800-900 °C is related to the release of CO from the decomposition of the carbonyl and quinone 

groups. In the TPD graphs of A-HS and A-RG samples, an additional band at 700 °C can be observed 

which is due to generation of CO from thermal decomposition of quinones, ethers and phenols150,151. 

The presence of silica in A-RH was further confirmed by FT-IR, with the detection of Si-OH groups, which 

could enhance metal phase anchoring and dispersion within the pores of the A-RH support.  
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The presence of nitrogen in A-LS was also confirmed by FT-IR, with a characteristic stretching vibration 

of the N-H bond in alkyl or arylamines152. Prado-Burguete et al.153 observed that increasing oxygen-

based functional groups on carbonaceous supports with similar porosity improved the dispersion of 

the metal phase. Although A-RH had the lowest overall oxygen content (3.2%), its O/C ratio was 

comparable to those of A-RG and A-LS, due to the relatively lower carbon content in the sample. This 

suggests that the carbon fraction in A-RH possesses a highly oxygenated surface. 

 

Figure 3.2.3.1. a) FT-IR spectra and b) He-TPD curves of the activated biochars A-LS (black), A-RH (blue), A-RG (cyan), A-HS 
(red). 

The adsorption-desorption isotherms of BCs and ACs samples are shown in Fig.3.2.3.2, and the textural 

properties are reported in Table 3.2.3.2. The nature of the initial biomass influenced the final texture of 

the biochars: B-LS and B-RG biochars show type III isotherm related to non-porous materials according 

to the IUPAC classification, and these materials did not show any surface area. On the contrary, B-RH 

and B-HS biochars exhibit type I adsorption isotherms confirming the characteristic of microporous 

materials. These types of materials indicate surface area values greater than the previous samples.  A 

higher porosity and surface area of B-HS and B-RH were related to the lignocellulosic origin of 

biomass154. Indeed, during the pyrolysis, the pore structure is preserved by the stability of the lignin, 

which decomposition occurs at high pyrolysis temperature (above 500°C, up to 900°C)155. This did not 

occur in the case of B-L and B-RG, that are mainly made of protein and starch156. These components 

decompose at lower temperature, releasing a higher amount of volatiles, and resulting in a lower yield 

of char149. To increase the porosity and surface area of all the biochars to be used as catalyst supports, 

a physical activation process in the presence of steam was carried out after pyrolysis. As can be seen 

in Fig. 3.2.3.2b, A-HS and A-RH displayed the combination of a type I and IV isotherm belonging to 

materials with the coexistence of both micropores and mesopores, according to the IUPAC 

classification.  
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In particular, the sharp increase of absorbed gas volume in the lower relative pressure is the 

characteristics of Type I isotherm and microporous materials, while the hysteresis loop in the pressure 

range of 0.4<p/po<0.99 is due to the presences of meso and macropores in the samples. In the case of 

A-LS, A-RG, and AC, isotherm Type I and mainly microporous texture can be observed. As can be seen 

in Table 3.2.3.2, the surface area of activated materials followed the order of A-RH<A-RG<A-LS<A-

HS<AC. The high surface area of the commercial sample AC can be probably ascribable to a physical 

activation performed at a higher temperature compared to activated biochars prepared in this work157. 

All activated biochars showed promising textural properties for catalytic application. 

 

Figure 3.2.3.2. N2 adsorption-desorption isotherms of a) biochars B-HS (dotted red), B-RG (dotted cyan), B-RH (dotted blue), 
and B-LS (dotted black); b) activated biochars A-HS (solid red), A-RG (solid cyan),A-RH (solid blue),  A-LS (solid black), and 

AC (solid green). 

Table 3.2.3.2. Textural properties of biochars and activated biochars measured by N2 physisorption analyses. 

Samples 
SBET 

(m
2
/g) a 

S
micro 

(m
2
/g) b 

V
tot 

(cm
3
/g) c 

V
micro 

(cm
3
/g) d 

B- HS 313 226 0,20 0.11 

A-HS 794 1000 0.31 0.24 

B-LS / / / / 

A-LS 633 783 0.25 0.23 

B-RG / / / / 

A-RG 565 707 0.24 0.21 

B-RH 199 270 0,15 0,06 

A-RH 367 543 0.14 0.10 

AC 1059 1064 0.40 0.27 
aSurface area calculated by BET method. bMicropore surface area calculated by t-plot method. cTotal pore volume calculated according to the 
adsorbed amount of N2 and P/P0 values near 0.98. dMicropore volume calculated by t-plot method. 
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The lowest surface area of A-RH could be explained by the high percentage of Si in this sample158, which 

was not altered by the activation treatment. Indeed, the activating agent can interact only with the 

carbon, oxygen, nitrogen and sulfur atoms in the precursor, mainly oxidizing carbon to CO and CO2 and 

consequently leading to the formation of pores. 

The surface morphologies of biochars, activated biochars, and AC were analyzed using scanning 

electron microscopy (SEM), with the corresponding images presented in Fig. 3.2.3.3 (and additional 

images in the Appendix, Figure 3.2.6.2 ). 

 

Figure 3.2.3.3. SEM images of biochars, activated biochars and commercial AC with 1.00 and 2.50 K X magnifications. 

The AC exhibited a surface characterized by small, homogeneously distributed cavities. In contrast, A-

HS and A-RH displayed a sponge-like structure with rounded and elliptical cavities, as well as internal 

channels146. The physical activation process led to the development of additional pores, depressions, 

and channels in the biochars, as also observed by Alvarez et al.159,160. These internal features enhance 

the potential of trapping metallic nanoparticles and improve resistance to leaching.  
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Lignocellulosic biomasses, such as HS and RH, are known to retain the structural integrity of plant cell 

walls, composed mainly of cellulose, lignin, and hemicellulose161, which accounts for their distinct 

morphology post-activation. Furthermore, a comparison of the SEM images of B-RH and A-RH in Figure 

3.2.3.3 (and in the Appendix, Figure 3.2.6.2) reveals that the corrugated structure of B-RH, characteristic 

of this biomass, remains preserved after activation. This corrugated structure is attributed to the hybrid 

nature of the biochar, with a high silica content (confirmed by EDX analysis in the Appendix Figure 

3.2.6.1), which is uniformly dispersed throughout the material, forming a sandwich-like double layer 

with the carbonaceous fraction.  

The SEM image of biochar from leather shavings (B-LS) displays a flat surface with no visible pores27. 

After activation, however, the activated leather shaving biochar (A-LS) exhibits superficial pores with 

diameters in the micrometer range. N2 physisorption data confirms that these samples are 

predominantly microporous (pores < 2 nm), which are beyond the resolution of SEM96. The distinct 

morphology of leather shaving biochar is likely due to its collagen fiber-rich composition, combined with 

fibroblasts and tanning agents162. which differs significantly from lignocellulosic biomass. The soft 

matter of the leather does not maintain its structure post-pyrolysis. Both B-RG and A-RG exhibit a jagged 

surface with large, irregular depressions.  

The different characterizations conducted on the carbonaceous materials evidenced that their 

chemical composition, textural and morphological properties differ among the samples, due to the 

nature of the feedstock. Therefore, the aim of this work was to evaluate if the intrinsic properties of the 

chars could influence the final properties of the catalysts, by modulating the quantity and dispersion of 

the deposited metal phase, and therefore influencing the catalytic performance of the resulting 

heterogeneous catalysts, particularly with respect to activity and selectivity. Consequently, following 

the deposition of Pd onto the carbonaceous supports, the physicochemical properties of the prepared 

catalysts were thoroughly investigated, and the results are presented in the subsequent section. 

Characterization of the catalysts 

According to the results of MP-AES analyses reported in Table 3.2.3.3, the actual Pd loading of all 

catalysts was different, and not always coherent with the nominal value (0.6 wt. %). Among all catalysts, 

Pd/A-RH and Pd/A-HS showed the highest metal loading, while Pd/A-LS showed the lowest loading 

value. It was assumed that the chemical, structural and morphological properties of the carbonaceous 

supports had strong influences on the anchorage of Pd nanoparticles, affecting the leaching during final 

washing procedure of the catalyst.  
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Table 3.2.3.3. Pd loading determined by MP-AES analyses and Pd particle size (nm) measured by TEM. 

Sample Nominal Pd 
loading (wt. %) 

Effective Pd 
loading (wt. %) 

Average Pd 
particle size (nm) 

Pd/A-HS 0.6 0.5 4.8 

Pd/A-LS 0.6 0.2 5.9 

Pd/A-RG 0.6 0.3 5.2 

Pd/A-RH 0.6 0.6 3.8 

Pd/AC 0.6 0.4 3.9 

 

As observed by N2 physisorption results in Table 3.2.3.2 and Fig. 3.2.3.2, both A-HS and A-RH showed 

the coexistence of micro and mesopores, which could promote a greater entrapment of the metal 

phase. Moreover, the SEM images in Fig. 3.2.3.3 showed a different and typical morphology of A-HS and 

A-RH compared to other carbonaceous supports. These two samples displayed inner pores, channels 

and cavities that could help with a better trapping and anchoring of the Pd nanoparticles and increase 

their resistance to leaching, especially during washing step of the catalyst preparation process96. 

On the other hand, according to the results of the elemental analysis of activated biochars, and the FT-

IR spectra reported in Figure 3.2.3.2 and Table 3.2.3.2, A-RH showed a rather high O/C ratio and a high 

presence of oxygen-based functional groups. In contrast, A-HS showed lower O/C ratio and oxygen-

based functionality. Oxygenated groups could help with a better interaction between the support and 

the Pd precursor, leading to a lower leaching of Pd during final washing of the catalyst. Anyways, the 

surface functional groups could not be ascribed as the principal feature to ensure good anchorage and 

loading of the metal. Indeed, the improper texture and morphology of A-LS, with superficial and mainly 

micropores, led to the weak trapping and anchorage of metal nanoparticles in the support, and hence 

the lowest loading of Pd even though this support showed a high surface area, and high N,O-based 

functional groups. A-RG and AC, with a rather high O/C ratio, showed an intermediate behavior in terms 

of metal loading, that could be referred to their textural and morphological properties. The materials 

have a microporous texture, but from SEM images it is possible to observe a more corrugated surface, 

with respect to A-LS. 

Further characterizations were carried out to investigate the influence of the different carbonaceous 

supports on the final properties of the catalysts and their catalytic activity in the benzaldehyde 

hydrogenation. The TEM images and the Pd particle size distribution of the catalysts are shown in Figure 

3.2.3.4. In general, by XRD pattern we can obtain the size of single crystals, but in TEM image, it is 

possible to see the nanoparticles which come from agglomeration of single crystals. In this study, we 

assume that single crystals are smaller than 4 nm which made it impossible to see in XRD pattern 

(Figure 3.2.6.3 in Appendix).  
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However, the nanoparticles from agglomeration of single crystals had obviously a mean size superior to 

single crystals. Larger nanoparticles can confirm an eraser movement of Pd single crystals in the 

support texture and their higher agglomeration96,116.  

In particular, Pd/A-HS and Pd/AC showed uniformly distributed Pd nanoparticles with the mean size 

slightly larger than 4 nm. Also Pd/A-RH displays a high dispersion of metallic phase over the entire 

surface of the support and no active phase agglomerations are observed. A-RH is a hybrid material 

made of two cross-linked structures of silica and carbon; the presence of silica can increase the 

dispersion of the metal phase, thanks to the presence of hydroxyl groups (Si-OH), and allowing the 

improvement of the hydrophilic nature of this material163. On the contrary, in Pd/A-LS and Pd/A-RG 

catalysts, the dispersion of the Pd particle is not homogeneous and some evident agglomerates can be 

observed. Indeed, the larger Pd average particle size is estimated for these two catalysts with 

approximately around 5.2 nm for Pd/A-RG and 5.9 nm for Pd/A-LS. It can be hypothesized that A-LS and 

A-RG supports, with superficial depressions and pores, and A-LS with a minor stacking disorder of the 

layers (Figure 3.2.3.3) can mainly disperse the metal particles on the external surface, and not inside 

the pores164. Finally, it can be concluded that a combination of chemical, textural, and more importantly 

morphological properties favored a better trapping and anchoring of the Pd and a higher loading for A-

HS and A-RH. 
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Figure 3.2.3.4. TEM images and Pd particle size distribution histograms of reduced  Pd/A-HS (red),  Pd/A-LS (black), Pd/A-RG 
(cyan), Pd/A-RH (blue), and  Pd/AC (green). 
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TPR measurements of reduced catalysts were carried out to derive useful information on the metal 

phases and to observe whether all the palladium hydroxide has been reduced to the metallic state. TPR 

profiles in Figure 3.2.3.5 show a negative peak at about 70 °C due to the decomposition of β-palladium 

hydride165. Indeed, metallic palladium can adsorb hydrogen on its surface at room temperature, leading 

to the formation of hydrides which are unstable at temperatures above 60 °C. In addition, all samples 

indicate a very large peak at temperatures above 400 °C which is related to the methanation of activated 

biochars or to the interaction between the surface carbon atoms with hydrogen166. The Pd/A-LS catalyst 

shows a more intense peak compared to the other samples, which explains a higher consumption of 

hydrogen. In fact, as was observed from the FT-IR and TPD results (Figure 3.2.3.1a,b), A-LS showed a 

remarkable surface functionality. Furthermore, this peak for Pd/A-RH is not very intense that could be 

correlated to the fact that A-RH is a hybrid material consisting of a carbonaceous structure and silica 

presenting though a lower carbon content than the other activated biochars. For Pd/A-RG and Pd/A-LS, 

there is a positive peak in the temperature range 230-250 °C which is associated with the decomposition 

of species such as palladium oxychlorides166. This can confirm that the metal precursor was not 

completely reduced to the metallic state by sodium formate. Indeed, A-LS and A-RG showed a higher 

quantity of nitrogen according to the elemental analysis results in Table 3.2.3.1 which could exist as 

self-doped and functional groups in these supports. Bulushev et al.167, noted that doped nitrogen in 

carbonaceous support can favor the stabilization of these Pd2+-based species, thus preventing the 

reduction of palladium to the metallic state168.  

 

Figure 3.2.3.5. TPR profiles of all reduced catalysts 
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After full characterizations of all catalysts, they were tested in the hydrogenation of benzaldehyde.  

Catalytic tests 

The synthesized catalysts were tested in the benzaldehyde hydrogenation, and the benzaldehyde 

conversion and products selectivity are reported in Figure 3.2.3.6.  

As can be seen in Figure 3.2.3.6, the best activity was obtained for Pd/A-RH and Pd/A-HS where the 

conversion increased rapidly over time and reached full conversion after 40 min. On the contrary, the 

conversion over Pd/AC, Pd/A-RG, Pd/A-LS increased slightly and reached a maximum of 97%, 80% and 

45%, respectively after 200 min of reaction. Looking at the selectivity of benzyl alcohol and toluene 

products, Pd/A-HS and Pd/A-RH exhibit a most rapid increase of benzaldehyde selectivity during the first 

40 min of the reaction and then its gradual decrease after 40 min. This can suggest that for these two 

catalysts, toluene started to be produced from hydrogenation of benzyl alcohol after 40 min of the 

reaction which can also be observed from selectivity of toluene. The final benzyl alcohol and toluene 

selectivity for Pd/A-HS and Pd/A-RH were 21%, 78% and 3%, 97%, respectively. However, Pd/AC showed 

a different trend in which the formation of benzyl alcohol gradually increased throughout the reaction 

time, reaching up to 80% selectivity after 200 min. For this catalyst the formation of toluene was 

inhibited, and it was able to achieve only 8% of toluene selectivity. Pd/A-RG and Pd/A-LS produced 

benzyl alcohol with low final selectivity of 30% and 12%, respectively and the producibility of toluene 

was negligible. The low selectivity obtained from the Pd/AC, Pd/A-RG and Pd/A-LS catalysts was 

attributed to the formation of by-products, which have been identified as diethoxy methylbenzene and 

ethoxy methylbenzene by GC/MS analysis. For Pd/A-RG and Pd/A-LS catalysts, the selectivity to by-

products increased very rapidly in the first 10 minutes of the reaction up to a value of about 74% for both 

samples and then showed a slight decrease for Pd/A-RG. On the contrary, a very low amount of by-

products was detected in the reactions over Pd/A-HS and Pd/A-RH. For these catalysts, the selectivity 

towards ethoxy methylbenzene and diethoxy methylbenzene increased significantly in the first 10-20 

minutes and subsequently decreased and then disappeared during the reaction. Instead, a similar trend 

was observed for Pd/AC but with a higher selectivity to by-products and not their complete 

disappearance after 200 min of the reaction. For Pd/A-HS, Pd/A-RH and Pd/AC, the subsequent 

reduction of diethoxy methylbenzene and ethoxy methylbenzene selectivity might be due to the 

conversion of these intermediates into toluene and benzyl alcohol, respectively (Figure 3.2.1.1). Overall, 

two synthesized catalysts meaning Pd/A-RH and Pd/A- HS showed the highest activity and selectivity 

especially compared to Pd/AC with commercial support. The variable activity and selectivity of the 

catalysts was primarily related to the different metal loading.  
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Pd/A-RH and Pd/A-HS, which exhibited the highest metal loading, close to the nominal value, displayed 

the highest activity and good selectivity, because the side reactions, not catalyzed by the active metal 

phase, were suppressed in favor of the hydrogenation pathways. On the other hand, Pd/A-LS and Pd/A-

RG, with a low Pd loading, did not favor the hydrogenation route, and the acetalization could occur more 

easily. Pd/AC, with an intermediate value of Pd wt. %, displayed intermediate behavior, maintaining a 

good selectivity toward BALOH, but resulting in low activity and therefore slow formation of TOL. The 

effective loading value of Pd and NPs size dispersion (Table 3.2.3.3) were influenced by the properties 

of the supports, and that influenced the catalytic behavior of the materials. Indeed, Pd/A-RH and Pd/A- 

HS catalysts displayed a micro-mesoporous structure, and a morphology made of cavities and holes, 

as well as a proper amount of surface functionalities, and resulted in higher effective Pd loading, smaller 

Pd nano particle size and higher dispersion, therefore being more selective to desired products. The 

other chars being mainly microporous had a lower effective Pd loading and with more evident  

agglomerations, which favored the reaction towards higher by-products formation.  

As discussed in the previous section, chemical, textural and morphological properties of the biochar-

based supports were fundamental parameters that strongly affected the performance and 

characteristics of the catalysts, since it could modulate and determine the dimensions, form, 

dispersion, and availability of the metallic active centers. Therefore, it can be concluded that the origin 

of initial biomass has a fundamental role in reaching a final biochar-based support with proper feature 

for desired catalytic application. 
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Figure 3.2.3.6. Hydrogenation of benzaldehyde over all prepared catalysts Pd/A-HS (red), Pd/A-LS (black), Pd/A-RG (cyan), 
Pd/A-RH (blue), Pd/AC (green):  a) benzaldehyde (BAL) conversion (%), b) benzyl alcohol (BALOH) selectivity (%), c) toluene 

(TOL) selectivity (%), d) by-products (BP) selectivity (%) as a function of reaction time (min). Reaction conditions: ethanol: 20 
mL, temperature: 25 °C, pressure: 1 bar, H2 flow: 33 mL/min, benzaldehyde concentration: 0.1 M, catalyst: 160 mg, stirring 

speed: 1500 rpm. 

Since the conversion of benzaldehyde is considered as a model reaction for production of fuels from 

valorization of biomass, wide variety of studies were carried out on hydrodeoxygenation of 

benzaldehyde to toluene in the literature. In particular, various noble, non-noble metals, and oxide, 

carbonaceous supports were used in the formulation of the heterogeneous catalysts for this model 

reaction. The most important examples are reported in Table 3.2.3.4.  
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Table 3.2.3.4. Comparison of results obtained with different reported heterogeneous catalysts 

Catalyst 
Benzaldehyde 
conversion (%) 

Products Reaction conditions  Ref. 

Pd/A-RH >99 Toluene selectivity: 97% 
Ethanol solvent, 25 °C, 1 bar H2 and flow of 

33 mL/min, 200 min, Pd: 0.6 wt.% 
This 
work 

Pd/Al2O3 100 
Benzyl alcohol 

concentration: 0.06 mol/L 
Cyclohexane solvent, 40 °C, H2 flow of 20 

mL/min, 60 min, Pd: 5 wt.% 
[169] 

Pd/FER zeolite ~100 Toluene yield: 100 % 80 °C, 40 bar H2, 120 min [170] 
Pt/C,  

Rh/C as the best 
Pd/C 
Ni/C 

100 
Benzyl alcohol yield: 

100% 
Acetate buffer at pH 5, room temperature, 

1 bar of H2 flow, 120 min, metal: 5 wt.% 
[171] 

Pd-Ru/CNTs 
Pd-Ru/NGC 

31 
43 

Benzyl alcohol selectivity: 
44% and 82% 

Ethanol solvent, 40 °C, total gas pressure 
of 50 bar, 60 min, total metal: 1.5 wt.% 

[141] 

Pd/C 100 Toluene selectivity: 100% 
p-xylene solvent, 50°C, 2 bar H2, 180 min, 

Pd: 1 wt.% 
[172] 

  

Even if it is always difficult to compare catalytic tests performed under different reactions conditions, it 

is possible to see for instance, that alumina and FER zeolite were used as the supports of noble Pd 

metal-based catalyst in two studies. Pd/Al2O3 was selective to benzyl alcohol (0.06 mol/L)169. On the 

contrary, Pd/FER zeolite was selective to toluene (100 % yield) at different reaction conditions170. 

Moreover, carbonaceous supports have been widely used for the preparation of hydrogenation 

catalysts. Song et al, investigated carbon supported Ru, Rh, Pd, and Cu catalysts loading a higher 

percentage of metals (5wt.%) compared to our study. Among all the catalysts investigated, Pd/C and 

Rh/C were the most active and selective to benzyl alcohol. They reported 100% benzaldehyde 

conversion and benzyl alcohol yield for Rh/C at room temperature171. In addition, when using bimetallic 

Ru-Pd/C (C: NGC, CNT) catalysts, the reaction was more selective to benzyl alcohol and lower toluene 

was produced compared to the catalyst of current study141. In the work reported by Stucchi and co-

workers, Pd supported on commercial carbon was completely selective to toluene in full benzaldehyde 

conversion at mild reaction conditions172. In current study, for the first time we investigated activated 

biochar obtained from different biomasses as innovative and sustainable supports of Pd based catalyst 

for proposed reaction, which could be fundamental from the point of view of the circular economy. In 

addition, when Pd/A-RH was employed, it was possible to obtain high selectivity of both benzyl alcohol 

and toluene subsequently, at milder reaction conditions using non-toxic solvent compared to the ones 

reported in literature. 
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Recycling tests and catalyst stability 

Among all the formulated catalysts of this study, the best catalytic performance was achieved by Pd/A-

RH, reaching 99% conversion in 40 min, 82% selectivity toward benzyl alcohol in 40 min, and 98 % 

selectivity toward toluene in 200 min. Therefore, the recyclability and stability of this catalyst was 

investigated, and compared to Pd/AC, as a reference (Figure 3.2.3.7). 

 

Figure 3.2.3.7. Recycling tests over Pd/A-RH (blue) and Pd/AC (green) at 200 min. Reaction conditions: ethanol: 20 mL, 
temperature: 25 °C, pressure: 1 bar, H2 flow: 33 mL/min, benzaldehyde concentration: 0.1 M, stirring speed: 1500 rpm. 

As can be seen in Figure 3.2.3.7, the conversion decreased from the first to the fourth cycle, reaching 

39% and 25% for Pd/A-RH and Pd/AC, respectively. During the cycles, the products distribution 

meaning the selectivity to different products was also altered. For Pd/A-RH, the selectivity toward 

toluene rapidly decreased from the first to second cycle and benzyl alcohol instead increased, denoting 

a slowing on the kinetic of the reaction. Moreover, a constant increase in the selectivity of by-products 

was observed. The same trend was followed by Pd/AC, in which after 4 cycles the selectivity to by-

products reached 86%. From these results, the deactivation of both catalysts is clearly visible, even if 

more marked in the case of Pd/AC. To understand the reasons for deactivation, further 
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characterizations were conducted on the spent catalysts. First, MP-AES measurements were 

performed for the spent catalysts after four cycles of reaction (Table 3.2.3.5). As can be seen, the Pd 

content of both catalysts was decreased after four cycles compared to the fresh catalysts, suggesting 

that metal leaching happened. Pd/A-RH lost 33% of Pd, while Pd/AC lost a higher metal content, up to 

75%.  

Table 3.2.3.5 Pd loading determined by MP-AES analysis, and average Pd particle size of fresh and spent catalysts 

Sample 
Pd loading 

on fresh catalyst 
(wt. %) 

Pd loading 
on spent catalyst 

(wt. %) 

Average Pd  
particle size 

on fresh catalyst 
(nm) 

Average Pd  
particle size 

on spent catalyst 
(nm) 

Pd/A-RH 0.6 0.4 3.8 4.5 

Pd/AC 0.4 0.1 3.9 8.8 

 

In addition, as is shown in TEM images of Figure 3.2.3.8, for both spent catalysts the increment of Pd 

particle size and agglomeration occurred. This effect was slightly observed in Pd/A-RH, with a medium 

particle size of 4.5 nm vs 3.8 nm of the fresh catalyst, while it was much more pronounced on Pd/AC, 

that showed a medium particle size of 8,8 nm vs 4.3 nm. Both leaching and sintering can be assumed 

as the causes of deactivation of the catalysts, thus leading to a decrease in terms of conversion and 

selectivity toward the desired products. The reduction of active phase leads to the concurrence of side 

reactions, such as the acetalization of benzaldehyde (Figure 3.2.1.1). 
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Figure 3.2.3.8. TEM images and Pd particle size distribution histograms fresh Pd/A-RH spent (blue, top) and Pd/AC spent 
(green, bottom). 

In conclusion, it can be affirmed that support played an important role in the stability of the catalyst. 

Indeed, A-RH was able to better anchor Pd, leading to less leaching and sintering effects. These features 

can be attributed to the peculiar hybrid organic/inorganic nature and the valuable content of oxygenated 

functionalities. More importantly, the morphology of this material, made of channels, inner cavities, 

meso and micropores, could better entrap the metal phase, compared to the commercial activated 

carbon, made of superficial microporous structure. 

One of the key objectives of this work was to valorize complex waste materials, such as leather shaving 

(LS), with the ultimate goal of utilizing them as support for heterogeneous catalysts. LS offers unique 

properties, including natural nitrogen doping and a high surface area, which make it a promising 

candidate. However, the activated leather shaving (A-LS) demonstrated poor catalytic performance 

compared to biochars derived from lignocellulosic sources. This was attributed to its low metal 

anchoring capacity and flat morphology, which negatively impacted the efficiency of mass transfer to 

the active sites within its internal cavities. Consequently, an alternative approach was adopted to 

enhance the utility of this biomass: co-pyrolysis with rice husk (RH). 
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3.2.4 Co-pyrolysis of LS and RH for the preparation of Pd-based 
catalyst 
3.2.4.1 Introduction 

As discussed in the previous chapters, among the various biomasses used for heterogeneous catalyst 

fabrication, rice husk-derived activated biochar (A-RH) demonstrated superior performance as a 

support for Pd-based catalysts. This enhanced activity is attributed to its hierarchical porous structure, 

which promotes efficient internal mass transfer, and the strong interaction and dispersion of metal 

active sites on its surface. Additionally, its hybrid composition of carbon and silica further tailors its 

catalytic properties. As a result, co-pyrolysis of rice husk with leather shaving (LS) from the tannery 

industry has been adopted as a novel strategy to transform this complex waste into a high-value 

material for catalytic applications. 

This approach has been previously reported for the co-valorization of lignocellulosic biomass with coal, 

plastics or tire wastes173 for optimization of the biochar features and physicochemical properties 

towards specific applications174. Co-pyrolysis can indeed tune the porosity , surface functionality, point 

zero charge (PZC), and surface charge of the final biochar, as the key factors in targeted applications175. 

The co-pyrolysis of rice husk with different biomasses or non-biomass wastes has already been 

investigated in literature, targeting bio-oil176, and biochar53,177,178 production. For instance, the addition 

of rice husk to oily sludge was found to improve bio-oil quality due to the synergistic effect of the alkali 

ashes of the biomasses, which significantly reduced the oxygenated compounds179. In this regard, 

Zhang et al.180 reported that the addition of rice husk to sewage sludge pyrolysis enhanced the 

interactions with heavy metals, thereby improving the removal efficiency. The co-pyrolysis of different 

types of leather wastes has been also reported181. For example, the co-pyrolysis of tanned buffing dust, 

chrome shavings and tanning sludges led to higher yields of light tar, and increased surface area in the 

biochar. This improvement was attributed to the synergistic action of various metal compounds (like 

CaCO3 and Fe2O3) in the residues30. However, the combination of rice husk and leather tannery wastes 

for char production has not been reported yet.  

In this work, the co-pyrolysis and activation of leather shaving (LS) and rice husk (RH) were investigated 

to prepare a new hybrid activated biochar, named A-RL, which was subsequently employed for the 

development of Pd-based heterogeneous catalysts. Building on the insights from previous studies 

(Chapter 3.2.2, 3.2.3), the catalyst synthesis was optimized by considering the point of zero charge 

(PZC) of the supports and adopting the deposition method, by controlling the pH of the precursor 

solution to enhance the anchoring and deposition of the active phase182. 
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The catalytic performance of the newly developed catalysts—Pd/A-RH2, Pd/A-LS2, and Pd/A-RL—was 

evaluated using the model reaction of consecutive hydrogenation of benzaldehyde to benzyl alcohol 

and toluene. Comprehensive characterization of both the supports and the catalysts was performed to 

elucidate the synergistic effects of the original biomasses on the observed catalytic activity. 
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3.2.4.2 Experimental 

Biochars synthesis and activation 

The synthesis of B-RH and B-LS, and the subsequent activation is described in Chapter 3.2.2, 

Experimental. For co-pyrolysis, RH and LS were ground to a mesh size lower than 100 μm, mixed in a 1:1 

ratio (w/w) to give a homogeneous powder (RL), which was then subjected to the same pyrolysis and 

activation process and acidic washing as for the single biomasses, and labelled B-RL, and A-RL, 

respectively. 

Preparation of the catalysts 

The activated biochars were ground to a fraction of 105-63 μm. Pd/A-RH2, Pd/A-LS2, and Pd/A-RL were 

prepared by the deposition precipitation method of H2PdCl4 (nominal 0.6 wt.%) with a controlled pH of 

10.5, which was adjusted over time with a NaOH solution. The mixture was stirred at an ambient 

temperature for 2 hours and then heated to 80 °C. At this temperature, a solution of sodium formate (2:1 

with respect to Pd) was added, and the mixture was kept under stirring for 1 hour to allow the Pd 

reduction to the metallic form. The catalyst was then filtered and washed with deionized water until no 

chlorides are found through a negative AgNO3 test,  then dried in oven at 110 °C for 18 hours.  

Biochars, activated biochars, and catalysts characterization 

CHNS elemental analysis, Scanning Electron Microscopy (SEM), metal content determination, 

Transmission Electron Microscopy (TEM), N₂ physisorption, and Temperature Programmed Desorption 

(TPR) were performed on the samples derived from the co-pyrolysis. These analyses complemented the 

characterizations already conducted on other materials using the same techniques (for further details, 

see Chapter 3.2.2). In addition to these methods, further insights were gathered using additional 

techniques. The point zero charge of the ACs was determined by the pH drift method183. In brief, 150 mg   

of char was suspended in a series of solutions (50 mL) with varying initial pH values, modified by 

addition of HCl or NaOH (from 2 to 12), and stirred for 48 h, allowing the system to reach equilibrium. 

After equilibration, the final pH is measured. The measured pH was plotted vs. the initial pH. The pHpzc 

is the point where the curve pHfinal vs. pHinital crosses the line pHinitial=pHfinal. Raman spectra were 

recorded using a micro-Raman system (Senterra Bruker Optik GmbH, Massachusetts, USA), λ = 532 

nm, and a laser power of 10 mW. The visible spectra were obtained using the Ocean Optics 

spectrophotometer (USB 2000), equipped with optical fiber, tungsten–halogen source, and silicon (350–

720 nm) and germanium (720–1050 nm) detectors. X-ray powder diffraction (XRD) analysis was 

performed by a Bruker D8 Advance Da Vinci diffractometer equipped with LynxEye detector and a sealed 

tube providing CuKα radiation at an accelerated voltage of 40 kV and an applied current of 30 mA. 
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XPS measurements were carried out with a PHI Genesis instrument from Physical Electronics 

(Chanhassen, MN, USA), equipped with a monochromatic Al Kα X-ray source. The samples were 

supported on a copper conductive tape compatible with UHV for charge compensation. Dual charge 

neutralization was used to neutralize charge accumulation during analysis. The binding energy was 

calibrated based on the C 1s peak at 284.6 eV. CO chemisorption was carried out in a lab-made 

equipment coupled with a Micromeritics TPRTPD 2900 analyzer equipped with a Gow-Mac 24-550 TCD 

Detector (Bethelem, PA, USA). For CO pulse chemisorption, 500 mg of the sample powders was placed 

in the same U-shaped quartz reactor, pre-treated in H2 at 25 °C for 1 hour (40 mL/min) and then purged 

in He for 2 hours at 25 °C (40 mL/min). The system was then kept at 25 °C to inject 0.21 mL of CO through 

a loop until saturation.  

Catalytic tests 

In a typical experiment, 200 mg of catalyst (63-105 μm) was placed in the reactor with 75 mL of ethanol 

(Sigma Aldrich). H2 was bubbled in the solution  with the flow rate of 30 mL/min at atmospheric pressure 

and the system was heated at 80 °C for 1 h to ensure the reduction of Pd. The system was then cooled 

down to 25 °C and benzaldehyde was added to a final concentration 0.1. The system was stirred at 1400 

rpm and the reaction was monitored over time sampling a small aliquot every 10 min. N-octane (Sigma 

Aldrich) was used as internal standard. 

In addition, the kinetics constants and TOF values were also found using Eq. 3.2.4.2.1, and Eq. 3.2.4.2.2. 

                                                                                     𝑘𝐵𝑒𝑛𝑧𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒 =
𝑑𝐶𝐵𝑒𝑛𝑧𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒

𝑑𝑡
                                               (Eq. 3.2.4.2.1) 

                                                                                                   𝑇𝑂𝐹 =  
𝑛𝑡 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

𝐷𝑃𝑑∗𝑡
                                                      (Eq. 3.2.4.2.2) 

Where DPd corresponds to the Pd dispersion, calculated by CO chemisorption as (Eq. 3.2.4.2.3): 

                                                                                                         𝐷 =  
𝑁𝑆

𝑁𝑇
.                                                               (Eq. 3.2.4.2.3) 

(NS is the total number of metal atoms at the surface and NT is the total number of metal atoms (surface 
and bulk)185. The time considered for TOF calculation is 600 seconds. 
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3.2.4.3 Results and discussion 

Biochar and supports characterizations 

To confirm that co-pyrolysis was an effective method for producing a hybrid and homogeneous material 

with combined properties from both starting biomasses, a range of structural and chemical 

characterizations were conducted on the three biochars — B-RH, B-LS, and B-RL — as well as their 

corresponding activated forms. These analyses aimed to assess the integration of characteristics from 

each biomass and verify the success of the co-pyrolysis process. 

Table 3.2.4.3.1 presents the elemental analysis of A-RL, including ash and oxygen content, along with 

the H/C and O/C ratios. For comparison, A-RH and A-LS are also included. A-RL exhibited an 

intermediate carbon content of 53.7%, reflecting the contributions from both biomasses. All samples 

showed low H/C values (0.01-0.02), indicating a high degree of aromatization. A-RL had a lower nitrogen 

content compared to A-LS, though it was still notable (1.6%). Interestingly, A-RL displayed a lower 

oxygen content than the other two materials, likely due to enhanced oxygen removal during co-

pyrolysis186. Literature suggests that co-pyrolysis of different materials (e.g., industrial sludges and 

biomass) can lead to synergistic effects, such as the formation of oxygen-containing intermediates, free 

radical release, and the catalytic role of different ashes. These factors promote reactions like 

deacetylation and decarbonylation, resulting in higher oxygenated volatile releases and lower oxygen 

content in the resulting char187. The O/C ratio, linked to the hydrophilicity of chars, was also evaluated. 

However, for A-RH and A-RL, the high silica content (41.3% ash in A-RL, predominantly silica, as 

confirmed by EDX in Figure 3.2.6.1 and 3.2.6.4, in Appendix) plays a major role in influencing 

hydrophilicity compared to A-LS, which, despite its highest O/C ratio, lacks the significant ash 

content188.  

Table 3.2.4.3.1. Proximate analysis of the activated biochars. 

Sample C [%] N [%] H [%] S [%] O [%] Ash [%] H/C O/C 

ARL 53.7 1.6 1.2 0.8 1.4 41.3 0.02 0.02 

ALS 81.5 6.0 1.8 0.5 7.1 3.0 0.02 0.09 

ARH 39.4 0.2 0.5 0.1 3.2 56.6 0.01 0.08 

 

The structural features of the chars were investigated by Raman and XRD spectroscopy. In the Raman 

spectra of the biochars (Figure 3.2.6.5 in Appendix) and the activated biochars (Figure 3.2.4.3.1), two 

characteristic bands are present at around 1333 and 1590 cm-1, which correspond to the sp2 bonded 

carbon with structural defects (D) and sp2 bonded graphitic carbon (G), respectively189.  
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The peaks position and values are given in Table 3.2.4.3.2. Some minor bands are also observed at 1180 

and 1500 cm-1, which can be due to some aromatics tarry compounds that could still be present in the 

char structure190.  

 

Figure 3.2.4.3.1. Raman Spectra of A-RH, A-LS, and A-RL. 

Considering the position of the D and G bands of the BCs and ACs from the same starting feedstocks 

(Table 3.2.4.3.2), a shift toward low wavenumber in the position of the D band and to high wavenumber 

in the G band could be evidenced for all cases. This could be related to an increase in the order degree 

of the carbon structure after activation, due to a higher temperature treatment and a decrease in 

volatiles content189. The ratio ID/IG provides useful information about the order degree of the materials 

(Table 3.2.4.3.2). As can be seen, B-RH showed a higher degree of order with respect to B-LS and B-RL 

(0.90, 0.98, and 1.93, respectively). However, after activation, the biochars obtained from the single 

pyrolysis displayed an increase in the structural defects, due to the high temperature and oxidizing 

treatment given by steam as activating agent191 while the ID/IG value for A-RL were maintained almost 

constant. The presence of heteroatoms can cause many defects in the carbon structure. Therefore, 

considering the ultimate analyses (Table 3.2.4.3.1), the Raman results are consistent with the O and N 

content in the ACs. Moreover, the D and G peaks position for B-RL and A-RL is closer to B-RH and A-RH 

respectively, than to B-LS and A-LS. This analogy could be positive for the purpose of this work, being A-

RH the best catalytic support tested so far.  

Table 3.2.4.3.2. Raman Spectroscopy Analysis: D and G Band positions, ID/IG ratios, and Full Width at Half Maximum 
(FWHM) for BCs and ACs.  

Sample D position G position ID/IG FWHM D FWHM G 

B-RH 1340 1588 0.90 148.6 88.2 

A-RH 1335 1589 1.09 148.6 70.5 

B-LS 1350 1580 0.98 186.4 110.8 

A-LS 1345 1590 1.18 176.4 93.2 

B-RL 1340 1588 1.03 148.6 78.1 

A-RL 1336 1592 1.03 156.2 73.1 
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In the XRD patterns of all the ACs, Figure 3.2.4.3.2, two broad peaks at 2ϑ = 22-25° (002) and 43° (110), 

are associated with the carbonaceous structure, based on the hexagonal graphite 2H model. These 

peaks correspond to the stacking of aromatic ring layers and the in-plane extension of aromatic 

molecules, respectively96. Compared to ordered graphite, where d(002)=3.354 Å, the ACs exhibit a 

higher degree of disorder. Also, the results of XRD confirmed the presence of SiO2 in various forms. In 

A-LS quartz is the most abundant phase. In A-RH cristobalite was typically as the prevalent form192. 

Notably, A-RL shows a relative higher abundance of SiO2 compared to carbon, with the predominance 

of the cristobalite phase, but also the presence of quartz, confirming the coexistence of the two starting 

materials in the same char. The relative high abundance of SiO2 with respect to carbon, evidenced once 

again shows that there are synergistic effects during co-pyrolysis, enabling them to promote some 

specific reactions. Wang et al. 193 for example, found that the activation energy of co-pyrolysis of sludge 

and rice husk was lower than that of individual pyrolysis steps, allowing the reaction to proceed under 

milder conditions. This was attributed to the synergistic effects of alkali metals present in the 

biomasses186. Similar effects are likely to occur in the co-pyrolysis of RH and LS, influencing the 

reorganization of the silica crystal phase in the material and achieving a higher degree of order at an 

activation temperature of 850 °C.  

 

Figure 3.2.4.3.22. XRD patterns of A-RH, A-LS and A-RL 

From a morphological point of view, highlighted by SEM micrographs, (B-RH and B-LS in Figure 3.2.3.3, 

A-RH, A-LS, and A-RL in Figure 3.2.4.3.3) it is visible that as in A-RH, also in A-RL, the cellular structure 

of the rice husk is somehow preserved.  
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It has been hypothesized that RH could act as a hard template for LS, that instead is completely 

decomposed under the pyrolysis conditions, forming a layer on the top of the rice husk biochar 

structure. According to the previous works, the use of biopolymers like cellulose and starch, and 

hard/soft templates like block co-polymers or mesoporous ordered silica or microporous alumina, 

results in the interconnected structures consisting of micro, meso, and macro pores194–196. In this case, 

the natural hierarchical structure of lignocellulosic biomass is retained in A-RL, confirming also the 

similarity of Raman signals with A-RH, and acts as hard template for LS.  

 

Figure 3.2.4.3.3. SEM images of A-RH, A-LS, and A-RL. 

The analogies between RH and RL derived materials were also confirmed by N2 physisorption analyses 

(Figure 3.2.3.4.4, Table 3.2.3.4.3). B-RL exhibited a porous structure similar to B-RH, with the highest 

surface area among the biochars (SBET = 345 m2/g). This further supports the idea that the reactions 

occurring during co-pyrolysis influenced the final properties of the char, particularly its porous 

structure193. After activation, A-RL, like A-RH, demonstrated a combination of type I and type IV 

isotherms, indicating the presence of interconnected micro- and mesopores. The textural properties of 

the co-pyrolysis char confirmed that rice husk played a major role in determining the structural and 

textural properties. The textural properties of the co-pyrolysis-derived char confirmed that rice husk 

played a significant role in shaping the structural and textural characteristics. While A-LS had a higher 

surface area, the interconnected micro- and mesopores in A-RH and A-RL are particularly important for 

catalysis, as they facilitate the diffusion of reactants to active sites and minimize diffusive resistance, 

which is beneficial for catalytic performance45.  

A-RH A-LS A-RL
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Figure 3.2.3.4.4. N2 adsorption-desorption of BCs (B-RH, dotted blue, B-LS, dotted black, B-RL dotted purple) and ACs (A-RH 
solid blue, A-LS solid black, A-RL solid purple). 

Table 3.2.3.4.3. Textural properties of BCs and ACs 

 

 

 

 

 

 

aSurface area calculated by BET method. bMicropore surface area calculated by t-plot method. cTotal pore volume calculated according to 
the adsorbed amount of N2 and P/P0 values near 0.98. dMicropore volume calculated by t-plot method. 

As previously discussed, surface functionalities are a key aspect that influences catalytic activity 

through controlling the total charge and nucleation sites for metal nanoparticles growth. Table 3.2.4.3.4 

illustrates the surface chemical composition of the materials measured by XPS. The presence of C, N, 

O, Si on the surface of the samples was confirmed by XPS analyses, with some traces of inorganics like 

Ca, Na and Cl. The high value of O atomic % reported for A-RH and A-RL (22 and 20.6%, respectively) is 

mainly referred to the oxygen of SiO2. N was evidenced in both in A-LS and A-RL, even if in higher % on 

the surface of A-LS, in line with CHNS measurements . From XPS spectra reported in Figure 3.2.4.3.5 

the C1s core level spectra for A-RH and A-RL are deconvoluted into six contributions, while that of A-LS 

gave five contributions evidently. The main difference was related to the presence of the peak at 283 eV, 

attributed to C-Si bonds197. The other components, at 284.5 eV, 285.0 eV, 286.6 eV, 288.8 eV and 291.0 

eV are assigned to sp2 hybridization (C=C) of the graphitic and aromatic bonds, sp3 C-C bonds, C-O or 

C-N, C=O, and π-plasmon excitations, respectively198. According to the atomic % of each contribution, 

as reported in Table 3.2.4.3.5, A-LS has the highest amount of surface functionalities which can act as 
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anchoring sites for metal NPs, with 10% of C-O/C-N species and 5.5 % of C=O species, in line with the 

chemical bulk composition reported by CHNS (Table 3.2.4.3.1). However, A-RH and A-RL also have a 

considerable amount of oxygen related to SiO2, that can be found in form of -OH free functionalities on 

the surface. N 1s core level spectra of A-LS (reported in Appendix, Table 3.2.6.1, Figure 3.2.6.6) showed 

the presence of three main contributions at 398.2 eV and 400.6 eV, and 404.0 eV, that were attributed to 

pyridinic, pyrrolic and N-oxidized functionalities, respectively 199–201. N1s spectra of A-RL showed instead 

only two peaks, at 397.9 eV and 400.9 eV, corresponding to pyridinic and pyrrolic functionalities. It is 

reported that pyridinic sites are the major contributors to the dispersion of metals NPs201, followed by 

pyrrolic. However, the presence of N-oxide groups, and C=O functionalities like carboxylic or carbonylic 

can also play an important role in modify the charge of the material, increasing the overall acidity . 

Table 3.2.4.3.4. XPS atomic concentration of A-LS, A-RH, and A-RL. 

Sample XPS Atomic concentration [%] 

 C O N Si Ca Cl Na 

A-LS 85.0 7.0 6.0 - 0.1 0.4 1.5 

A-RH 70.0 22.0 - 8.0 - - - 

A-RL 71.0 20.6 1.0- 7.2 - 0.5 0.5 

 

 

Figure 3.2.4.3.5. C 1s XPS Spectra of the activated biochars A-RH, A-LS, and A-RL. 

 

 

 

 

 

292 290 288 286 284 282 292 290 288 286 284 282 294 292 290 288 286 284 282 280

In
te

n
s
it
y
 (

a
rb

. 
u

n
it
s
)

Binding energy (eV)

A-RH

C-Si
C-Si

C=C

C=C

C=C

C-C C-C
C-C

C-O
C-O,

C-N
C-O

C=O C=O C=O

In
te

n
s
it
y
 (

a
rb

. 
u

n
it
s
)

Binding energy (eV)

A-LS

In
te

n
s
it
y
 (

a
rb

. 
u

n
it
s
)

Binding energy (eV)

A-RL



3. Valorization of biomass via pyrolysis  - 3.2  Biochar as support for heterogeneous catalysts – 3.2.4 Co-pyrolysis of LS and 
RH for the preparation of Pd based catalysts 

63 
 

Table 3.2.4.3.5. C 1s XPS binding energies and atomic % of the activated biochars A-RH, A-LS, and A-RL. 

 

 

 

 

 

An enhanced acidity of A-LS compared to the other biochars aspect was supported by pHPZC 

measurements, reported in Table 3.2.4.3.6 (the curve is reported in Figure 3.2.6.7, in Appendix), that 

evidenced a low point zero charge (around 4.1) for A-LS, compared to A-RH and A-RL, which display a 

neutral pHPZC. The absence of N-oxidized functionalities on the surface of A-RL also reduced its acidity.  

Table 3.2.4.3.6. pHPZC of the activated biochars A-RH, A-LS, and A-RL. 

Sample pHPZC 

A-RH 7.1 

A-LS 4.1 

A-RL 7.6 

 

This important difference may explain the low interaction between A-LS and the Pd precursor, as 

discussed in Chapter 3.2.3. A-LS exhibited a pHPZC of 4.1, indicating that at neutral pH in water, its 

surface was fully deprotonated and carried a negative net charge. As a result, during the impregnation 

step, interaction with the Pd precursor (PdCl₄²⁻) was hindered, leading to low metal loading. Moreover, 

the impregnation method for Pd/C catalyst synthesis led to the formation of Pd²⁺ species, likely as 

oxychlorides, which affected the system's acidity and promoted side reactions like acetalization  

(Chapter 3.2.3). On the other hand, the neutral pHPZC of A-RH resulted in a neutral surface that could 

better adsorb the metal complex182,202.   

Catalysts synthesis,  characterizations and activity 

Based on the considerations outlined in the previous section, deposition-precipitation using H₂PdCl₄ as 

a precursor was selected as an alternative synthesis method to impregnation, for catalyst preparation, 

aimed at valorizing LS. This approach was chosen to avoid electrostatic repulsion between the char and 

the precursor, thereby promoting the deposition of neutral Pd(OH)₂ species on the carbon surface. The 

char was suspended in a basic solution, and the pH was adjusted to 10.5 using NaOH. The metal 

Sample C1s (eV) (atomic %) 

 C-Si C=C C-C C-O, C-N C=O π 

A-RH 
283.79 

(9.9) 

284.55 

(67.5) 

285.05 

(8.9) 

286.65 

(5.5) 

288.85 

(4.4) 

291.05 

(3.8) 

A-LS - 
284.49 

(62.0) 

284.99 

(17.4) 

286.59 

(10.3) 

288.79 

(5.5) 

290.99 

(4.8) 

A-RL 
283.24 

(13.1) 

284.52 

(58.5) 

285.02 

(12.2) 

286.62 

(6.8) 

288.82 

(4.9) 

291.02 

(4.3) 
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precursor was then added dropwise while carefully monitoring the pH to facilitate the precipitation of 

Pd(OH)₂. 

After reduction, the resulting catalysts were labeled Pd/A-RH2, Pd/A-LS2, and Pd/A-RL, and they were 

fully characterized. The absence of oxychlorides species was confirmed by TPR analysis (Figure 

3.2.4.3.6), by the absence of a peak indicating H2 consumption at around 250 °C.  
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Figure 3.2.4.3.6. TPR profiles of Pd/A-RH2 (light blue), Pd/A-LS2 (gray), and Pd/A-RL (purple). 

MP-AES measurements were conducted on the final catalysts to determine the actual Pd loading (Table 

3.2.4.3.7). Despite the use of a different Pd loading method, the analysis revealed a lower Pd content for 

Pd/A-LS2 compared to Pd/A-RH2 and Pd/A-RL (0.44 wt.% vs. 0.64 wt.% and 0.67 wt.% for Pd/A-RH2 and 

Pd/A-RL, respectively), although it was an improvement over the impregnation method (Pd/A-LS, that 

reported 0.2 wt. %). Evidently, the distinct characteristics of this material, such as its morphology and 

microporous structure, had in any case an influence on the deposition of Pd on the A-LS surface. It is 

worth noting that Pd/A-RL resulted in the catalyst with the higher metal loading.  

Table 3.2.4.3.7. Pd effective wt. % determined by MP-AES measurements, average Pd particle size determined by TEM and 
CO chemisorption, Pd dispersion, and Pd 3d5/2 XPS binding energies and atomic % of the three catalysts. 

Sample 
Pd  

effective 
wt.% 

Average Pd  
particle size (nm) 

Pd  
dispersion  

(D) % 

Pd 3d5/2 (eV) 
 (atomic %) 

  TEM CO  
chemisorption 

    

Pd/A-RH2 0.64 1.2 4.1 26 334.20 (33) 335.96 (46) 337.74 (21) 

Pd/A-LS2 0.44 1.8 2.3 47 - 335.78 (58) 337.59 (42) 

Pd/A-RL 0.67 1.5 2.1 53 - 335.70 (69) 337.52 (31) 
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Nevertheless, the precipitation method improved the dispersion of Pd NPs on the surface of all the ACs, 

with respect to the impregnation method. TEM images (Figure 3.2.4.3.7, Table 3.2.4.3.7) revealed the 

formation of well dispersed spherical Pd NPs on the surface of all the catalysts, with an average 

diameter of <2 nm. It is noteworthy that using the deposition-precipitation method, Pd/A-RH2 (Figure 

3.2.6.7b, Appendix) exhibited also some larger and less uniform agglomerations with an average size of 

22 nm. This observation was corroborated by CO chemisorption measurements (Table 3.2.4.3.7), which 

indicated an average Pd NP size of 4.1 nm for Pd/ARH, in contrast to 2.3 and 2.1 nm for Pd/ALS and 

Pd/ARL, respectively (Table 3.2.4.3.7). The TPR profile of Pd/A-RH (Figure 3.2.4.3.6) displayed a negative 

peak at 80 °C, associated with the decomposition of β-hydride species123,165, further confirming the 

presence of larger particles on the surface of this catalyst. In contrast, the smaller Pd NPs (around 2 nm 

in diameter) on Pd/A-LS and Pd/A-RL were not capable of forming the β-hydride203,204. Notably, Pd/A-RL 

showed the best Pd dispersion 53 %), followed by Pd/A-LS (47 %), and Pd/A-RH (26 %), and smallest NP 

size, making it the most promising candidate for applications requiring high Pd surface availability.  

 

Figure 3.2.4.3.7 TEM images: a.b = Pd/A-RH2, c,d = Pd/A-LS2, e,f = Pd/A-RL,  and Pd NPs size distribution of the three 
catalysts. 
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For the comparison of the catalytic tests results, the concentrations of the reactant and products were 

normalized by the gram of Pd effectively present in the reaction media. Figure 3.2.4.3.8 depicts the 

kinetic profiles for the consecutive hydrogenation of benzaldehyde to benzyl alcohol followed by the 

hydrodeoxygenation to toluene across the three catalytic systems. Zero-order plots were compared to 

evaluate the kinetics of Pd over the different supports, and the resulting kinetic constants for 

benzaldehyde conversion are reported in Table 3.2.4.3.8.  

The catalytic activity of the systems, compared in terms of Turnover Frequency (TOF)205, as detailed in 

Table 3.2.4.3.8, revealed that Pd/A-RH2 and Pd/A-RL exhibited tenfold higher activity compared to Pd/A-

LS2 (0.37 and 0.31 s-1  vs. 0.04 s-1). The linear trend observed for the disappearance of benzaldehyde 

over time indicated a zero-order kinetic, suggesting that the reaction rate is independent of BAL 

concentration, and in line with previous works that reported similar zero-order kinetics for palladium-

based catalysts184. The rate constant (k) was determined using Eq. 3.2.4.2.2. This independence from 

BAL concentration is likely due to the saturation of the catalyst’s active sites, where the reaction rate is 

governed by the surface availability for hydrogenation and product desorption.  Although the TOF and 

kald values of Pd/A-RL were slightly lower than those of Pd/A-RH2 (kald= 33 vs. 42 mol L-1s-1gPd-1), Pd/A-RL 

demonstrated higher yields of the desired products (BALOH and TOL). Consequently, selectivity was 

also superior for Pd/A-RL. At 30 minutes, the yield of BALOH was 77% for Pd/A-RL, compared to 76% for 

Pd/A-RH2, with Pd/A-RL also achieving a higher selectivity (94%). After 60 minutes, the combined yields 

of BALOH and TOL were 84% and 12%, respectively, for Pd/A-RL, compared to 59% and 22% for Pd/A-

RH2. The byproducts formed, especially with Pd/A-RH2, were identified as ethoxy and diethoxy 

methylbenzene, resulting from acetalization with ethanol used as the solvent. In contrast, Pd/A-LS2 

showed significantly lower activity, with a TOF of only 0.04 s-1 and poor BAL conversion (9% after 30 

minutes). Despite the synthesis approach improving the characteristics of Pd/A-LS2 in terms of metal 

loading, oxidation state, and dispersion, the low activity of this catalyst was still evident, confirming that 

the chemical-physical properties  of the support influenced catalytic performances, reducing the 

interaction with the reactants. Overall, these results demonstrate that while Pd/A-RH2 and Pd/A-RL 

exhibited comparable activity, Pd/A-RL achieved superior selectivity and product yields.  
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Figure 3.2.4.3.8. Kinetic profiles and zero order plots of benzaldehyde hydrogenation over Pd/A-RH2, Pd/A-LS2, Pd/A-RL. 
Reaction conditions: ethanol 100 mL, BAL 0.1 M, catalyst 200 mg , temperature: 25 °C, pressure: 1 bar, H2 30 mL/min stirring 

speed: 1400 rpm 

Table 3.2.4.3.8. Results of benzaldehyde hydrogenation over the three catalysts. 

Sample 
TOF  
(s-1) 

kald×103 

 (mol L-1 s-1 gPd-1) 

Benzaldehyde 
conversion (%)  

at 30 min 

BALOH  
yield  (%) 
 at 30 min 

BALOH 
selectivity (%) 

at 30 min 

BALOH + TOL  
yield (%) 

 at 60 min 
Pd/A-RH 0.37 42 97 76  78 59 + 22 

Pd/A-LS 0.04 6 9 8  92 17 + 1 

Pd/A-RL 0.31 33 82 77 94 84 + 12 

 

Apart from Pd size and distribution, it is well known that for hydrogenation reactions, Pd0 is the most 

active phase206. Therefore, Pd 3d XPS measurements were performed to assess the amount of Pd0 and 

Pd2+ on the surface of the catalysts (Figure 3.2.4.3.9). For Pd/A-LS2 and Pd/A-RL (Figure 3.2.4.3.9b, 

3.2.4.3.9c), the doublets corresponding to Pd 3d5/2 and Pd 3d3/2 were resolved into four distinct 

components, whereas six components were identified for Pd/A-RH2 (Figure 3.2.4.3.9a). Regarding Pd 

3d5/2, the predominant peak at 335.7 ± 0.2 eV was attributed to the metallic Pd0, while the shoulder at 

337.6 ± 0.2 eV implies the presence of Pd2+ on the surface, likely in the form of PdO. The component at 

334.20 eV observed for Pd/A-RH was associated with metallic Pd0 existing as larger nanoparticles, 

consistent with the previous characterization findings.  
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It is known that the 3d binding energy of Pd0 shifts towards higher values with decreasing cluster size198. 

The atomic surface concentration of the Pd species is summarized in Table 3.2.4.3.7. Notably, 

considering the double contribution of Pd0 for Pd/A-RH2, this sample exhibits the highest proportion of 

reduced species (approximately 80%), followed by Pd/A-RL (around 70%) and Pd/A-LS (about 60%), 

confirming a positive relation between the oxidation states of the metal and the activity. The higher 

selectivity of Pd/A-RL is therefore to be referred to as the more homogeneous distribution and higher 

dispersion of Pd.  

 

Figure 3.2.4.3.9. Pd 3d XPS spectra of a) Pd/A-RH2, b) Pd/A-LS2, c) Pd/A-RL 

The high percentage of Pd2+ in Pd/A-LS2 could be assigned to several factors. For instance, a greater 

presence of micropores on ALS can hinder the reduction of Pd species by limiting the accessibility and 

diffusion of the reducing agent to the active sites where Pd precursor species are adsorbed207.  Another 

reason could be found in the role of the surface functionalities: recently, Stucchi et al., reported that the 

oxygen functionalities on the surface of carbon can also influence the catalytic activity of Pd/C 

catalysts206. The researchers found that the main interaction between benzaldehyde and the catalyst 

occurs in the aromatic ring. Therefore,  the presence of a high amount of oxygen functionalities, 

especially highly polarized such as C=O, can hinder the absorption of benzaldehyde on the surface and 

decrease the catalytic activity. Pd/A-LS2 indeed resulted in the sample with the highest oxygen (and 

nitrogen) functionalities. This feature, together with the Pd oxidation state, the lower amount of metal 

anchored, the highly microporosity and the flat morphology, well explain the modest catalytic activity.  

On the other hand, combining the leather shaving waste biomass with the lignocellulosic rice husk 

biomass in the co-pyrolysis process, followed by the activation step in steam, resulted in a new material 

with enhanced characteristics, that allowed to obtain a catalyst with very highly dispersed Pd NPs and 

with good catalytic activity, and enhanced selectivity toward hydrogenation/hydrogenolysis reactions.   
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Considering the promising results, Pd/A-RL was subjected to recycling to assess stability. The 

recyclability was investigated at less than 50% conversion for three cycles (Figure 3.2.4.3.10). After one 

cycle, the catalyst showed constant conversion and an increase in selectivity for both products (from 

78 to 87% for BALOH and from 0.9 to 1.8% for toluene). Despite a slight decrease of conversion after the 

third cycle (from 33% to 26%), the selectivity further increased, up to 99% for BALOH, indicating that no 

side reactions were occurring and that only the reaction rate was influenced. 

 

Figure 3.2.4.3.10. Pd/A-RL recycling tests. Reaction conditions: Reaction conditions: ethanol 100 mL, BAL 0.1 M, catalyst 200 
mg , temperature: 25 °C, pressure: 1 bar, H2 30 mL/min stirring speed: 1400 rpm 
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3.2.5 Conclusions 

In this work, the potentials of activated biochars derived from different waste biomasses as support for 

the preparation of Pd-based catalysts were investigated. The catalytic properties were compared in the 

hydrogenation of benzaldehyde. Pd/A-RH achieved nearly complete benzaldehyde conversion after 40 

minutes, demonstrating high selectivity to benzyl alcohol (82%) and toluene (97%) after 200 minutes, 

under mild reaction conditions (25 °C, 1 bar, H₂ flow of 33 mL/min). In contrast, A-RG and A-LS showed 

weaker Pd trapping and anchorage, resulting in fewer active sites insufficient for converting 

benzaldehyde under the proposed reaction conditions. A-LS, even after optimization of the synthetic 

approach to enhance metal anchoring and improve dispersion, exhibited low catalytic activity, with a 

TOF tenfold lower than the corresponding A-RH-based catalyst (0.04 vs 0.37 s-1) . Characterization 

results confirmed that the final chemical, textural, and morphological properties of the activated 

biochars were significantly affected by the origin of the initial biomasses, which in turn influenced the 

properties and efficiency of the Pd-based catalysts. The presence of inner channels and cavities with a 

micro-mesoporous texture, along with oxygenated functionalities and a hybrid organic/inorganic 

structure, made A-RH an optimal support for Pd, facilitating efficient trapping and anchorage of the 

nanoparticles, achieving great dispersion, and enhancing the material's stability compared to the other 

studied catalysts.  

The co-pyrolysis of LS and RH proved to be an effective method for tuning the characteristics of the two 

materials, successfully combining their properties. The sponge-like morphology and micro-

mesoporous texture of A-RH were preserved, and the addition of LS resulted in an increase of total 

surface area. Furthermore, A-RL displayed a more functionalized surface, increasing the nucleation 

sites for the support and achieving a higher, more homogeneous distribution of the metal active phase. 

Consequently, Pd/A-RL demonstrated superior selectivity towards the desired products (96 % vs 81 % 

Pd/A-RH2), effectively suppressing side reactions such as the acetalization of benzaldehyde with 

ethanol. Therefore, co-pyrolysis allowed for the valorization of a complex waste like LS, rendering it 

suitable for catalysis. In conclusion, both biomass-derived catalysts (Pd/A-RH and Pd/A-RL) exhibited 

superior performance in terms of activity, selectivity, and stability during the target reaction compared 

to those prepared with commercial carbon (AC). 
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3.2.6 Appendix 

 

 

Figure 3.2.6.1. EDX spectra and map of Si element distribution of A-RH  
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Figure 3.2.6.2. SEM images of ACs. 
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Figure 3.2.6.3. XRD patterns of Pd/A-HS (light blue), Pd/A-LS (green), Pd/A-RG (orange), and Pd/A-RH (yellow) and Pd/AC 
(dark red). 

 

 

Figure 3.2.6.4. SEM-EDX and mapping of C, O, Si, N elements of A-RL 
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Figure 3.2.6.5. Raman spectra of biochars B-RH, B-LS, and B-RL. 
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Figure 3.2.6.6. O1s, Si2p and N1s XPS spectra of A-RH, A-LS, and A-RL. 

Table 3.2.6.1 N 1s XPS binding energies and atomic % of A-LS and A-RL. 

 

 

Figure 3.2.6.7. Plot of pHinitial vs pHfinal for the measurement of pHPZC via the pH drift method, for A-RH (blue), A-LS (black), and 
A-RL (purple) 
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3.3 Hydrodeoxygenation of bio-oil model compounds 

using biochar-based catalysts 

 

3.3.1 Introduction 

The liquid fraction obtained from biomass pyrolysis (bio-oil) can be upgraded to biofuel, through various 

methods aimed to enhance its calorific value and stability, while reducing its corrosiveness and oxygen 

content. Finding alternatives to fossil fuels is of particular importance especially in sectors like aviation 

and shipping, that, differently from the road transport1–3, are not easily electrifiable. In these sectors, 

the adoption of battery or hydrogen technologies remains limited, because it would require substantial 

infrastructure and aircraft design modifications, resulting in prohibitive costs, at least in the short terms. 

The primary challenge is related to the low energy density of batteries, compared with kerosene. Current 

Li-ion batteries, with a specific energy of 400 Wh/kg, fall short compared to kerosene’s 12,000 Wh/kg4. 

Hydrogen fuel cell aircraft are currently limited due to hydrogen storage challenges5. As a result, these 

solutions are only used in small aircraft and short-range flights. Thus, these technologies remain long-

term solutions. 

Nevertheless, the transport sector accounts for 28% of global energy consumption and 23% of CO2 

emissions. In 2019, jet kerosene combustion contributed 12% of the transport industry's CO2 

emissions, reaching up to 1027 Mt. Aviation has faced increasing criticism for insufficient carbon 

reduction efforts.  
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As a result, short-term “drop-in” alternatives like Sustainable Aviation Fuels (SAF) have gaining 

importance. Aviation fuels must meet ASTM D1655 standards6, primarily consisting of C8-C16 alkanes 

and <C16 aromatics. Jet fuel typically contains 50-60% paraffins, 20-40% cycloalkanes, 5-20% 

aromatics, with minor components such as olefins and additives. A key requirement is a low freezing 

point for high-altitude flights7. The main difference between jet fuel, diesel, and gasoline is carbon chain 

length: gasoline (C4-C12), diesel (C8-C23), and jet fuel (C8-C16)8.  

Renewable liquid fuels can be blended with conventional fuels or used as substitutes without requiring 

infrastructure or engine modifications. Alternative fuels include synthetic fuels (e-fuels)9, produced 

from green hydrogen and CO2 and biofuels, derived from biological feedstocks10.  

Lignocellulosic pyrolytic bio-oil is rich in phenolic compounds derived from lignin monomers (p-

coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol, Figure 3.3.1.1, purple). The derived 

compounds (Figure 3.3.1.1, black) are categorized based on their functional groups into three main 

types: phenol, guaiacol, and syringol (Figure 3.3.1.1, red). Some of these phenolic compounds, like 

isoeugenol (IE) and eugenol (EU), as well as propenyl syringol, have the right characteristics in terms of 

number of carbon atoms and branching, to be used as SAF, after suitable upgrading. One of the most 

promising approaches for the upgrading of lignocellulosic bio-oil is via hydrodeoxygenation (HDO)11.  

 

Figure 3.3.1.1. Lignin monomers and their phenolic derivatives present in bio-oil. 
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Apart from phenolic compounds, bio-oil consists of hundreds of different species, as widely 

discussed12. Due to its complexity, model compounds are often used to study the catalytic properties 

of a system in HDO. In this work, the HDO of a phenolic model compound, isoeugenol, was investigated 

using biochar-based catalysts. The target product of complete HDO of IE, is propyl cyclohexane (PCH). 

PCH is a C9 hydrocarbon with a melting point of -94 °C, a boiling point of 156-157 °C, and a flash point 

of 35 °C, aligning with the necessary standards for aviation fuel use. However, the selective 

hydrogenation of aromatic compounds to cyclohexanols (propylcyclohexanol, PCOL is produced from 

IE) is also valuable for the production of polymers, fragrances, and pharmaceuticals6,13. Consequently, 

a catalyst capable of modulating its activity to achieve high yields of various target compounds would 

be highly advantageous.  

Additionally, the possibility of co-processing isoeugenol with other bio-oil model compounds, such as 

furfural (FF), was evaluated. The main target products of HDO of FF are 2-methyl furan (MF)14, and 

cyclopentanone/cyclopentanol15. MF exhibits high energy density, a high boiling point, and a favorable 

octane number, along with low volatility, making it a suitable candidate for fuel replacement16.  

Cyclopentanone and cyclopentanol are valuable intermediates in the production of solvents, 

pharmaceuticals, fuel additives, and other chemicals. Further HDO of furfural can lead to linear 

alcohols or hydrocarbons17, although achieving such transformation remains a significant 

challenge18,19. 

Co-processing furanic and phenolic through HDO, as in real bio-oil scenarios, further presents 

significant challenges. Studies have shown that the presence of light oxygenates, such as FF and acetic 

acid, can detrimentally affect the HDO of phenolic compounds. This is primarily due to competitive 

adsorption phenomena on the catalyst’s active sites20–22. Therefore, the co-processing of complex bio-

oil mixtures remains a challenging area of research, requiring further investigation to optimize HDO 

processes for future biorefineries. 

The results of these investigations are presented in the following chapter. Before that, a brief overview 

of the HDO mechanism, reaction conditions, and catalysts used is provided. 

Hydrodeoxygenation (HDO) mechanism 

HDO has garnered significant attention for bio-oil upgrading over the years. The process consists in 

different parallel and consecutive reactions steps, involving hydrogen and a proper catalyst to remove 

oxygenated functionalities on the bio-oil components. The main reactions involved are outlined 

below12. 
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• Hydrogenation: this reaction involves the addition of hydrogen to saturate the double bonds. 

This step is crucial for stabilizing reactive molecules in bio-oil. It is facilitated by active metal 

sites and H2 high partial pressure. 

• Deoxygenation (or hydrogenolysis): this reaction entails the cleavage of the C-O bond, which 

leads to the removal of oxygen in the form of water, or methanol (demethoxylation), depending 

on the functionalities of the compounds. Reducing the oxygen content improves bio-oil fuels 

properties and calorific value. The reaction is facilitated by Lewis’s acidity and oxygen vacancies 

on the catalyst.  

• Dehydration: it is an acid catalyzed reaction that involves the elimination of hydroxyl groups 

forming water and resulting in an unsaturated compound. 

• Tautomerization: the enolic compound that can be formed by dehydration, fast tautomerize to 

the ketonic form. 

• Demethylation: the C-alkyl-O cleavage occurs, leading to the formation of methane and an -OH 

functionality on the substrate. It is acid catalyzed. 

• Methyl transfer: a methyl group of an aromatic ring gets detached and attached on the same 

molecule (intramolecular alkylation) or a different molecule (intermolecular alkylation). Acid 

catalyzed 

• Hydrocracking: in the presence of hydrogen, C-C bond cleavage can also occur, reducing the 

size of the bio-oil components. It is promoted by acids (especially zeolites) at high 

temperatures. 

• Decarboxylation: when carboxylic acids are present, decarboxylation reactions may occur, 

resulting in the removal of CO2. This further reduces the oxygen content of bio-oil, contributing 

to the overall improvement in fuel quality. 

• Decarbonylation: in some cases, decarbonylation can also occur, leading to the removal of 

carbon monoxide. 

A schematic representation of the reactions involved in HDO for the main bio-oil components, namely 

phenols, furans, and carboxylic acids, is reported in Figure 3.3.1.2.  
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Figure 3.3.1.2. HDO reactions for phenols, furans and carboxylic acids in bio-oil. 

The dissociation energy of the C-O bond depends on the nature of the chemical environment. Aromatic 

groups have higher dissociation energies than aliphatic groups (e.g., R-OH = 385 kJ mol⁻¹ and Ar-OH = 

468 kJ mol⁻¹). Therefore, hydrogenation and deoxygenation reactions in bio-oil occur at different 

temperatures, depending on the feedstock. At lower temperatures (under 200 °C), aldehydes and 

ketones can be hydrotreated, while aliphatic ethers react at temperatures above 200 °C, followed by 

carboxylic acids. For phenols, temperatures above 300 °C are often required, and benzofurans are 

among the hardest compounds to transform. 

The presence of an active catalyst can lower the activation energy, enabling these reactions to occur at 

milder conditions. From a kinetic perspective, high temperatures are often necessary to drive reactions 

with high activation energy requirements. However, because many hydrogenation steps are exothermic, 

they become less thermodynamically favorable at higher temperatures, where entropy effects reduce 

the Gibbs free energy advantage. Using a catalyst therefore allows these reactions to occur at lower 

temperatures, where they are both thermodynamically favorable and kinetically accessible. 
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For example, Sulman et al.23 conducted kinetic and thermodynamic analyses of guaiacol 

hydrodeoxygenation (HDO) and found that certain reactions, such as phenol and benzene 

hydrogenation, were feasible at 200 °C but became thermodynamically unfavorable at higher 

temperatures, such as 300 °C. However, the overall HDO process remained feasible between 200 °C 

and 300 °C, achieving 98% conversion of guaiacol to cyclohexanol using Pt/C as a catalyst. 

HDO of Isoeugenol 

IE contains three different functionalities: methoxy, hydroxyl and propenyl. The different C-O bonds 

possess different dissociation energies24: Calkyl-O (bond “a” in Figure 3.3.1.3) exhibit the lower energy, 

of 200 kJ mol-1; Caryl-OCH3 (bond “b”) has an energy of 386.5 kJ mol-1, and Caryl-OH (bond “c”) has the 

highest energy, of 542 kJ mol-1.  

 

Figure 3.3.1.3. Isoeugenol structure 

IE first undergoes hydrogenation of the double bond on the propenyl chain, and it is converted into 

dihydroeugenol (DHE). DHE hydrodeoxygenation can occur over two pathways, called ring 

hydrogenation and demethoxylation pathways12 (Figure 3.3.1.4): 

• Ring hydrogenation: at low temperature the ring hydrogenation takes place, giving 2-methoxy-4-

propyl cyclohexanol. As the reaction proceeds, demethylation occurs, giving 4-propyl-1,2-

cyclohexanediol. Subsequently, hydrolysis occurs, forming 4-propyl-cyclohex-1-en-1ol that 

tautomerize to 4-propyl-cyclohexanone (PCONE). Finally, PCONE is hydrogenated to 4-

propylcyclohexanol (PCOL) that is further subjected to dehydration and hydrogenation to give 

the completely saturated propylcyclohexane (PCH). This pathway is particularly preferred by Pd 

or Ru catalysts25–27, with a high hydrogenation activity.  

• Demethoxylation: in this pathway,  the cleavage of Caryl-OCH3 occurs before ring 

hydrogenation, to give 4-propyl phenol (PPHOL). PPHOL is further hydrogenated to give PCOL 

and finally dehydration/hydrogenation of the hydroxy group occurs, giving PCH. This pathway is 

usually preferred by catalysts with higher deoxygenation activity, like Co or Mo based 

catalysts13,28.  
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Figure 3.3.1.4. Schematic representation of DHE HDO pathways.  

HDO of Furfural 

The presence of furfural in bio-oil mixtures can pose significant stability issues due to its reactive 

carbonyl group, which is prone to oligomerization, leading to the formation of humins29, therefore HDO 

of furfural for bio-oil upgrading is pivotal. 

As illustrated in Figure 3.3.1.5, the hydrodeoxygenation (HDO) of furfural involves several reaction 

pathways leading to both ring-retaining and ring-opening products. Furfural initially undergoes 

hydrogenation of its aldehyde group, producing furfuryl alcohol. From here, the alcohol can be further 

hydrogenated into tetrahydrofurfuryl alcohol (FOL) or undergo ring rearrangement and hydrogenation to 

form cyclopentanone and cyclopentanol, valuable intermediates in the production of solvents, 

pharmaceuticals, fuel additives, and other chemicals15. FOL can further undergo hydrogenolysis to form 

2-methylfuran (MF) or, in some cases, tetrahydro-2-methylfuran, both of which are important fuel 

additives14,16.  

Alternatively, furfural can undergo decarbonylation to form furan, which may then participate in ring-

opening reactions, leading to linear-chain alkanes and alcohols17, a crucial step for biofuel production. 
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Further hydrogenation of furan yields saturated compounds like tetrahydrofuran (THF), which can also 

undergo ring-opening to produce linear alcohols or alkanes. These reactions are often catalyzed by 

metal-based catalysts (e.g., Pt, Ru, Ni) and occur under high-pressure hydrogen environments, driving 

the removal of oxygen atoms through C–O bond cleavage, facilitating the conversion of furfural into 

valuable fuel precursors18,19.  

 

Figure 3.3.1.5 Furfural HDO reaction pathways. 

HDO reaction conditions and catalysts 

Batch or semi-batch HDO of bio-oil and its model compounds are commonly performed in organic 

solvents like methanol, acetic acid, and long-chain alkanes. However, water and biphasic water-organic 

solvent systems have also been investigated in literature12,30. Compounds like vanillin, which are water-

soluble often favor reaction environments in water or polar solvents like 2-propanol. Hydrogen-donor 

solvents, like methanol and 2-propanol, can reduce the need for an external hydrogen supply. Solvents 

influence the HDO process through various mechanisms: they can promote the formation of distinct 

surface intermediates and transition states, actively participate in reactions such as hydrolysis and 

esterification (especially in the case of water or alcohols) or compete with reactants for adsorption on 

the catalyst's active sites. For instance, long-chain hydrocarbons may undergo cracking and can be co-

processed with bio-oil-derived compounds to produce the desired hydrocarbons31,32. Additionally, 
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solvents can affect the diffusion of substrates, intermediates, and products, making the choice of an 

appropriate solvent critical for efficient HDO. 

To ensure high solubility of hydrogen in the reaction media, and to have high availability of hydrogen on 

the catalyst’s surface, relatively high pressure is required33.  Pressure has a positive effect on the 

reaction rate and further decreases coke formation.  

The development of highly active, selective, stable and cost-effective catalysts is fundamental for bio-

oil upgrading through HDO. Initially, bio-oil treatment was compared to petroleum processing, where 

sulfur (and to a lesser extent, nitrogen and oxygen) heteroatoms are removed through hydrotreating, 

using metal sulfide catalysts, or Ni-Mo, Co-Mo on Al2O3 supports34,35. However, bio-oils lack sulfur, 

leading to catalyst deactivation when sulfur from the catalyst is replaced by oxygen. The addition of 

external sulfur sources like H₂S or CS₂ complicates the process and increases the sulfur content in the 

final product. Furthermore, alumina-based supports are hydrothermally unstable, deactivating rapidly 

in the presence of water, and their strong acidity promotes coke formation, making them not optimal for 

HDO36.  

An efficient HDO catalyst design necessitates a combination of both hydrogenation and deoxygenation 

sites. The metal phase is responsible for hydrogen activation and hydrogenation reactions, while acid 

sites or oxygen vacancies interact with oxygen functionalities to facilitate reactions such as 

hydrogenolysis, dehydration, and demethoxylation. In addition to the active metal, the choice of 

support is critical, as surface area, meso- or microporosity, acidity, and electronic interactions with the 

metal influence the overall performance of HDO catalysts26,37. Recent research on optimal HDO 

catalysts has shifted toward the use of transition metals, noble metals, bimetallic systems, or metal 

phosphides, carbides, and nitrides, supported on materials like metal oxides, mesoporous materials, 

zeolites, and carbon-based supports.  

Noble metals, such as Pt21,38, Pd26,39, Ru27,40, Ir41 are well established hydrogenation catalysts, with high 

selectivity for double bond saturation. However, they exhibit limited C-O bond cleavage ability, with Ru 

displaying the highest deoxygenation activity. Nevertheless, the saturation of the aromatic ring is 

beneficial for the subsequent deoxygenation, as it decreases the C-O bond energy. To improve the 

deoxygenation capability, often noble metals are associated with oxyphilic/acidic supports or in 

bimetallic system with more oxophilic transition metals (Co, Fe, Re, Mo etc.)42,43. However, the high cost 

of noble metals limits their widespread application44 (the current cost of the main used metals is 

reported in Appendix, Table 3.3.5.2.).  
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Transition metals such as Ni45, Co46,47, Cu44,45, Fe31,32,50, and W51 have also shown promising HDO activity. 

Also in this case, often they are combined in bimetallic systems to exploit their individual strengths52. 

For instance, Ni is highly effective in hydrogenation, while Co and Fe have higher oxygen affinity, 

enhancing the interaction with oxygenated species31,53.  

Cobalt as metal active phase in HDO 

Among non-noble transition metals, Ni has been the most extensively studied for HDO. However, Co 

exhibits promising characteristics as an active phase in HDO reactions. In comparison to Ni/Al-MCM-

41, Co/Al-MCM-41 has been found more selective in cleaving C-O bonds during HDO of guaiacol. In 

contrast, Ni catalysts favored hydrogenolysis and ring-opening reactions, leading to notable carbon loss 

through methane formation54. Co also exhibits a lower reduction temperature than Ni, making it more 

reactive under HDO conditions. A study comparing Co- and Ni- based catalysts for the HDO of 

isoeugenol reported the highest performance with Co/SBA-15. The superior deoxygenation activity of 

Co was attributed to its better metal dispersion, easier reducibility and interaction with the support. Ni, 

with its larger particle size and higher reduction temperatures, favors hydrogenation and ring-opening 

reactions, leading to different product distribution55. 

However, catalytic activity is strongly influenced by the interaction between the metal phase and the 

support, as well as the metal dispersion. For example, in the HDO of anisole, Ni-based catalysts showed 

higher activity than Co when supported on Al-SBA-15 and H-ZSM-5. This was attributed to the stronger 

interaction between Co and the acidic supports, which hindered the reduction of Co and diminished its 

catalytic efficiency56.  

Biochar as support 

Key properties for a good catalyst’s support include surface area, porosity, acidity and/or the presence 

of oxygen vacancies. Commonly used supports are divided into metal oxides, molecular sieves, and 

carbon-based materials. 

Metal oxides, including Al₂O₃, TiO₂, ZrO₂, CeO₂, and SiO₂, offer mesoporosity, that enhances reactant 

diffusion and surface adsorption57, and tunable acidity, that promotes HDO reactions. However, 

excessive acidity, as seen with Al2O3, can lead to strong adsorption of the reactant and coke formation. 

Reducible oxides like TiO2 and CeO2 supply oxygen vacancies, promoting deoxygenation reactions47. 

Molecular sieves include highly ordered materials like zeolites40 and mesoporous silica58 (e. g., SBA59). 

Hierarchical and mesoporous materials improve the dispersion of active sites and the diffusion high 

molecular weight oxygenates, that are prone to polymerize, thus moderating the coke formation60. 

Zeolites, with their tunable acidity via the Si/Al ratio, and the presence of both Brønsted and Lewis acid 
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sites61, allow controlled catalytic activity 22, on the other and, being predominantly microporous, can 

hinder the diffusion of large molecules like phenolic compounds. 

Carbon based materials, including biochars (BCs), activated carbons (ACs), carbon nanotubes 

(CNT)62,63, carbon black (CB), graphene have garnered significant attention over the years due to their 

numerous advantages20. As already extensively discussed in Chapter 3.2, biochars and activated 

carbons, in particular, exhibit tunable pore structure, which can be readily modified to achieve specific 

chemical and physical properties, and high surface areas64. The high surface area of these materials 

facilitates superior metal dispersion, making them highly effective as catalyst supports. Modified ACs 

can present a well-developed mesoporosity, that not only favors metal dispersion, but also reduce 

clogging by coke deposition65. Carbon materials are inherently neutral supports66, and compared with 

acidic supports, can limit undesirable side reactions such as coking and excessive hydrogenolysis that 

can lead to high production of gaseous byproducts like methane. Thus, they can prevent rapid 

deactivation of the catalyst. Echeandia et al. compared NiW supported on mesoporous activated 

carbon and on Al2O3, for HDO of phenol, and concluded that the formation of coke was drastically 

reduced when carbon was used as support. Furthermore, non-acidic supports are less prone to form 

metal-support strong interactions, that can lead to the formation of non-reactive species (like Co-Al 

spinel)55 allowing a better reduction of metal oxide in the active form, and improving the catalytic 

activity. To improve the acidity, carbon surface can be modified through post-treatments with acids such 

as phosphoric, nitric, or sulfuric acid, introducing acidic functionalities that enhance catalytic 

performance. Notably, acidity can also be provided by the metallic species itself. For example, metals 

like Ru, Fe, Co, which have high oxophilicity, promote HDO effectively even when supported on neutral 

materials26. Carbon-based materials, with their inherent hydrophobic nature, offer excellent 

hydrothermal resistance and stability in acidic environments, as bio-oil 67.  

The metal/biochar interactions in biomass hydro-upgrading catalysts are reflected in several factors: 

geometric effects (NPs size, morphology and dispersion), electronic effects (charge transfer between 

metal and support), interfacial reactivity, and direct involvement of the support in the catalytic 

reaction68. The high oxygen content and ideal pore structure of biochar allow to obtain non-noble 

metal/biochar catalyst with enhanced activity for HDO process69. In a study by R. Shu et al., the catalytic 

effect of Ru supported on various biochars and commercial carbons, coupled with silicotungstic acid 

(HSiW) was evaluated in the HDO of guaiacol. The support material played a critical role in the final 

catalytic performance: Ru supported on a biochar derived from bamboo exhibited higher activity due to 

its high mesoporosity, which promoted Ru dispersion. Additionally, Ru/C-bamboo showed enhanced H2 

adsorption, increasing the amount of hydrogen available for HDO reaction70.  
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The characteristics of the support can be modulated by proper activation steps. Mudi et al. explored the 

use of chemical activation (H2SO4, KOH), to modify the physicochemical properties of biochar71, to 

prepare Ni/biochar catalysts, compared in the catalytic HDO of vanillin.  

Treatment with H2SO4 resulted in enhanced surface area, improved Ni NPs distribution, and overall 

better catalytic activity, yielding higher amount of creosol, derived by the hydrogenation and 

hydrogenolysis of the aldehydic group of vanillin. Santos et al. investigated the use of cellulose and vine 

shoot as precursor for biochar preparation, and subjected to a combination of physical activation (CO2) 

and chemical activation (ZnCl2)72. The dual activation process resulted in biochars with exceptionally 

high surface areas, exceeding 1000 m2/g, and a well-developed pore structure comprising both 

micropores and mesopores.  

Additionally, the biochars displayed an extensively functionalized surface, enhancing their catalytic 

properties. These biochars were employed as support for various noble metals (Pd, Au, Ru) and tested 

in HDO of vanillin. Pd/C, that displayed the best metal dispersion, resulted to have the best catalytic 

performances in the formation of p-creosol73. These properties highlight the potential of biochar as a 

promising and sustainable support material for biomass hydro-upgrading processes. 

The combination of carbon-based materials as catalysts support – characterized by all the advantages 

related on the high stability, thermal conductivity, large surface area, and well-defined porosity - with a 

cost-effective metal like Co, which exhibits good activity and selectivity toward deoxygenation, has 

proven effective for the preparation of active catalytic in HDO. For instance, reduced graphene oxide 

(rGO) has shown to be an efficient support for Co, facilitating the formation of single atoms of metallic 

Co and CoOx NPs, providing both metallic active phase and acid sites74. A balanced proportion of Co0 

and Co2+ was also achieved using a triazine-based polymer (PAF-53) as a template for the synthesis of 

Co/NC catalyst. It exhibited high efficiency in the HDO of eugenol, achieving 98 % yield of propyl 

cyclohexane63,75. Furthermore, the encapsulation of Co in a carbon matrix derived from glucose 

carbonization, resulted in strong metal-support interaction, giving a highly stable catalyst. In this case 

the main active phase was found to be CoO, which selectively converted guaiacol to cyclohexanol under 

mild conditions76. In addition to phenolic compounds, Co supported on carbon materials has also 

demonstrated catalytic activity for the hydro-upgrading of furans, such as furfural14.  

Despite these advantages, the use of biochar, combined with cobalt for HDO of bio-oil compounds 

remains underexplored. Only a few studies have been reported in literature77, including combinations 

of Co with other metals (e.g., CoMoS78), or hybrid supports (e.g., carbon-alumina79).  
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Therefore, a key focus of this thesis was to investigate the use of biochar as support and Co as the active 

metal phase in HDO of bio-oil model compounds. Particular attention was given to the HDO of 

isoeugenol. Additionally, the effect of the introduction of furfural, representative of the furanic fraction, 

was explored to assess the catalyst's activity and the feasibility of co-processing multiple bio-oil-

derived compounds. 

The use of cobalt in HDO of isoeugenol is still largely unexplored, and no examples of Co supported on 

biochar for this reaction have been documented in the literature. Lindfors et al. were the first to 

investigate Co supported on various oxides for the HDO of IE, comparing its performance with that of 

nickel (Ni) catalysts55. Their study identified Co/SBA as the most effective catalyst. Recently, Li et al.63 

reported excellent results using Co supported on nitrogen-doped carbon (Co/NC). However, the carbon 

support in their study was derived from the pyrolysis of a triazine-based polymer, which is not 

considered environmentally sustainable. Given this context, exploring Co as a non-noble metal catalyst 

supported on biochar—a renewable, low-cost material derived from biomass—offers significant 

potential for sustainable HDO of IE, particularly for producing propyl cyclohexane, a key component for 

sustainable aviation fuel. This combination represents a more environmentally friendly and cost-

effective alternative to conventional supports, making it a highly attractive avenue for further research. 

Building on the previous investigation of the catalytic properties of various biochars (Chapter 3.2), in 

this Chapter, the activated biochars derived from rice husk (A-RH), chromium-free tannery byproducts, 

specifically leather shaving waste (A-LS), and their co-pyrolysis product (A-RL) were used for the 

preparation of 10 wt. % Co/biochar catalysts. The intrinsic characteristics of these carbon-based 

materials and their catalytic performance were explored in the hydrodeoxygenation of isoeugenol to 

produce propylcyclohexane as sustainable aviation fuel. For the most effective biochar-based catalysts 

(namely Co/A-RH), an in-depth study was conducted on the influence of reaction parameters, product 

distribution, and catalyst stability. A kinetic model was also developed based on the proposed reaction 

network. Furthermore, given that bio-oil typically consists of a diverse range of compounds, the 

potential for co-processing isoeugenol with a chemically distinct model compound, such as furfural, at 

varying concentrations was assessed. 

This study aims to contribute to the development of efficient and sustainable catalysts for bio-oil 

upgrading. The findings from this research are expected to provide valuable insights into the broader 

applicability of biochar-supported catalysts in biomass conversion processes, particularly to produce 

SAF, a key component of the future renewable energy landscape.
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3.3.2 Experimental 

Catalyst preparation 

10 wt. % Co/biochar were prepared by wet impregnation. Three activated biochars, derived from rice 

husk (A-RH), leather shaving waste (A-LS) and the co-pyrolysis of the two biomasses (A-RL), were used 

as support. As reference, 10 wt. % Co/AC was prepared, using a commercial activated carbon as 

support. The catalysts were labelled Co/A-RH, Co/A-LS, Co/A-RL, and Co/AC, respectively.  

The proper amount of Co(NO3)2 · 6 H2O (Sigma Aldrich) was dissolved in 250 mL of distilled water and 

placed in a round bottom flask. 0,9 g of biochar were added to the solution. The suspension was kept 

under stirring at 70 °C for six hours to allow adsorption of the metal in the pores of the char. After six 

hours, water was removed by rotary evaporation and the catalyst was dried at 110 °C overnight. After 

that it was subjected to calcination under inert atmosphere (argon) and reduction under H2.  

The calcination and reduction temperatures were chosen after Temperature Programmed Desorption 

and Temperature Programmed Reduction analyses respectively, to evaluate the temperature of 

decomposition of nitrates and the reduction temperature of cobalt. Calcination was conducted at 350 

°C in Ar (40 mL/min, temperature program 10 °C/min, for 2 hours). Reduction was conducted ex-situ 

prior to each reaction, at 450 °C in H2 (5 °C/min for 2 hours).  

Catalyst characterizations 

The metal content was measured by MP-OES  (Perkin Elmer Optima 5300 DV Optical Emission 

Spectrometer), after digesting the catalyst (ca 50 mg) in a mixture of aqua regia (HCl:HNO3 3:1) under 

microwave for one hour. The textural properties of the supports, and the fresh and spent catalysts were 

evaluated by N2 physisorption at -196 °C (Micromeritics Tristar Plus II). The surface area was calculated 

by Langmuir and BET method80. Temperature-programmed desorption (TPD), reduction (TPR), and NH3 

desorption (NH3TPD) were performed with Microtrac Belcat II equipment, coupled with mass 

spectrometer Pfeiffer Vacuum Omni Star. TPD was performed in He (30 mL/min) with a temperature 

ramp of 10 °C/min up to 100 °C for 30 minutes, 10 °C/min up to 800 °C for 20 minutes. TPR was 

performed using a mixture of 5% H2 in Ar (flow 30 mL/min) with a ramp temperature of 10 °C/min from 

50 °C to 800 °C, after a pre-treatment in Ar (30 mL/min) at 200 °C for 2 hours. NH3TPD was performed 

using previously a reduction step: first the sample was reduced by a 5% H2 in Ar mixture (30 mL/min) 

with a temperature ramp of 10 °C/min from 50 °C to 450 °C and let at these conditions for two hours. 

The system was further cooled down to 100 °C, and  a mixture of 5% of NH3 in He (30 mL/min) was sent 

to the sample for 30 minutes, followed by a purging in He (30 mL/min) for 60 minutes. The desorption 

was carried out in He (30 mL/min) with a temperature ramp of 10 °C/min up to 800°C. The final 
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temperature was maintained for 20 minutes. Co particles size and distribution was evaluated by 

Transmission Electron Microscopy (TEM) using a JEM-1400 (voltage). Transmission electron microscopy 

(TEM) was utilized to determine the metal particle size and study the morphology and porosity. The 

equipment used for analysis was a Model JEM-1400Plus system (JEOL, Japan) with a maximal 

acceleration voltage of 120 kV. The interpretation of TEM images and determination of particle sizes of 

the fresh and spent catalysts were done using the ImageJ program. Prior to the TEM analysis, the 

samples were ground and suspended in ethanol. A drop of suspension was mounted on a copper grid 

coated with a carbon film and the solvent evaporated. The particle size distribution of metal particles 

was determined by measuring the diameter (d) of more than 300 particles visible in TEM micrographs. 

The size of the metal nanoparticles was measured by ImageJ software, and the dispersion was 

calculated as (Eq. 3.3.2.1):  

                                                                            𝐷𝑇𝐸𝑀(%) =
1 𝑛𝑚

𝑎𝑣𝑔 𝑑 (𝑛𝑚)
𝑥100                                                        (Eq. 3.3.2.1) 

Powder X-ray diffraction measurements were performed by Panalytical Aeris Research Edition 

diffractometer in Bragg-Brentano geometry, using Cu Kα radiation and equipped with PIXcel1D detector,  

in the diffraction angle 2θ between 5° and 85°. The samples were first ground to powder using a zero-

background silicon sample holder. X-ray photoemission spectroscopy was carried out with a Thermo 

Scientific Nexsa XPS (ESCA) with a monochromated Al Kα X-ray source. The samples were supported 

on a copper conductive tape compatible with UHV for charge compensation. Deconvolution of peaks 

was done using the XPSpeak 4.1 program . The binding energy was calibrated based on che C 1s peak 

at 284.6 eV. 

Catalytic experiments  

HDO experiments were carried out in a 300 mL semi-batch reactor (PARR Instruments), equipped with 

a mechanical stirrer. In a typical experiment the desired amount of pre-reduced catalyst was added to 

the system together with 50 mL of dodecane (Sigma Aldrich), used as solvent, and the proper amount 

of reactant/s. The catalyst particle size was maintained < 63 μm and the stirring 900 rpm, to avoid mass 

transfer limitations. The reaction was monitored by sampling the liquid at specific time intervals. 

Co/ARH was also reused for three catalytic cycles. Prior to recycling, the catalyst was washed with 

acetone, dried in air, and reduced at the same conditions than before the first use.  

The liquid samples were analyzed by a gas cromatograph using a DB-1 capillary column (Agilent 122-

103e, 30 m × 250 μm × 0.5 μm). The temperature program used for GC analysis was the following: 60 °C 

then 5 °C/min and 3 °C/min to 135 °C then 15 °C/min to 300 °C (1 min).  



3. Valorization of biomass via pyrolysis  - 3.3 Hydrodeoxygenation of bio-oil model compounds using biochar-based catalysts  

107 
 

The conversion, yield and selectivity were calculated upon calibration, using isoeugenol (cis + trans) 

(Sigma Aldrich), dihydroeugenol (≥99%, Sigma-Aldrich), 4-Isopropylcyclohexanol (cis + trans, > 98% 

TCI), 4-propylcyclohexanone (> 98% TCI), propyl cyclohexane (Sigma Aldrich). 

Conversion was calculated as (Eq. 3.3.2.2): 

                                                             𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) = (
𝑚𝑜𝑙𝑖 𝐼𝐸∗− 𝑚𝑜𝑙𝑡 𝐼𝐸∗

𝑚𝑜𝑙𝑖 𝐼𝐸∗ ) ∗ 100                                          (Eq. 3.3.2.2) 

Products yield was calculated as (Eq. 3.3.2.3): 

                                                                      𝑌𝑖𝑒𝑙𝑑 (%) = ( 
𝑚𝑜𝑙𝑡 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑚𝑜𝑙𝑖 𝐼𝐸
) ∗ 100                                                      (Eq. 3.3.2.3) 

Mass balance was calculated as (Eq.3.3.2.4): 

                                                𝐶𝑎𝑟𝑏𝑜𝑛 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 (%) = (
𝑚𝑜𝑙𝑡 𝐼𝐸+ Σ 𝑚𝑜𝑙𝑡 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠

𝑚𝑜𝑙𝑖 𝐼𝐸
) ∗ 10                             (Eq. 3.3.2.44) 

Where moliIE*and moli product are the initial moles of IE or DHE, and of the products, moltIE* and molt 

product are moles of IE or DHE, and of the products, at a certain time. 

 

https://www.tcichemicals.com/OP/en/p/I0780
https://www.tcichemicals.com/OP/en/p/I0780
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3.3.3 Results and discussion 
Catalysts characterization 

He-TPD analyses were performed to evaluate the decomposition temperature of Co(NO3)2. In Figure 

3.3.3.1 the TPD profiles of the three biochar-based catalysts are reported.  

For all samples, a primary peak centered between 225 and 230 °C is observed, along with two smaller 

peaks at higher temperatures (550–650 °C). Mass spectrometry analysis indicates that the first peak 

corresponds to the release of NO, H₂O, CO₂, CO, N₂, and O₂, suggesting the decomposition of nitrates. 

The higher temperature peaks are associated with the release of CO and CO₂, indicative of the 

decomposition of the char's functional groups. Based on these results, a calcination temperature of 350 

°C was selected to ensure complete decomposition of the nitrates. For all samples, calcination was 

performed under an inert atmosphere (Ar flow), and the decomposition of Co(II) nitrate primarily yielded 

CoO, without a change in the oxidation state, as confirmed by XRD analyses (Figure 3.3.3.5). 

 

Figure 3.3.3.1. TPD profiles of Co/A-RH (blue), Co/A-RL (red), and Co/A-LS (black). 

TPR was conducted to evaluate the reducibility of the cobalt species. Figure 3.3.3.2 presents the TPR 

profiles of the three biochar-based catalysts, and the comparison with Co/AC. The major reduction 

events (resumed in Table 3.3.3.1), corresponding to the reduction of cobalt oxide (CoO) to metallic 

cobalt (Co⁰), occur between 400 °C and 600 °C across all samples. Both Co/A-LS (black curve) and 

Co/AC (green curve) show initial reduction peaks at 290 °C and 240 °C, respectively, which are typically 

attributed to the reduction of Co₃O₄ to CoO64, indicating a higher oxidation tendency for Co for Co/A-L 
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and Co/AC. In the case of Co/AC, the primary reduction event is characterized by a broad peak that 

begins at 330 °C and centers around 550 °C, suggesting a general strong and uniform interaction 

between Co and the support. In contrast, Co/A-LS, Co/A-RL (red curve), and Co/A-RH (blue curve) 

exhibit two sharper, partially overlapping peaks in Co/A-LS and Co/A-RL, with more distinct peaks in 

Co/A-RH. These peaks are centered at 405–450 °C for Co/A-Ls and progressively shift to higher 

temperatures for Co/A-RL (430–475 °C) and Co/A-RH (410–550 °C). The differences in peak profiles and 

temperatures suggest that the nature of the support significantly influences the reducibility of cobalt 

oxides. Specifically, the distinct bimodal reduction peaks in Co/A-RH indicate dual interaction with the 

support, where some cobalt particles are more strongly bonded, requiring higher temperatures for 

reduction. The reduction temperature was set at 450 °C for all samples.  

 

Figure 3.3.3.2. TPR profiles of Co/A-RH (blue), Co/A-RL (red), Co/A-LS (black), and Co/AC (green)  

Table 3.3.3.1. TPR results of the catalysts. 

Catalyst T1, max (oC) T2, max (oC) T3, max (oC) 
Relative total peak area 

normalized by catalyst mass 

10Co/AC 240 330 530 0.61 

10Co/A-RH n.a. 410 550 0.47 

10Co/A-RL n.a. 430 475 0.96 

10Co/A-LS 290 405 450 1 
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The textural properties of the catalysts were evaluated and compared to the pristine support by N₂ 

physisorption analysis (Figure 3.3.3.3, Table 3.3.3.2). The results demonstrated that the porous 

structure of the biochars was preserved across all catalysts after impregnation. The H4 type hysteresis 

loop of all the samples demonstrated the presence of mesopores, with a narrow slit-like pore form 

typical of carbonaceous materials81. Cobalt impregnation led to a notable reduction in total surface 

area, likely due to pore blockage by the metal, indicating a strong interaction between the support and 

the active phase. The most significant surface area reduction, a 44% decrease, was observed for Co/A-

RH, suggesting a uniform distribution of the metal across the surface of the material. 

 

Figure 3.3.3.3. N2 adsorption-desorption isotherms of the supports (dotted lines) and the catalysts (solid lines). 
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Table 3.3.3.2  Textural properties of supports and catalysts. 

Sample 
SBET 

 (m2g-1)a 

S
micro 

 
(m

2
/g)b 

V
tot 

 
(cm

3
/g)c 

V
micro 

 
(cm

3
/g)d 

A-LS 633 789 0.25 0.23 

Co/A-LS 434 528 0.19 0.15 

A-RL 445 463 0.17 0.12 

Co/A-RL 330 362 0.13 0.09 

A-RH 367 543 0.14 0.10 

Co/A-RH 214 173 0.11 0.07 

AC 1113 1064 0.40 0.26 

Co/AC 1010 823 0.32 0,14 

aSurface area calculated by BET method. bMicropore surface area calculated by t-plot method. cTotal pore volume calculated 
according to the adsorbed amount of N2 and P/P0 values near 0.98. dMicropore volume calculated by t-plot method. 

MP-AES measurements (Table 3.3.3.3) indicated that Co/A-RH and Co/A-RL retained a higher metal 

loading (12 wt.% and 13 wt. % respectively) compared to Co/AL (8 wt.%). Notably, the amount of 

effective Co measured on Co/AC resulted the highest, leading to 16 wt. %. This was particularly 

attributed to the very high surface area of this material (1113 m2/g). 

Table 3.3.3.2. Co loading determined by ICP-MS analysis, Co particle size and distribution, measured by TEM, and SBET 
determined by N2 physisorption. 

Sample 
Nominal 

 wt. % 

Effective  

wt. % 

dTEM  

(nm) 

DTEM  

(%) 

Co/A-LS 10 8 9.6 ± 0.8 10.4 

Co/A-RL 10 13 8.9 ± 0.2 11.2 

Co/A-RH 10 12 8.9 ± 0.2 11.2 

Co/AC 10 16 8.2± 0.2 12.2 

 

The particle size and distribution of metal particles on the catalysts, as shown in Table 3.3.3.3, were 

determined by TEM analysis (Figure 3.3.3.4). All catalysts exhibited average particle diameters below 10 

nm with a similar dispersion range (DTEM 10-11 %), with the highest distribution on Co/AC, followed by 

Co/A-RH and Co/A-RL. Co/AL catalyst displayed a broader particle size distribution, including 

agglomerates larger than 50 nm, indicating poor interaction between the metal and the support. This 

resulted in lower metal loading and some degree of sintering during the calcination and/or reduction 

processes. The enhanced metal retention and better dispersion obtained on A-RH and A-RL, compared 

with A-LS is attributed to the intrinsic properties of the supports, particularly the morphology, 

microstructure, surface functionalization of Co/A-RH and Co/A-RL, as previously discussed (Chapter 

3.2). Despite the lower surface area of these materials, other characteristics incurred to facilitate a 

more efficient cobalt deposition and interaction with the support, contributing to the higher metal 

loading and good dispersion, observed. 
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Figure 3.3.3.4. TEM microscopy and NPs size distribution of the catalysts. 
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XRD analyses were conducted on the catalysts before and after reduction at 450 °C to investigate the 

cobalt crystalline phases. The diffraction patterns are depicted in Figure 3.3.3.5 (a-d).  
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Figure 3.3.3.5. XRD patterns of the catalysts before and after reduction. b) Co/A-RH, b) Co/A-LS, c) Co/A-RL, d) Co/AC. 

According to data from the Crystallography Open Database (COD) files, distinct diffraction patterns 

corresponding to the support and metal phases were observed. All catalysts exhibited a similar 

amorphous phase peak at 2θ = 23°, which is attributed to the sp²-hybridized graphitic carbon (002) 

crystalline phase. In all samples, signals corresponding to the silica phase were clearly present. The 

silica derived from rice husk predominantly exists in the form of cristobalite, while the silica in AL is 

mainly quartz. In the ARHL samples, reflections characteristic of both cristobalite and quartz are 

evident.  
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No evidence of SiO2 signal was detected on Co/AC, in line with the ultimate analysis (Chapter 3.2). For 

all the calcined catalysts (represented by the blue, orange, gray, and light green curves), the diffraction 

peaks associated with cobalt indicated the formation of a face-centered cubic (fcc) structure of CoO. 

The characteristic diffraction peaks at 36.3°, 42.3°, 61.5°, 73.4°, and 77.2° correspond to the (111), 

(200), (220), (311), and (222) planes of CoO, respectively82,83. After reduction, the Co/A-LS and Co/A-RL 

catalysts showed complete reduction of Co(II) to Co(0), forming a hexagonal close-packed (hcp) 

structure. The characteristic diffraction peaks for the hcp phase were observed at 41.7° (100), 44.5° 

(002), and 47.5° (101). In contrast, the Co/A-RH catalyst exhibited the coexistence of both hcp and fcc 

phases of metallic cobalt, as indicated by a low-intensity diffraction peak at 51.5°, corresponding to the 

(111) plane of the fcc Co structure, this could be related to the hybrid nature of A-RH support, made of 

silica and carbon, that could have a different interaction with the metal phase. Additionally, a minor 

contribution from the oxide phase was detectable in this sample84. A significant contribution from the 

oxide phase was observed in the reduced Co/AC sample. These findings align with TPR measurements, 

suggesting that for both Co/A-RH and Co/AC, the strong metal/support interaction lead to a non-

complete reduction of Co at 450 °C. Additionally, the signals in the Co/AC sample were broader and less 

defined, indicating smaller nanoparticles, consistent with the TEM results (Figure 3.3.3.4). 

The acidity of the catalysts, a crucial factor in hydrodeoxygenation reactions due to its role in C–O bond 

cleavage, was assessed using NH₃-TPD analysis. The desorption profiles are shown in Figure 3.3.3.6, 

while the results obtained by the analysis are resumed in Table 3.3.3.3. 

 

Figure 3.3.3.6. NH3TPD profiles of the catalysts. 
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Table 3.3.3.3 Results from NH3TPD of the catalysts 

Catalyst T1, max (oC) T2, max (oC) T3, max (oC) 
Relative total peak area  

normalized by catalyst mass 

10Co/AC 245 n.a. 535 0.78 

10Co/A-RH 160 455 470 1.0 

10Co/A-RL 150 400 450 0.87 

10Co/A-LS 110 420 n.a. 0.76 

 

All biochar-based catalysts exhibited a broad desorption peak around 150 °C, indicative of weak acid 

sites. In Co/AC , this peak shifted to higher temperatures (around 245 °C). Notably, Co/A-RH 

(represented by the blue curve) displayed a sharp and distinct peak centered around 450 °C, which was 

almost absent in Co/A-LS and Co/A-RL (black and red curves respectively), that was shifter to higher 

temperature (565 °C) in Co/AC (green curve). This suggests the presence of medium to strong acid sites 

in significant concentrations. The high-temperature desorption peaks, related to strong acid sites, in 

Co/A-RH and Co/AC were attributed to the presence of CoO, which was absent in the other catalysts, 

as confirmed by XRD. The Co²⁺ species in CoO infer Lewis acidity, likely due to the electronic deficiency 

of the cobalt cations83. 

These comprehensive characterization results clearly demonstrate that the nature of the support 

significantly influences the metal distribution, metal-support interaction, and the oxidation state of the 

metal. Consequently, these factors play a pivotal role in determining the overall activity of the material.  
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Isoeugenol HDO 

HDO experiments were conducted using different catalyst : reactant ratios to check whether 

experiments were performed in the kinetic regime, keeping constant the amount of IE (2 mg/mL) and 

changing the amount of catalyst (20, 50, 80 mg) To do so, Co/A-RH was used as catalyst. When the 

results from different experiments are plotted as a function of normalized abscissa, time multiplied by 

catalyst mass, the kinetic curves should coincide to demonstrate the absence of external mass transfer 

limitations. The first step of the reaction (hydrogenation of IE to DHE and formation of PCONE from 

DHE), the beginning of the rection is not very well defined, some differences in concentrations are visible 

for example regarding PCONE, which is an intermediate in equilibrium with its enolic form that rapidly 

undergoes hydrogenation of the ketonic group to form PCOL (as reported in Figure 3.3.3.7). However, for 

PCOL the curves coincide, and it reacts further with the same rate. On the other hand, minor differences 

were observed in the formation rate of PCH.  

 

Figure 3.3.3.7. Isoeugenol HDO at different catalyst : reactant ratios. Reaction conditions: IE 2 mg/mL, dodecane 50 mL, 275 
°C, 30 bar H2, 900 rpm, 240 min. DHE: dihydroeugenol, PCONE: propylcyclohexanone, PCOL: propylcyclohexanol, PCH: 

propylcyclohexane. 

After assessing the repeatability of the experiments using 50 mg Co/A-RH, the catalytic performance of 

Co/A-LS, Co/A-RH, and Co/A-RL in the hydrodeoxygenation (HDO) of isoeugenol (IE) was evaluated and 

compared to that of Co/AC (Table 3.3.3.4, Figure 3.3.3.8), at 300 °C, 30 bar H2, 900 rpm for 240 min, with 

50 mg of catalyst and 2 mg/mL of IE.  
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Over all the catalysts, the hydrogenation of the double bond in the allyl chain of IE proceeded rapidly, 

leading to the formation of dihydroeugenol (DHE) (Figure 3.3.3.8). Due to the fast reaction kinetics, it 

was not feasible to monitor the conversion of IE to DHE55. Consequently, the study focused on tracking 

the conversion of DHE over time to assess the catalytic performance of the catalysts. 

 

Figure 3.3.3.8. Reaction profiles of Isoeugenol HDO over different catalysts. Reaction conditions: IE 2 mg/mL, dodecane 50 
mL, 50 mg cat., 300 °C, 30 bar H2, 900 rpm, 240 min. DHE: dihydroeugenol, PCONE: propylcyclohexanone, PCOL: 

propylcyclohexanol, PCH: propylcyclohexane. 

Table 3.3.3.4. Results of the catalyst screening. Initial rates for DHE disappearance and DHE conversion and product yields 
at 240 minutes. 

Entry 

Initial rate for DHE 

disappearance 

(mmol/min/gCo) 

DHE  

Conversion (%) 

PCONE  

Yield (%) 

PCOL 

 Yield (%) 

PCH  

Yield (%) 

C balance  

(%) 

Co/A-LS 0.89 86.2 5.5 20.0 6.3 45.4 

Co/A-RL 0.79 100 8.8 24.0 28.1 60.9 

Co/A-RH Large 100 0.7 1.7 55.1 57.5 

Co/AC 3.75 100 0 0 75.2 75.2 

 

Due to the different Co loading, the  conversion and yield percentages were plotted against normalized 

time, which was calculated by multiplying the reaction time by the mass of metal in each catalyst.  
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This normalization allowed for a more accurate comparison of the catalytic activity and selectivity 

among the tested catalysts. The initial rate for DHE transformation decreased as follows: Co/A-RH > 

Co/AC > Co/A-L > Co/A-RL (Table 3.3.3.4). However, the rate for DHE transformation after 30 min 

decreased for Co/A-LS, while the other catalysts were very active reaching 100% DHE conversion. The 

most active catalyst exhibited narrow particle size distribution (Figure 3.3.3.4) and medium to strong 

acid sites. (Figure 3.3.3.6). The second highest initial DHE rate was found for Co/AC which exhibited the 

highest portion of very strong acid sites. The initial DHE transformation rate did not correlate with 

hydrogen TPR, but more with catalyst acidity. The catalysts containing strong acid sites were also active 

for DHE transformation. Noteworthy is also that Co/AC exhibiting strong acid sites gave also high carbon 

balance, whereas in case of Pt-Beta zeolites the sum of the liquid phase products in HDO of isoeugenol 

decreased with increasing acidity85. In addition, it was reported in HDO of isoeugenol over Pt-Re/carbon 

catalysts that liquid phase mass decreased when pH of the catalyst slurry was around 6, while those 

with higher pH gave nearly complete liquid phase mass balance86. 

The final yield of PCH increased in the same order as the initial DHE transformation rate indicating that 

the strength of acidic sites was crucial. i.e. the two catalysts exhibiting the largest amounts of strong 

acid sites were giving the highest yields of PCH. Among the biochar-based catalysts, Co/A-RH 

demonstrated the highest activity, achieving complete conversion of DHE within 1 minute and nearly 

complete conversion of PCOL to PCH within 240 minutes, with a maximum yield of 55%. Compared to  

Co/AC, Co/A-RH showed a higher initial reaction rate but lower selectivity toward the desired products 

(Co/AC yielded PCH at 75%). This lower selectivity was primarily due to a reduced carbon balance on 

Co/A-RH compared to Co/AC, likely due to hydrocracking side reactions that produced lighter 

compounds (e.g., methane, ethane, ethylene, propane, butane, and isobutene), which are undetectable 

in the liquid phase. The occurrence of hydrocracking was further confirmed by the formation of shorter-

chain hydrocarbons (C₆-C₁₁) derived from the solvent dodecane, as evidenced in the GC chromatogram. 

The potential for co-processing fossil feedstocks with biomass-derived compounds has been 

previously reported32.  

The slightly lower initial activity for DHE transformation for Co/AC resulted in higher selectivity and less 

side reactions, such as hydrocracking, leading to a carbon balance of 75%. The superior activity of 

Co/AC for production of PCH after prolonged times, followed by Co/A-RH, is attributed to the high metal 

dispersion and the coexistence of cobalt in both Co⁰ and Co²⁺ forms. This combination contributes to a 

higher density of acid sites87, which promotes C–O bond cleavage. The Co²⁺ species, present as CoO 

nanoparticles with structural defects, play a crucial role in coordinating oxygenated compounds. These 

CoO nanoparticles contain oxygen vacancies that activate the C–O groups75.  
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Moreover, CoO with oxygen vacancies is a highly active species for the heterolytic cleavage of H₂  
88

. As 

discussed in the introduction, the synergistic effect of metallic cobalt and CoO in HDO is well-

documented. For example, Singh et al. highlighted that oxygen vacancies formed on Co/CoO catalysts, 

derived from Co₃O₄ reduction, were pivotal for the demethoxylation of guaiacol83 reaching 99% 

conversion with 80% selectivity toward cyclohexanol, at 180 °C 20 bar H2. achieving 99% conversion 

with 80% selectivity toward cyclohexanol at 180 °C and 20 bar H₂. Similar results were reported by Wen 

et al. using Co/CeO₂, leveraging the oxygen vacancies provided by the support47. Additionally, Shen et 

al.70, demonstrated that CoOx was the active site for the hydrogenation of furfural, yielding 

cyclopentanone and cyclopentanol as the main products with a total yield of 82%. In bimetallic CoNi, 

the presence of CoOx species lead to the formation of oxygen vacancies, improving catalytic 

performance on HDO of vanillin, yielding 100% methyl cyclohexanol at mild conditions (200 °C, 1.0 MPa 

H2)89. Similar synergy was found in CuCoOx catalysts for the HDO of 5-hydroxymethyl furfural to 

dimethylfuran48.  

Further evidence of the synergistic effect between the two cobalt oxidation states was obtained by 

comparing the catalytic activity of Co/A-RH in its reduced form with that of Co/A-RH in its calcined form, 

without an additional reduction step (Figure 3.3.3.9). At 250 °C and 30 bar, the reaction proceeded at a 

slower rate with the calcined Co/ARH catalyst. This resulted in a decrease in DHE conversion from 100% 

to 72%, as well as a reduction in the yields of PCOL (from 79% to 50%) and PCH (from 5.3% to 2.0%) as 

the main products. 
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Figure 3.3.3.9. Comparison of IE HDO over Co/A-RH calcined (blue dotted line) and reduced (light blue solid line). Reaction 
conditions: IE 2 mg/mL, dodecane 50 mL, 50 mg cat., 250 °C, 30 bar H2, 900 rpm, 240 min. DHE: dihydroeugenol, PCONE: 

propylcyclohexanone, PCOL: propylcyclohexanol, PCH: propylcyclohexane. 

However, a balanced ratio of metallic Co and CoO species and an appropriate number of acid sites are 

necessary to prevent over-reactions, such as cracking90, as observed for Co/A-RH. The higher 

concentration of acid sites on Co/A-RH was responsible for the lower carbon balance and the 

occurrence of acid-catalyzed side reactions.  

From the mechanistic point of view, it is important to investigate the reaction network. Multiple 

consecutive reactions were observed: demethoxylation of the -OCH₃ group and hydrogenation of the 

aromatic occurred rapidly, with of 4-propylcyclohexanol (PCOL) emerging as the main product within 

the first hour of reaction. The detection of 4-propyl cyclohexanone (PCONE) could suggest two different 

pathways: on one case, the hydrogenation of the aromatic ring occurred, followed by the cleavage of the 

O-CH3 bond to form 4-propyl-1,2-cyclohexanediol (represented by the letter D in the reaction scheme 

reported in Figure 3.3.3.10), and by the dehydration of the hydroxylic group to form 4-propyl-cyclohex-1-

en-1ol (E), which rapidly tautomerized to PCONE38. On the second case, the demethoxylation occurred 

first, leading to the formation of propylphenol (I), and further hydrogenation of the aromatic ring 

occurred, to form the enol, that was stabilized in the ketonic form by tautomerization, and further 

hydrogenated to PCOL.  
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Several intermediates were formed and consumed rapidly and it was not possible to detect them, 

however, considering the dissociation energies reported in literature for different C-O bonds, (Calkyl-O 

200 kJ mol-1; Caryl-OCH3 386.5 kJ mol-1, and Caryl-OH  542 kJ mol-1) 24 both pathways could be feasible.  

A general reaction scheme based on the products detected is reported in the scheme in Figure 3.3.3.10. 

 

Figure 3.3.3.10. Proposed reaction network for HDO of Isoeugenol. 

In parentheses the products that were not detected by GC analyses.  

The catalytic performance of the two best-performing catalysts from this study was compared with 

results reported in the literature. Numerous studies have investigated the HDO of various phenolic 

compounds, such as guaiacol, phenol, and anisole, utilizing both noble and non-noble metal catalysts 

supported on various oxides, zeolites, and carbon materials. However, the focus of this work was 

primarily on the use of carbon-based supports and non-noble metals for the complete HDO of eugenol 

or IE to PCH. A comprehensive overview of relevant literature data, particularly on carbon-supported 

and non-noble metal catalysts for HDO reactions, is provided in Table 3.3.3.5. 
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Table 3.3.3.5. Comparison of results obtained with different reported heterogeneous catalysts 

Entry 
Carbon based  

catalyst 
Solvent Reaction conditions PCH yield (%) Ref 

1 Pt/ACa n-decane 2 h, 280 °C, 30 bar 44.3 [21] 
2 PtRe/Ca  dodecane 4 h, 300 °C, 30 bar  91 [43] 
3 Ni/graphitea dodecane 4 h, 300 °C, 30 bar 60 [55] 
4 RuRe/MWCNTb  heptane 1 h, 200 °C, 30 bar 62.6 [67] 
5 Ru/C + Nb2O5

c H2O + MeOH 12 h, 250 °C, 11 bar 74  [36] 
6 Ru/CNTb H2O + dodecane 3 h, 220 °C, 50 bar 94 [27] 
7 Pd/C + HZSM-5b H2O 0.5h, 240 °C, 20 bar 64 [91] 
8 Co/NC-Tb n-heptane LHSV 12 h-1, 300 °C, 30 bar 98.4 [63] 

Entry 
Non noble metal-based  

catalyst 
Solvent Reaction conditions PCH yield (%) Ref 

9 Ni/SBAa dodecane 4 h, 300 °C, 30 bar  75 [59] 
10 Co/SBAa dodecane 4 h, 300 °C, 30 bar 63 [55] 
11 Ni/HZSM-5b hexane 2 h, 250 °C, 30 bar 80 [30] 
12 Ni/Al-SBA-15-HZSM-5b dodecane 2 h 260 °C, 30 bar 68 [45] 
13 Ni/Al-SBA-15b dodecane 2 h  240 °C, 20 bar 85 [45] 
14 Co/A-RH dodecane 4 h, 300 °C, 30 bar 55 this work 
15 Co/AC dodecane 4 h, 300 °C, 30 bar 75 this work 

aIE, bEU, cIE+DHE+4-allyl-syringol 

The PCH yields obtained using Co/A-RH and Co/AC catalysts in this study (55% and 75%, entry 14,15 

respectively) are competitive with other non-noble metal systems, such as Ni/graphite (60%, entry 3) 

and Co/SBA (63%, entry 10)55. These yields are also comparable to those achieved with some noble 

metal catalysts, including Pd/C + HZSM-5 (64 %, entry 7)91, Ru/C + Nb2O5
 (74 %, entry 5)36, RuRe/MWCNT 

(62.6% , entry 4)67. Notably, the Pt/AC catalyst exhibits a relatively low yield of 44.3% (entry 1)21, 

suggesting that noble metals often require the addition of oxophilic sites to enhance their performance 

in HDO reactions. Some noble metal systems, such as Ru/CNT, achieved a high PCH yield of 94% (entry 

6)27 likely due to the combination of well-dispersed Ru on supports with high surface area, mechanical 

strength, and good chemical stability, resulting in enhanced metal-support interactions and a higher 

density of active sites. Despite their high activity, noble metal catalysts like Pt, Pd, and Ru are generally 

not economically viable for large-scale applications due to their high cost. Among cobalt-based 

catalysts, the study by Murzin et al. showed that Co/SBA was the most efficient catalyst producing PCH, 

while other supports like Co/SiO₂, Co/TiO₂, and Co/Al₂O₃ achieved yields of less than 10%, which was 

attributed to the high dispersion of the cobalt phase on the highly ordered mesoporous structure of SBA-

15. One of the best results in the literature was reported for a Co/NC-T catalyst with a PCH yield of 98.4% 

(entry 8)63. However, comparing this to our results is challenging, as the reaction conditions differed, 

with their study not being conducted in a batch system. Nonetheless, the crucial role of nitrogen-doping 

in enhancing catalytic activity was highlighted as a key factor in achieving these results.  
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In this context, the use of biochar as support for cobalt-based catalysts offers several potential 

advantages, including lower costs, simplified preparation procedures, and reduced environmental 

impact. Biochar, being a sustainable and low-cost material derived from biomass, provides an eco-

friendly alternative to synthetic carbon supports, aligning with the goals of green chemistry and 

sustainable catalysis. Therefore, Co/A-RH was chosen to investigate the reaction at different 

conditions, to get better insights on its performance, reaction network and activation energy of each 

step. In particular, the effect of temperature, H2 pressure, catalyst amount and IE concentration were 

evaluated, and the results are listed in Table 3.3.3.6.  

Table 3.3.3.6. Results from HDO of Isoeugenol using Co/A-RH under different conditions. 

Entry 
T 

 (°C) 
P 

(bar) 
[IE] 

mg/mL 
Cat. 
(mg) 

DHE 
Conversion 

(%) 

PCONE 
Yielda,b 

(%) 

PCOL 
 Yielda,b (%) 

PCH  
Yield a,b (%) 

C 
balance  

(%) 

1 200 30 2 50 100 0 79 (84) 0 (0.5) 84.5 

2 250 30 2 50 100 8 (11) 67 (79.4) 1 (5.3) 95.8 

3 275 30 2 50 100 0 (5.9) 73 (44.7) 3 7 (45.0) 95.6 

4 300 30 2 50 100 n.a. (0.7) n.a. (1.7) n.a. (55.1) 57.5 

5 200 20 2 50 79.4 n.a. (0) n.a. (55.5) n.a. (0) 75.8 

6 200 40 2 50 100 0 83 (96.5) 0 96.5 

7 275 10 2 50 100 13 (6.5) 60 (65.7) 0 (16.8) 88.9 

8 275 20 2 50 100 12 (9.1) 69 (55.8) 0 (25.6) 90.5 

9 275 30 3.5 50 100 10 (8.3) 90 (59.4) 3 (27.4) 95.2 

10 275 30 6.5 50 100 3 (5.2) 65 (62.2) 1 (20.5) 87.8 

11 275 30 2 20 100 8 (5.6) 68 (72.7) 3 (14.5) 92.9 

12 275 30 2 80 100 n.a. (1.5) n.a. (24.7) n.a. (65.2) 91.0 

13 
275 
(II) 

30 2 50 100 4.5 43.2 42.7 90.5 

14 
275 
(III) 

30 2 50 100 8.4 58.6 34.6 99.0 

a at DHE conversion level of 90%, b in parenthesis after 240 min.  

Effect of temperature 

The effect of temperature was clearly visible in the conversion rate, when it increased with increasing 

temperature from 200 °C to 300 °C. As detailed in Table 3.3.3.6 (entries 1-4) and illustrated in Figure 

3.3.3.11, the product distribution was notably temperature dependent. At 200 °C, the predominant 

product was PCOL, with a yield of 84%, while only 0.5% of PCH was produced. As the temperature 

increased, the cleavage of the hydroxyl group's carbon-oxygen bond became more favorable, leading to 

a PCH yield of 55% at 300 °C. This shift can be attributed to the differing temperature dependencies of 

the hydrogenation and deoxygenation steps; hydrogenation, characterized by a lower activation energy, 

was favored at lower temperatures, whereas deoxygenation, which has a higher activation energy, 

became more favorable at elevated temperatures26.  
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Notably, at 275 °C 45.0 % yield of PCH, and 44.7 % yield of PCOL were obtained, corresponding to a 

carbon balance of 95.6 %. At this temperature, side reactions like hydrocracking were limited, 

consequently, 275 °C was selected as the optimal temperature for further investigations. Activation 

energies and rate constants are given in the kinetic modelling section, reported in Appendix. 

 

Figure  3.3.3.11. IE HDO over Co/A-RH at different reaction temperatures. Reaction conditions: 50 mg Co/A-RH (< 63 μm), IE 
2 mg/mL, dodecane 50 mL, 30 bar H2, 900 rpm, 240 min. DHE: dihydroeugenol, PCONE: propylcyclohexanone, PCOL: 

propylcyclohexanol, PCH: propylcyclohexane. 

Effect of pressure 

The effect of H2 pressure (between 10 and 40 bar) was investigated, both at low temperature (200 °C) 

(Figure 3.3.3.12, Table 3.3.3.6, entries 1, 5, 6) and at high temperature (275 °C). (Figures 3.3.3.13 and 

Table 3.3.6, entries 3, 7, 8).  

 

0 50 100 150 200 250

0

20

40

60

80

100

0 50 100 150 200 250

0

20

40

60

80

100

0 50 100 150 200 250

0

20

40

60

80

100

0 50 100 150 200 250

0

20

40

60

80

100

D
H

E
 C

o
n

v
e

rs
io

n
 (

%
)

Time (min)

 200 °C  250 °C   275 °C   300 °C

P
C

O
L

 Y
ie

ld
 (

%
)

Time (min)

P
C

O
N

E
 Y

ie
ld

 (
%

)

Time (min)

P
C

H
 Y

ie
ld

 (
%

)

Time (min)



3. Valorization of biomass via pyrolysis  - 3.3 Hydrodeoxygenation of bio-oil model compounds using biochar-based catalysts  

126 
 

 

Figure 3.3.3.12. IE HDO at different pressures, 200 °C. Reaction conditions: 50 mg Co/A-RH (< 63 μm), IE 2 mg/mL, dodecane 
50 mL, 200 °C, 900 rpm, 240 min. DHE: dihydroeugenol,  PCOL: propylcyclohexanol. 

 

Figure 3.3.3.13. IE HDO at different pressures, 275 °C. Reaction conditions: 50 mg Co/A-RH (< 63 μm), IE 2 mg/mL, dodecane 
50 mL, 275 °C, 900 rpm, 240 min. DHE: dihydroeugenol, PCONE: propylcyclohexanone, PCOL: propylcyclohexanol, PCH: 

propylcyclohexane. 
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In both cases, the increasing of H2 pressure had a positive effect on the reaction rate. Higher pressure 

increases the solubility of hydrogen in the reaction medium, and the diffusion of hydrogen to the active 

sites, promoting hydrogenation steps. At 200 °C, the reaction occurred selectively only toward the 

formation of PCOL, and the final yield rose from 55.0 % to 96.5 % as the pressure increased from 20 to 

40 bar.  

These results are in line with the study of Zhang et al., who investigated different Co based catalysts 

(TiO2, HZM-5, ZrO2, CeO2, SiO2) on the selective HDO of phenols to cyclohexanols at relatively mild 

conditions92. At 275 °C the C-O cleavage of the PCOL hydroxy group was favored, and initial PCH 

formation rate increased as follows: 0.003 mmol/min/gcat at 10 bar, followed by 0.008 mmol/min/gcat at 

20 bar and 0.013 mmol/min/gcat at 30 bar, respectively. The influence of pressure was less remarkable 

at higher temperature, however, PCH yield, at 90% DHE conversion increased from zero at 10 bar and 

20 bar to 37% at 30 bar indicating that the consecutive reactions are slow under low hydrogen pressures. 

The final yields of PCH increased from 16.8% < 25.6% < 45% when applying 10, 20 or 30 bar total 

pressure.  The increase of pressure had also a positive effect on carbon balance, both at 200 °C and 275 

°C, suggesting that the high H2 pressure suppressed side reactions like polymerization, and avoided a 

strong adsorption of the reactant on the catalyst surface. This effect is more marked at low temperature, 

where the reaction rate for HDO is lower and therefore side reactions are more likely to occur. This result 

is in line with Alda-Onggar et al.41, reporting that the liquid phase mass balance closure was also the 

highest in HDO of isoeugenol using Ir-Re/Al2O3 catalyst under the highest applied pressure, 40 bar.  

Effect of IE concentration  

The effect of the initial reactant concentration was evaluated, increasing IE concentration from 2 mg/mL 

up to 6.5 mg/mL, using 50 mg Co/A-RH, at 275 °C, 30 bar H2, in dodecane (50 mL) (Table 3.3.3.6, entries 

3,9,10, Figure 3.3.3.14).  

The initial rates for DHE transformation with 2 mg/ml and 6.5 mg/ml of IE decreased were 0.26 

mol/mingcat, and 1.05 mmol/min/gcat, respectively showing that 3.3-fold higher initial IE concentration 

enhanced the rate by factor 4. This result indicates that the reaction order with respect to IE amount is 

close to unity, being in line with the results reported in Alda-Onggar et al.41. The conversion of DHE, as 

shown in Figure 3.3.14a, occurs quickly at every concentration, reaching total conversion after 60 

minutes for the highest value. The formation of PCONE enhanced also with increasing initial IE 

concentration as visible in Fig. 3.3.14b. However, after reaching the maximum concentration the further 

transformation rate for PCONE decreased especially after 120 min reaction time. An interesting result 

is shown for PCH formation (Fig. 3.3.3.14d).  
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Initially, at all initial IE concentrations, the same transformation rate for PCH was observed (Fig. 

3.3.3.14d). However, after 120 min PCH transformation rate increased. This shows that initially PCH 

transformation is limited due to slow hydrogenolysis of PCOL to PCH after 50 min (Fig. 3.3.3.14c), which 

is the rate limiting step. 

The final yields of PCH for 2 mg/ml, 3.5 mg/ml and 6.5 mg/ml initial IE concentration, were 45%, 27% 

and 20%, respectively indicating that at higher initial IE concentration the consecutive reaction steps 

were rather slow.  

 

Figure 3.3.3.14. IE HDO at different IE concentrations. Reaction conditions: 50 mg Co/A-RH (< 63 μm), dodecane 50 mL, 275 
°C, 30 bar H2 900 rpm, 240 min. DHE: dihydroeugenol, PCONE: propylcyclohexanone, PCOL: propylcyclohexanol, PCH: 

propylcyclohexane. 
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Kinetic modeling 

For the investigated reaction, a kinetic modelling was proposed. It was based on the reaction network 

that considered the formation of propyl phenol as intermediate, as reported in Figure 3.3.3.15.  

 

Figure 3.3.3.15 Proposed reaction network for HDO of Isoeugenol. 

   

In which A, B, C, D, E, F denote IE, DHE, 4-PPHOL, PCONE, PCOL and PCH, respectively. The reaction 

network also takes into account a parallel reaction route where 4-PPHOL reacts directly to PCH via 

propylbenzene (H) and IE to unknown compounds (U), because the carbon balance was not 100%. 

Kinetic modelling was performed using MODEST software102 by solving the differential equations 3.3.5.1 

and 3.3.5.2 reported in the Appendix, with backward difference method.  

Some  model fits are shown in Figure. 3.3.3.16 and others are reported in the Appendix (Figure 3.3.5.1) 

as well as the parameter values in Table 3.3.5.2 (Appendix). The degree of explanation was 94.05%. It 

can be seen that in some cases model fits well with the experimental data (Figure 3.3.3.16) while, 

especially at 200oC under 40 bar deviation is relatively large. 
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Figure 3.3.3.16. Experimental kinetic results and model fit for IE transformation at different reaction conditions. IE : 
Isoeugenol (green), DHE : dihydroeugenol (blue), PCOL : propylcyclohexanol (black), PCONE : propylcyclohexanone (red), 

PCH : propylcyclohexane (pink). 

The estimated parameters, such as reaction rate and activation energies, indicated that the activation 

energy for the formation of PCH is 151 kJ/mol with a small error. In addition, transformation of PPHOL 

directly to PCOL is also considered and it exhibits low activation energy, confirming that this could be 

the preferential pathway.  

Catalyst recyclability 

The stability and recyclability of Co/A-RH was assessed by performing three consecutive reaction cycles 

at 275 °C and 30 bars. As reported in Figure 3.3.3.17, the catalyst demonstrated good stability in the first 

2 cycles, and a slow decrease in activity at the third cycle, loosing around 10 % of PCH final yield.  
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Figure 3.3.3.17. Catalyst recyclability. Reaction conditions: 50 mg Co/A-RH (< 63 μm), dodecane 50 mL, IE 2 mg/mL, 275 °C, 
30 bar H2 900 rpm, 240 min. DHE: dihydroeugenol, PCONE: propylcyclohexanone, PCOL: propylcyclohexanol, PCH: 

propylcyclohexane. 

TEM microscopy and ICP analyses of the spent catalyst demonstrated that no leaching or sintering of 

the Co nanoparticles occurred. Although the nanoparticles showed a slightly broader size distribution 

compared to the fresh catalyst (Figure 3.3.3.18), the average diameter was smaller (7.7 nm vs 8.9 nm, 

Table 3.3.3.7). This reduction in size could be attributed to the partial reduction of Co in the reaction 

environment, leading to shrinkage of the nanoparticles due to the loss of the external oxide layer. XPS 

analyses confirmed this, showing a higher contribution from the Co⁰ signal in the spent Co/A-RH 

catalyst (ca. 20% vs 12%). CHNS analyses revealed a slight increase in carbon content on the spent 

catalyst, likely due to organic deposition on the surface. This organic deposition, along with the partial 

reduction of the metal phase, contributed to the minor deactivation of Co/A-RH after three reaction 

cycles. However, the absence of leaching and sintering is a highly positive outcome for this biochar-

based catalyst, highlighting its potential stability and resilience in repeated use. Further optimization of 

reduction conditions and surface cleaning strategies could help mitigate deactivation, enhancing the 

catalyst’s longevity and performance.  
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Figure 3.3.3.18. TEM microscopy, CO NPs size distribution, and Co2p XPS spectra of Co/A-RH fresh, and Co/A-RH spent, 
after 3 reaction cycles. 

Table 3.3.3.7. Characterizations of fresh and spent Co/A-RH: CHNS, ICP, TEM and XPS. 

Sample 
C 

 (%) 
H  

(%) 
N  

(%) 
S 

 (%) 
Co  

wt. % 
DTEM  

(nm) 
Co 2p (eV)  
(atomic %) 

       Co0 Co2+ 
Co/A-RH 

fresh 31.99 0.98 0.39 0.06 12 9.8 779.21 
(12.1) 

781.40  
(87.9) 

Co/A-RH 
spent 

34.99 0.95 0.39 0.06 12 7.7 778.64 
(19.4) 

781,89 
(80.6) 

 

Effect of Furfural addition 

Furfural (FF) is one of the most abundant furanic compounds found in lignocellulosic-derived bio-oil, 

origination from the decomposition of hemicellulose93. It is recognized as one of the “Top 10” bio-

derived platform molecules94, and has been extensively studied for upgrading through both by oxidation 

and hydrogenation processes, to obtain valuable products for various industrial applications95–97. 

However, due to its carbonyl group, it tends to destabilize bio-oil by undergoing polymerization and 

forming humins. Therefore, it must be processed to ensure the stability of the mixture. The possibility of 

co-processing IE and FF was therefore investigated. The reaction was conducted at the optimized 

conditions for IE HDO (275 °C, 30 bar H2, 50 mg Co/A-RH, IE 2 mg/mL, 900 rpm, 240 min) and with 

different IE:FF ratios (1:0, 1:1, 1:2). The effect of FF addition on IE reaction rate and product distribution 

is reported in Figure 3.3.3.19. 
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Figure 3.3.3.19. Effect of FF addition of IE HDO. Reaction conditions: 275 °C, 30 bar H2, 50 mg Co/A-RH, IE 2 mg/mL, 900 rpm, 
240 min. DHE: dihydroeugenol, PCONE: propylcyclohexanone, PCOL: propylcyclohexanol, PCH: propylcyclohexane. 

The presence of FF caused a slight reduction in the reaction rate and a corresponding decrease in the 

final yield of PCH. Remarkably, the differences between IE ratios of 1:1 and 1:2 were less significant, 

with the PCH yield dropping from 45% without FF, to 31% at a 1:1 ratio, and 25% at a 1:2 ratio. Despite 

this, the reaction did not exhibit a sharp decline, and in all cases, complete conversion of 

dihydroeugenol (DHE) was achieved within a maximum of 10 minutes. This result stands out positively 

compared to existing literature on co-processing phenolic compounds in the presence of furfural or 

other bio-oil components, such as acetic acid or glycerol. For instance, Li et al. demonstrated that the 

addition of furfural during the hydrodeoxygenation (HDO) of eugenol (EU) over a Ni/Al-SBA-HZSM-5 

catalyst significantly reduced catalytic activity. When furfural concentration increased from 0 to 3%, 

PCH selectivity dropped drastically from 98% to 17%, with furfural being converted into 

tetrahydrofurfuryl alcohol and methyl tetrahydrofuran98. Similarly, Wang et al. found that in a model bio-

oil mixture (acetic acid, phenol, furfural, 4-ethylguaiacol, and water) using a Ni2P/HZSM-5 catalyst, 

smaller molecules like acetic acid and furfural outcompeted phenol for active sites, impeding its 

conversion22. Other studies corroborate this competitive inhibition effect, such as Chen et al., who 

reported a drop in guaiacol conversion from 98% to 62% in the presence of acetic acid over Ru/C99, and 

Dwiatmoko et al. who observed a more pronounced decrease from 98% to 28% with furfural using 
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Ru/AC100. Density functional theory (DFT) studies indicate that the higher adsorption energies of furfural 

and its derivatives on the Ru surface are responsible for their preferential adsorption . Vinu et al. also 

noted a dramatic decline in PCH yield from 35.5% to 1.2% when co-processing isoeugenol with acetic 

acid and furfural over a Pt/C + HZSM-5 catalyst mixture21. Smaller, more reactive molecules like furfural 

and acetic pose a significant barrier to the efficient HDO of phenolic compounds in bio-oil mixtures, 

however, our results demonstrate a notably better performance, as we achieved complete conversion 

of DHE within 10 minutes, even in the presence of furfural, making this a highly favorable outcome 

compared to previously reported findings. 

The conversion of FF and product distribution in the presence of IE was also evaluated, and reported in 

Figure 3.3.3.20.  

 

Figure 3.3.3.20. Influence of IE on Furfural conversion (a) and products yield (b,c,d). Reaction conditions: 275 °C, 30 bar H2, 
50 mg Co/A-RH,  900 rpm, 240 min. 

As shown in Figure 3.3.3.20, the reaction rate of furfural (FF) significantly increased with the addition of 

isoeugenol (IE) to the reaction mixture. Complete FF conversion was achieved within 1 minute in the 

presence of IE at a 1:1 ratio, compared to nearly 200 minutes required for total FF conversion in absence 

of IE. While further addition of IE slightly decreased the reaction rate, it still led to complete conversion 

in 30 minutes.  

0 20 40 60 80 100 120 140 160 180 200 220 240

0

20

40

60

80

100

F
F

 C
o

n
v
e

rs
io

n
 (

%
)

Time (min)

 FF : IE 1:1  FF : IE 2:1 FF

0 1 30 60 120 180 240
0

10

20

30

40

50

60

F
F

 P
ro

d
u

c
t 

Y
ie

ld
 (

%
)

Time (min)

0 1 10 30 60 120 180
0

10

20

30

40

50

F
F

 P
ro

d
u

c
ts

 Y
ie

ld
 (

%
)

Time (min)

FF:IE 1:1c)

b)a)

d)

0 1 30 60 120 180 240
0

10

20

30

40

50

F
F

 P
ro

d
u

c
ts

 Y
ie

ld
 (

%
)

Time (min)

 Pentanone  Tetrahydrofuran  Ciclopentanone  Pentanol 

 2-methyl tetrahydrofuran  Tetrahydrofurfuryl alcohol  2-methyl furan  Furan

 Pentane  Butane  Propane

FF:IE 2:1

FF:IE 1:0



3. Valorization of biomass via pyrolysis  - 3.3 Hydrodeoxygenation of bio-oil model compounds using biochar-based catalysts  

135 
 

This synergistic effect has been observed in literature. Schiesser and colleagues20 reported a similar 

enhancement in the FF reaction rate when co-processed with phenolic compounds like guaiacol or 

anisole. Furfural resulted in being absorbed more efficiently on the catalyst surface in presence of 

guaiacol than alone. Since this effect was pronounced with guaiacol, and not with anisole, the 

explanation, supported also by DFT study, was found in the hydrogen atom of the phenolic hydroxyl 

group could act as a hydrogen bond donor for the carbonyl group in FF, stabilizing the reactant and 

reducing coke formation. The same effect could plausibly occur in the presence of IE or its derivatives 

like DHE and PCOL, having a hydroxyl group capable to form H bonding. 

Escalona et al. furthermore noticed that the presence of guaiacol slightly generates a change in the 

selectivity of furfural products. This was also attributed to its hydroxyl group, as such a change was not 

observed with anisole. Indeed, also in our case a slight difference in product distribution was observed 

(Figures 3.3.3.20 b,c,d). Notably, the presence of IE increased the total yield of the products that could 

be detected in the liquid phase, that passed from 35 % to 42 % after 240 minutes. However, product 

yields resulted quite low, likely due to the formation of substantial amounts of gas products from furfural 

hydrocracking, or possibly solid residues due to the polymerization of furfural. The formation of light 

compounds was evidenced by the detection of light hydrocarbons, such as pentane, butane, and 

propane, also in the liquid mixture which were partially solubilized in the reaction mixture. A qualitative 

analysis of the gas phase was carried out with a MicroGC and it evidenced the presence of 

hydrocarbons, as well as CO and CH4, however due to the high concentration of H2 in the gas phase, a 

quantitative analysis could not be performed. 

Although FF hydrodeoxygenation (HDO) did not show selectivity towards a single target product under 

the reaction conditions, as shown in Figure 3.3.3.20, FF could be converted in less oxygenated 

compounds, with the main products in the liquid phase being pentanol (10-11 % Figure 3.3.3.20c,d 

respectively), methyl tetrahydrofuran (ca. 9 %), and furan (6-10 % Figure 3.3.3.20c,d respectively), in line 

with the results reported in literature regarding the co-processing of FF and phenolics21,101.  These 

products can be employed as additives for fuels or even as fuels themselves, due to their favorable 

properties such as higher energy density and compatibility with existing fuel infrastructures. 

Although these were only preliminary and exploratory results regarding the feasibility of co-processing 

phenolics like IE with other bio-oil model compounds such as FF, the findings were positive and open 

the door to further investigation. Future studies can focus on optimizing the carbon balance of FF 

transformation and increasing selectivity under the best conditions. 
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3.3.4. Conclusions 
In this work, the use of biochar-based catalysts was investigated for the hydrodeoxygenation (HDO) of 

bio-oil model compounds. In the context of a circular economy, biomass-derived waste was utilized 

and transformed into higher-value products. Through pyrolysis, the solid fraction, biochar, was activated 

and used as a support for the preparation of heterogeneous catalysts. Meanwhile, compounds from the 

liquid fraction, bio-oil, were converted into potential biofuels by leveraging the catalytic activity of 

biochar itself, thus creating a closed and virtuous cycle of waste valorization. 

Cobalt was selected as the active phase due to its affordability and status as a non-noble metal, which 

enhances the economic viability of the process. Two different types of biomass (rice husk and leather 

shaving waste) were chosen for the preparation of activated biochars. A third activated biochar was 

obtained through the co-pyrolysis of these two biomasses. The catalytic activity was evaluated for the 

HDO of isoeugenol (IE). Among the biochar-based catalysts, Co/A-RH (rice husk biochar) demonstrated 

the best performance. Co/A-RH was able to fully convert IE within a few minutes, achieving a 55% yield 

of propylcyclohexane after 240 minutes at 300°C and 30 bar H2, compared to a commercial carbon-

derived catalyst that achieved a 75% yield under the same conditions. 

The superior performance of these two catalysts was attributed to the strong metal-support interaction, 

which not only facilitated good anchoring and dispersion but also prevented the complete reduction of 

the cobalt phase under reduction conditions. This resulted in a synergy between the Co⁰ and Co²⁺ 

phases, where Co⁰ acted as a hydrogenating active site and Co²⁺ as a Lewis acid site, promoting oxygen-

cleavage. The balance between acid sites and metallic sites proved crucial for achieving high yields of 

the desired products while avoiding acid-catalyzed side reactions like hydrocracking. Co/A-RH, with 

more pronounced acid sites, achieved a carbon balance of 57.5% at 300°C and 30 bar H2, but a 

reduction in reaction temperature by just 25°C drastically improved the carbon balance to 96.5% by 

suppressing cracking reactions. 

Co/A-RH showed stability in recycling, with no observed metal leaching or sintering. A slight reduction 

in reaction rate was attributed to an increase of Co in the reduced state, compared to the fresh catalyst, 

and by some organic residue covering the active sites. From the screening of various reaction 

parameters (temperature, pressure, IE concentration), a reaction network was proposed, and kinetic 

modeling allowed for the calculation of rate constants and activation energy for each reaction step. 

Additionally, Co/A-RH exhibited activity in the co-processing of IE with varying amounts of furfural, 

suggesting further potential for this catalyst in upgrading more complex mixtures or even real bio-oils, 

and envisioning new opportunities for future investigations.
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3.3.5 Appendix 
Table 3.5.1. XPS results of C 1s, O 1s, and  Co 2p signals of the biochar-based catalysts. 

 Co/A-LS Co/A-RL Co/A-RH 

 BE (eV) AC (at. %) BE (eV) AC (at. %) BE (eV) AC (at. %) 

C 1s 
284.80 86.2 284.80 86.0 284.80 88 

289.81 13.8 289.90 14.0 289.26 12.0 

O 1s 
532.56 91.9 533.83 91.1 533.88 95.8 

529.72 8.1 531.00 8.9 530.85 4.2 

Co 2p 
781.01 96.8 781.13 93.2 781.40 87.9 

778,50 3.2 778.84 6.8 779.21 12.1 

 

Kinetic modelling 
The following rate equations were proposed: 

r1=k1*cA*pH2/D     (x) 

r2=k2*cA*pH2/D    (x) 

r3=k3*cA*pH2/D   

r4=k4*cA*pH2/D 

r5=k5*cA*pH2/D 

r6=k6*cA*pH2/D 

r7=k7*cA*pH2/D 

and D=1. 

The mass balances for each compound are given as: 

dcA/dt=-(r1+r8)* 

dcB/dt=(r1-r2)* 

dcC/dt=(r2 -r3-r7)* 

dcD/dt=(r3-r6)* 

dcE/dt=( r4 +r6-r5)* 

dcF/dt=r5* 

dcU/dt= r7* 
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Kinetic modelling was performed using MODEST software102 by solving the differential equations 3.3.5.1 

and 3.3.5.2 with backward difference method. For parameter estimation simplex and Levenberg-

Marquardt methods were applied. The objective function 𝜃 and  the degree of explanations were defined 

as: 

                                                                                𝜃 = ∑ (𝑦𝑖 − 𝑦̂𝑖)2𝑛

𝑖
                                                                          (Eq. 3.3.5.1) 

                                                                                  𝑅2 = 1 −
(𝑦𝑖−𝑦̂𝑖)2

(𝑦𝑖−𝑦𝑖)
2                                                                          (Eq. 3.3.5.2) 

In which 𝑦̂𝑖   denotes the estimated value and 𝑦𝑖 the mean value of observations. 

 

Table 3.3.5.2. Estimated parameters from the kinetic modelling 

Parameter Estimated Standard error (%) Standard error 
k1 58.5 too large 43.4 2.3 
k2 0.09 8.3 12.1 
k3 2.15  91.4  1.1 
k4 15.0  90.6   1.1 
k5 0.81.10-4 6.0 16.8 
k6 0.44.10-4 48.3   2.1 
k7 11.5   40.8   2.5 

 kJ/mol  
EA1 59.2 179.3  0.6 
EA2 169 1.5 65.7 
EA3 84.0 38.4 2.6 
EA4 30.6 112.1 0.9 
EA5 151 5.51 18.2 
EA6 85.6 69.6 1.4 
EA7 69.6 153 0.7 

 

The correlation matrix of the parameters is the following: 

k1   1.000 

k2   0.133  1.000 

k3   0.019  0.099  1.000 

k4  -0.008  0.086  0.986  1.000 

k5   0.059 -0.033 -0.154 -0.123  1.000 

k6   0.115  0.068  0.344  0.312 -0.313  1.000 

k8   0.977  0.160 -0.013 -0.021  0.048  0.070  1.000 

Ea1 -0.027 -0.004 -0.035 -0.027  0.005 -0.044 -0.009  1.000 

Ea2  0.145  0.934  0.073  0.069 -0.027  0.080  0.179 -0.023  1.000 
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Ea3  0.714  0.068  0.356  0.361 -0.124  0.405  0.740 -0.237  0.093  1.000 

Ea4  0.686  0.081  0.398  0.395 -0.141  0.391  0.702 -0.212  0.087  0.983  1.000 

Ea5 -0.490 -0.046 -0.020 -0.017 -0.577 -0.110 -0.475  0.065 -0.063 -0.353 -0.318  1.000 

Ea6  0.361 -0.034 -0.244 -0.263  0.153 -0.408  0.396 -0.234 -0.022 -0.049 -0.092 -0.280  1.000 

Ea8  0.112  0.043 -0.021  0.005 -0.002 -0.110  0.182  0.900  0.029  0.010  0.037 -0.001 -0.131  1.000 

 

 

 

 

Figure 3.3.5.1 Experimental kinetic results and model fit for IE transformation at different reaction conditions. IE (green), DHE 
(blue). PCOL (black), PCONE (red), PCH (pink). 

Table 3.3.5.3 Current metals price (October 2024). Source: https://www.dailymetalprice.com/metalprices.php 103 

Metal Price ($/kg) 

Cu 9.5 

Co 24.3 

Ir 149500 

Fe 0.1 

Mo 67.4 

Ni 16.1 
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Pd 37809 

Pt 32761 

Rh 151912 

Ru 15593 
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4. Recovery of char from pyrolysis of mixed 

plastics 

 

4.1 Introduction 

4.1.1 Plastic pyrolysis 

Among the chemical recycling methods for plastics, pyrolysis and gasification are the most widely 

utilized due to their versatility and robustness in handling heterogeneous and contaminated plastics. In 

contrast, chemical recycling like  solvolysis is limited to specific plastics such as polyethylene 

terephthalate (PET), poly lactic acid (PLA) or polycarbonate (PC) and it is ineffective for polyolefins, 

which are the most commonly used plastics1,2. Plastic pyrolysis is typically carried out in inert 

atmosphere at temperatures between 400 to 600 °C, causing the degradation of the polymeric 

structure3. 

The thermal degradation of polymers consists of two distinct reactions, that can occur simultaneously4. 

The random scission (Eq. 4.1.1, 4.1.2) breaks down the polymer in a causal position of the chain, 

causing a reduction of the molecular weight. The random degradation is typical of polyolefins (PP, PE), 

PET etc.  
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The second mechanism, the end chain scission (Eq. 4.1.3) occurs at the end of the polymer chain, 

forming the monomers. It is favored on polymethyl methacrylate (PPMA), polystyrene (PS) etc.  

                                                                                  𝑀𝑛
+ → 𝑀𝑛−1

+ + 𝑀                                                           (Eq. 4.1.1) 

                                                                                𝑀𝑛−1
+ → 𝑀𝑛−2

+ + 𝑀                                                        (Eq. 4.1.2) 

                                                                                  𝑀𝑛 →  𝑀𝑥 + 𝑀𝑦                                                              (Eq. 4.1.3) 

As for biomass, also from plastic pyrolysis the three fractions are obtained5 (oil, gas, and char) (Figure 

4.1.1), in variable proportion depending by the operational parameters (such as reactor type, 

temperature, residence time, heating rate, and the eventual use of a catalyst) and type of plastics 

treated. Plastics with a high percentage of volatile matter tend to favor liquid oil production, whereas 

higher ash content leads to increased yields of gas and char6.  

The liquid fraction primarily consists in aliphatic, monoaromatic and polyaromatic compounds within 

the C5-C16 range5. In general, compared to biomass, plastics exhibit a higher percentage of volatile 

matter and lower ash content, making them particularly suitable for conversion into liquid oil, via 

pyrolysis.  

Typically, high liquid yields are favored at controlled temperatures, between 300-500°C, while higher 

yield of gas and solid fraction are obtained at higher temperature5,7. The product distribution (typically 

in size of hydrocarbon chain) is strongly affected also by the pyrolysis temperature: the higher the 

temperature the higher the light fraction C2-C4. Apart from temperature, residence time influences the 

product distribution8. As for biomass pyrolysis, low residence time enhance liquid yield9, while longer 

residence time increases the conversion of primary products, forming lighter hydrocarbons and non-

condensable gases10. The thermal pyrolysis suffers from some limitations related to endothermic 

cracking, scarce selectivity, low thermal conductivity of plastics, low quality of the products that require 

further upgrading and purification steps. To improve economic feasibility and selectivity, catalytic 

pyrolysis has been often employed for plastic treatment. The addition of catalysts allows to decrease 

the activation energy of the process, thus, to carry on pyrolysis at lower temperatures and shorted 

reaction times11. The catalysts can improve the selectivity of the cracking of the polymer chains, 

obtaining higher quality products, and improving the physical properties of the liquid obtained12,13. The 

mechanism occurring during catalytic pyrolysis is mostly through carbocation formation, by 

protonation on Brønsted acid sites or by hydride abstraction by a Lewis acid site, forming the carbonium 

ion14. This process is then followed by acid catalyzed processes such as cracking, aromatization, 

cyclization, isomerization etc. With respect to thermal pyrolysis, catalytic pyrolysis leads to a higher 

yield of gaseous products, favoring the decarboxylation approach and forming CO2, together with CO, 

CH4, H2
12

.  
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The type of feedstock significantly affects the final oil yield, quality and composition. For example, PE, 

PP and PS have volatile matter content around 98-99 wt.%, yielding liquid outputs of 70-80% for PP and 

HDPE15, up to 95% for LDPE16,17, and 97% for PS18.  

Oil 

The oil derived from these plastics has a high calorific value (40-45 MJ/kg), and characteristics similar 

to diesel, gasoline or kerosene in terms of density, octane number, flash point etc. making it suitable for 

direct use as an alternative fuel19–23. On the other hand, PET and  polyvinyl chloride (PVC), with volatile 

matter contents of 86% and 93% respectively6–8, result in lower liquid yields (below 80% for PET, and 

less than 15% for PVC). The pyrolysis of PET and PVC also presents specific challenges. Cepeliogullar 

et al.24 reported that half of the oil produced from PET pyrolysis consists of benzoic acid, which can 

cause corrosion and clogging in the plant’s piping. PVC, which is made for the 57 wt.% of chlorine, 

primarily generates HCl, posing significant toxicity and corrosion risks to the operators and the 

equipment25. This leads also to oils with lower calorific values, below 30 MJ/kg18. These differences 

underscore the challenges associated with the pyrolysis of mixed plastic waste,  such as that found in 

municipal solid waste (MSW). Pyrolysis of mixed plastics typically results in lower liquid yields, with 

literature reporting values not exceeding 50 %26–28. It is also crucial to control the composition of the 

feedstock; for instance, PVC must be kept below 1% to avoid negatively impacting the quality of the 

resulting oil28. The pyrolysis oil is suitable to undergo further upgrading, for example through steam or 

catalytic cracking29,30 reduce the size of the hydrocarbons obtained, and to produce C2-C4 olefins, 

valuable platform chemicals that can be used as building blocks of many plastic products. By this 

process it is possible to obtain new virgin polymers with the same properties as those derived from fossil 

sources, making them suitable for all applications, including food-related uses, due to their high purity 

and lack of contamination.  

Gas 

The gas phase is mainly composed by hydrogen, and light hydrocarbons C1-C4
31

. However, when 

oxygenated plastics, like PET, are involved, also CO and CO2 are produced, while when PVC is pyrolyzed 

the main product is HCl. Nevertheless, the main gases produced have significant calorific value and 

they can be used as heating source in pyrolysis industrial plants, self-sustaining the entire process32, or 

they can be transformed into syngas via dry reforming98-99. 
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Char  

During the pyrolysis process, condensation reactions contribute to char formation33. The latter is 

typically favored at slow pyrolysis conditions, which involve a slow heating rate and long residence 

times. However, even under optimized conditions for maximum oil yield, some char is inevitably 

generated. The quantity and quality of this byproduct depend heavily on the feedstock. In certain cases, 

such as when char is derived from single-component plastics like high density polyethylene (HDPE), it 

features a low ash and sulfur content with a high calorific value (18.84 MJ/kg), making it suitable for use 

as a solid fuel34. Literature also reports several other applications for plastic-derived chars, akin to those 

of activated carbon, coal, and biochar, including soil amendment, pollutant adsorption, electrode 

materials, and catalysis. However, the viability of these applications depends on key properties of the 

char, such as ash content, fixed carbon, surface area, and pore structure. When mixed plastics from 

solid wastes are processed, the resulting char generally deviates from the desired characteristics, 

limiting its applicability8. The char typically appears as a fine black powder composed of both carbon 

and inorganic substances (ranging from 30 to 98 wt. %), such as carbonates, chlorides, and oxides of 

metals like calcium, sodium, and iron, which originate from the additives and fillers in the plastics. 

These additives fulfill essential roles, such as providing antioxidant properties, enhancing stability, 

acting as fillers, imparting color, improving flame resistance, or serving as barriers against specific 

gases like oxygen and CO2
35

 . The additives used can be either organic, including compounds like 

phenols and aromatic amines for antioxidation and UV protection, or inorganic, such as metal 

complexes for photostabilization, pigments like titanium dioxide (TiO2) and iron oxide (Fe3O4), cobalt for 

green and blue pigmentation, and borates for flame retardancy. The proportions of carbon and inorganic 

components vary depending on the plastic feedstock and pyrolysis conditions. Additionally, the fine 

particulate nature of char can make it difficult to handle, as it may exhibit pyrophoric properties. 

Currently, the primary use of char from plastic pyrolysis is in the cement and steel industries, owing to 

its variable composition and high inorganic content. However, in many cases, this char is treated as 

waste, which reduces the overall efficiency of carbon recycling and limits the production of new 

polymers from recycled materials. Recently, a novel application for plastic-derived char as carbon black 

has been patented36.  

To achieve high carbon purity and a high percentage of carbon content, though, the char must undergo 

intense and harsh washing processes to remove inorganic contaminants. This raises concerns about 

the sustainability of the approach. Thus, this chapter has been devoted to the valorization of the char 

deriving from the pyrolysis of mixed plastic waste. 
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Figure 4.1.3. The products obtained by pyrolysis of plastics 

4.1.2 Plastic recycling and industries: an overview  

Up to days, chemical recycling is still not commercially fully in operation, and the first pilot and 

industrial plants are now under construction. Nevertheless, the possibility to obtain the monomers that 

can be further repolymerized to obtain virgin polymers, could lower the price of the raw materials, and 

contributes greatly to the circular economy of the process. This is pushing companies and research 

through the development of this strategy2.  

Pyrolysis of plastics is therefore resulting in the most promising technology for the treatment of mixed 

plastic that cannot undergo to mechanical recycling. Indeed, several companies are moving toward the 

building of pilot plants for pyrolysis. The pyrolysis plant market is expected to grow considerably 

between 2023 and 2030, as reported in the Global Waste Plastic Pyrolysis Plant Market report37. In 

2008 the ISO 15270:2008 standard, titled "Plastics – Guidelines for the recovery and recycling of plastics 

waste," was introduced to support the plastics recovery and recycling industry, promoting sector growth 

and facilitating international trade. Since its publication, numerous companies have made significant 

advancements in chemical recycling technologies38. However, almost 10 years were necessary to see 

the first signs of an industrial commitment. Even if some plants are planned to be built in USA, and Asian 

countries like China, South Korea, Malaysia, India etc., Europe remains the leader in investing in plastic 

recycling. PlasticEurope39 members are planning to invest in Europe for chemical recycling more than 8 

billion euros, to pass from a production of 0.9 Mt forecast for 2025 to produce 2.8 MT of recycled plastic 

by 2030. The investment involves 13 countries and 44 plants. Most of them are located between the 

Netherlands, Belgium, Germany and France.  
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Ineos has been at the forefront of these developments, starting with the chemical recycling of 

polystyrene in 2017 in collaboration with the University of Aachen. By 2020 Ineos joined Plastic Energy 

to establish a chemical recycling plant in Germany, in operation since 2023. Additionally, it has taken 

part in a joint project together with Styrolution and Agilyx to build  a polystyrene plant in Illinois. Sabic 

has also played a pivotal role in advancing recycling technologies. In 2018 the company announced a 

partnership with Plastic Energy to build a thermochemical plant in the Netherlands, which became 

operational in 2021. SABIC expanded its efforts globally, collaborating with an Indian group, Pashupati, 

and planning a facility in Malaysia with Petronas, expected to process 33,000 tons annually by 2026. In 

2023, SABIC, alongside Aramco and TotalEnergies, launched the first chemical recycling project in the 

Middle East at Jubail. Besides its partnership with Ineos and Sabic, Plastic Energy, leader in the expertise 

of chemical recycling, has operated two plants in Spain between 2014 and 2017. The company has also 

partnered with ExxonMobil in 2021 to build a new plant in France with an initial capacity of 25.000 tons 

annually. ExxonMobil in the same year launched a chemical recycling plant in Baytown, Texas, with a 

capacity of 30.000 tons annually. LyondellBasell has made significant strides in chemical recycling as 

well, developing technologies for catalytic pyrolysis (named MoReTec) in the R&D center of Ferrara, Italy, 

where a pilot plant is active since 2020, and in collaboration with the Karlsruhe Institute of Technology 

(KIT). The company invested in the building of a plant in Wesseling, Germany that will be operational by 

2025 with a capacity of 50.000 tons annual. The company has recently started also a partnership with a 

Chinese company, Genox Recycling, to manage a plant in Zhaoqing. Dow has also made advancements 

in chemical recycling. In 2019, Dow collaborated with Fuenix Ecogy to produce products from the 

pyrolysis of mixed plastic waste in the Netherlands. Additionally, Dow and Mura Technology introduced 

HydroPRS technology in the UK in 2021, with a facility capable of processing 20,000 tons annually. The 

same technology is projected to be exploited in Böhlen, Germany. 

Versalis, plastic recycling and Hoop technology  

In Italy, Versalis SpA, Eni’s chemical company that operates in the basic chemicals, intermediates for 

plastic and rubber, is also active in the context of circularity and sustainability. Indeed, Versalis 

developed different technologies for recycling solutions of plastics and rubbers. Versalis Revive® is a 

line of plastic products made of different polymers, containing mechanically recycled plastics. The 

Revive® technology is not only applicable to styrene and polyethylene materials, but also elastomeric 

materials, like tires.  

In 2020, Versalis patented a new technology for the chemical recycling of plasmix, defined by the Italian 

law as “the set of heterogeneous plastics included in post-consumer packaging and not recovered as 

single polymers”40.  
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The project, named Hoop®, was developed in collaboration with the Italian engineering company Servizi 

di Ricerche e Sviluppo (S.R.S), owner of a pyrolysis technology41,42. The first demo plant with a capacity 

of 6000 tons annually was inaugurated in October 2023, it is now under construction and will be 

operational by 2025. 

The novelty of Hoop® technology is related to the processing of plastics materials of variable 

composition, as it could be the composition of municipal plastic wastes. This technology is able to treat 

not only mixed plastic with a variable composition, but also with the presence of other substances such 

as inorganics derived from additives, (like silica, titanium dioxide, talc, coke, graphite, carbon black, 

calcium carbonate, tricalcium phosphate, zeolites, aluminum silicates, titanates, organo-brominated 

or organo-chlorinated additives, perovskites or packaging, like aluminum), and paper. The target 

feedstock is the fraction of plastic waste that remains after the process of selection and extraction of 

individual polymers that can be mechanically recycled. Hoop technology is able to treat mixed plastics 

made of vinyl polymers such as PE and PP, polyvinyl aromatic polymers like PS, oxygenated polymers 

like PET and cellulose, and halogenated polymers like PVC, or polymers containing halogenated 

compounds like flame retardants. The co-processing of halogenated plastics, such as PVC, is facilitated 

by the addition of dehalogenating agents like CaCO₃. During pyrolysis, CaCO₃ reacts with the HCl and 

Cl₂ produced, forming CaCl₂, thereby effectively sequestering these toxic and corrosive gases. This 

process helps to prevent damage to equipment, protect operators, and minimize environmental 

impact43,44. By adjusting the reaction conditions, and particularly the pressure, according to the 

composition of the material to be processed, Hoop® technology is able to successfully transform the 

plasmix into hydrocarbons, achieving more than 90% of the liquid fraction.  

The pilot plant consists of a semi-continuous vertical reactor, operating between 300 and 600 °C, that 

exploits molten salts as heat transfer. The operational pressure goes between atmospheric pressure to 

13 bar(a), and it can be regulated according to the starting composition of the feedstock. The plastic 

material will be fed into the reactor already in the molten state, and in the reactor, it will be treated at a 

temperature higher than 300 °C in absence of oxygen, under a specific pressure, and under stirring for a 

variable time between 30 and 240 minutes. The volatile fractions are continuously removed from the 

rector when formed, and the liquid fraction is separated by a distillation column, to maintain a high 

temperature of the effluent out of the reactor, and to recycle the gas formed with a lower loss of thermal 

energy. Indeed, the gaseous fraction, mainly made of light hydrocarbons, syngas and methane, 

obtained by the pyrolysis can be remitted into the reactor as auxiliary gaseous fluid to regulate the 

pressure of the system. The obtained liquid fraction is mainly made of C5-C12 hydrocarbons, with a small 

% of tetrahydrofuran and a content of benzoic acid lower than 2%. 
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At the conditions described, a solid residue is formed, and the wt. % ranges between 5 to 20 wt.% of the 

starting feed, depending on the feedstock composition. The reactor is projected to work continuously 

between 2 to 10 days before it is necessary to remove the solid fraction that remains inside the reactor. 

With a plant capacity of 6,000 tons, this results in the production of approximately 300 to 1200 tons of 

char annually. Therefore, recovering this byproduct in a form of higher added value is crucial to 

enhancing the overall feasibility of the process. This approach supports the implementation of circular 

economy principles and improves the overall sustainability of the system. 

In addition to char, pyrolysis of plastics also produces a certain percentage of CO2 as a byproduct, 

deriving from the decomposition of a fraction of PET that can be found in the plasmix. However, in a 

more generic optic of decarbonization, the objective of this work is to explore the combined utilization 

of the char with the CO2 emitted by industrial processes, by exploiting the Boudouard reaction, to 

convert both into a more valuable chemical, namely carbon monoxide. The Boudouard reaction is 

indeed the disproportion between CO2 and C to give CO45. The gasification of the char by CO2 offers not 

only the potential to convert char into higher value-added products, thereby improving the carbon 

balance within the plastic recycling process, but also provides a viable application for one of the most 

problematic greenhouse gases. This approach aligns with the carbon capture and utilization (CCU) 

strategies promoted under the European Green Deal, contributing to global decarbonization efforts46. 

The resulting product, carbon monoxide (CO), can be effectively reintegrated into the chemical industry, 

where it serves as a fundamental building block for the synthesis of essential chemicals. CO can be 

converted into hydrogen via the water-gas shift reaction47, and the resulting syngas can be employed in 

the synthesis of methanol and Fischer-Tropsch hydrocarbons48. Alternatively, CO can be utilized as a 

carbonylation reagent in the synthesis of various chemicals49. The mix of CO and CO2 can be employed 

in the synthesis of methanol and further transformation of it to olefins (methanol to olefin process, 

MTO), thereby remitted these components in the plastic production chain, increasing the overall 

production of recycled virgin plastic. 
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4.1.3 Boudouard Equilibrium 

The Boudouard equilibrium is the disproportion of 3 oxidation states of carbon, as in Eq. 4.1.3.1 follows:  

                                                                                          𝐶𝑂2 + 𝐶 ⇄  2 𝐶𝑂                                                                  (Eq. 4.1.3.1) 

This equilibrium was first studied by the French chemist Octave Leopold Boudouard in 1905. The large 

positive enthalpy (at 298K ΔH = 172 kJ/mol), makes it highly endothermic reaction, causing the 

equilibrium to favor the formation of CO2 and coke. Consequently, this reaction is often an undesired 

pathway in various industrial processes, like steam reforming50, dry reforming51, methanol synthesis 52, 

and Fisher-Tropsch synthesis53, where it leads to coke formation and catalyst deactivation.  

At high temperatures (typically > 700 °C) the entropic contribution (TΔS) becomes sufficiently large to 

yield a negative free Gibbs energy (ΔG), making the formation of CO thermodynamically favorable45. 

Nevertheless, the reaction is typically very slow, and it becomes significant at temperatures > 900 °C. 

Alternatively, a catalyst is required to lower the activation energy of the system and to increase the 

reaction rate. 

The Boudouard reaction has been exploited by different researchers for the gasification of different 

types of carbonaceous materials. For instance, Fermoso et al.100 investigated the gasification of 

bituminous coal and algae with CO2; the Italian National Agency for New Technologies, Energy and 

Sustainable Economic Development (ENEA) studied the gasification with CO2 of various mineral coals, 

deriving from the mining basin of Sulcis (Italy) and South Africa54. The reactivity of the chars was 

assessed through thermogravimetric analysis, correlating weight loss with the conversion of carbon into 

CO. The study found that the chars exhibited significant reactivity at temperatures above 900 °C. 

Similarly, Chun et al.55 reported a gasification temperature of 900 °C for biochars derived from various 

biomass sources. Another study56 demonstrated that 85% of char produced from waste tire pyrolysis 

could be converted via the Boudouard reaction at temperatures exceeding 900 °C. Additionally, 

research on char derived from PET57 showed that partial CO2 gasification occurred at temperatures 

between 925 °C and 1125 °C, resulting in a porous material due to incomplete gasification.  

Although numerous studies on char gasification are reported in the literature, there are limited examples 

focused on chars derived from the pyrolysis of plastics58. Furthermore, there are no documented 

examples of utilizing the Boudouard reaction to recover carbon from chars produced as byproducts of 

plasmix recycling. 
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The reactivity of char during the gasification process is significantly influenced by its thermal history, 

including the various parameters involved in the pyrolysis of the precursor carbonaceous material. The 

key factors that impact the thermal history of char include pyrolysis temperature, heating rate, 

residence time, atmosphere during pyrolysis, as well as the feedstock composition59. These factors 

collectively define the morphological characteristics of the char, such as porosity and particle size, as 

well as the chemical features, such as fixed carbon, presence of heteroatoms, amount and type of ash, 

which in turn govern its reactivity during gasification60,61. For example, heteroatoms present within the 

polynuclear aromatic structure of carbon, such as oxygen, nitrogen, or sulfur, can act as active sites and 

therefore significantly enhance the reactivity. Carbon atoms bonded to heteroatoms exhibit reactivity 

an order of magnitude greater than those bonded exclusively to other carbon atoms62. This phenomenon 

can occur by the oxygen-exchange reaction mechanism proposed by Ergun (Eq. 4.1.3.2, 4.1.3.3)63. 

                                                                                 𝐶𝑓 + 𝐶𝑂2 ⇆ 𝐶(𝑂) + 𝐶𝑂                                         (Eq. 4.1.3.2) 

                                                                                   𝐶(𝑂) + 𝐶 ⇄ 𝐶𝑂 + 𝐶𝑓                                                              (Eq. 4.1.3.3) 

Where Cf represents a free active carbon site free carbon active site and C(O) refers to an occupied 

surface complex formed by the dissociation of CO2 at the active site, producing CO. Subsequently, the 

complex decomposes to give an additional molecule of CO and another Cf, effectively transferring 

carbon from the solid phase to the gas phase. Also the mineral content of char plays a crucial role in 

influencing the reaction kinetics of the Boudouard reaction55,64. Alkali metals (K, Na), alkaline earth 

metals (Ca, Mg), and transition metals (Fe), can act as catalysts in this process61,65. The catalytic activity 

of these metals typically follows the order: K > Na > Ca > Fe > Mg. These metals are often added as 

catalysts in the form of carbonates, and extensive research has been conducted to elucidate the 

reaction mechanisms between carbon and these catalytic species. For instance, Rao et al.65 proposed 

that the catalytic mechanism for the Boudouard reaction involving these metals may proceed via 

gaseous intermediates such as M (g), CO (g) and CO2 (g), where M represents metals like K, Li, Na, and 

others. The process involves reactions such as in Eq. 4.1.3.4, 4.1.3.5, 4.1.3.6: 

                                                          𝑀2𝐶𝑂3(𝑠, 𝑙) + 2𝐶 (𝑠) ⇆ 2𝑀(𝑔) + 3𝐶𝑂 (𝑔)                                             (Eq. 4.1.3.5) 

                                                          2𝑀 (𝑔) +  𝐶𝑂2 (𝑠) ⇆ 𝑀2𝑂(𝑠, 𝑙) +  𝐶𝑂 (𝑔)                                               (Eq. 4.1.3.6) 

                                                               𝑀2𝑂(𝑠, 𝑙) + 𝐶𝑂2 (𝑔) ⇆ 𝑀2𝐶𝑂3(𝑠, 𝑙)                                                         (Eq. 4.1.3.7) 

Additionally, elements such as Si and Al, present in the ash, can inhibit the reaction by forming inert 

silicates or aluminates, reducing the catalytic efficiency of alkali metals66.  
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To quantify the catalytic effect of minerals in the ash, the Alkali Index (Eq. 4.1.3.8) is often employed67:  

                            𝐴𝑙𝑘𝑎𝑙𝑖 𝑖𝑛𝑑𝑒𝑥 = 𝑎𝑠ℎ 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝑤𝑡. %)
𝐹𝑒2𝑂3+𝐶𝑎𝑂+𝑀𝑔𝑂+𝑁𝑎2𝑂+𝐾2𝑂

𝑆𝑖𝑂2+𝐴𝑙2𝑂3
                                  (Eq. 4.1.3.8) 

Several studies have demonstrated a positive correlation between an increased Alkali Index and 

enhanced gasification reactivity68,69. Floess et al.70 conducted a kinetic study on microporous carbon 

gasification with and without the addition of Ca as catalyst, demonstrating that dispersed calcium 

significantly  lowered the activation energy, from 2953.9 kcal/mol for non-catalyzed chars to 2430.9 

kcal/mol for catalyzed char. Sadhwani et al.71 investigated the influence or K, Ca, Na, and Mg on the 

gasification of the southern pine char, showing that the activation energy decreased from 219 kJ/mol for 

bare char to as low as 104.2 kJ/mol upon metal addition. Similarly, Duman et al. 72 compared the 

gasification reactivity of raw and acid-washed biomass chars, finding that the removal of K and Ca via 

acid washing led to a marked decrease in reactivity. 

Apart from the intrinsic characteristics of the char, the gasification conditions play a central role in the 

reaction rate, especially the gasification temperature. At relatively low temperatures (depending on the 

char it is reported below 900 °C or up to 1200 °C), the reaction is governed by chemical reaction rate, 

while at higher temperatures pore diffusion mechanism becomes dominant69. For this range of 

temperatures, the reaction rate has a linear correlation with the inverse temperature, following the 

Arrhenius plot. Gas diffusion in the pores and on the surface of the char is another important factor that 

controls the conversion rate. There are several diffusion events occurring during the reaction: a) 

diffusion of CO2 from the bulk phase gas to the surface of the char (film diffusion), b) diffusion of CO2 

into the porous structure of the char (pore diffusion), c) outward diffusion of CO from the pores of the 

char (pore diffusion), d) transfer of CO from the surface to the bulk gas phase (film diffusion). Total 

pressure has an important influence on the diffusion of the gases. Studies have shown that CO2 partial 

pressure generally increases the reaction rate, as it increases the number of occupied active sites of the 

char surface73. However, the effect of total and partial CO2 pressure is complex and depends on several 

factors, like the diffusion mechanism, char structure, temperature etc.  

It is worth mentioning that many of these factors have a complex effect on the reactivity of the char in 

the CO2 gasification process. Indeed, it is not always straightforward to distinguish between the 

promoting and hindering effects contributing to the overall char reactivity, as some of these parameters 

might change during char gasification, like surface area. The ultimate achievable conversion of char 

through the gasification might be a combination of several influential parameters rather than being 

simply inferred from individual factors. 
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Kinetic model and data analysis 

The Boudouard reaction being a gas-solid reaction, it is characterized by a series of sequential steps, 

with different rates: 

1. The gas is chemisorbed on the surface of the solid with a diffusive phenomenon 

2. Oxidation of C occurs 

3. The produced gas is desorbed from the surface of the solid with a diffusive phenomenon 

Depending on the reaction conditions, the slowest step is the rate determining step. It is reported that, 

for temperatures below 1000 °C, the rate determining step is the chemical reaction69. 

The gasification kinetic of chars has been matter of several studies. The thermogravimetry resulted a 

powerful tool to evaluate the kinetics of the process, evaluating several parameters such as 

temperature, CO2 partial pressure, effect of metals, etc.64. The study of gasification kinetics is important 

to determine the reaction rate, mass transfer, and for the design of a reaction plant, and for the 

optimization of the production process. There are several models reported in literature to describe and 

simulate the gasification of carbonaceous materials74,75. In the kinetic modeling of carbon gasification, 

carbon conversion ratio, x, is defined as follows (Eq.4.1.3.9): 

                                                                                               𝑥 =  
𝑚0−𝑚

𝑚0
                                                                              (Eq.4.1.3.9)  

where m0 is the initial mass of the char, and m is the mass of the char at a time t, on a dry, ash-free basis. 

The rate of conversion is expressed as (Eq.4.1.3.10): 

                                                                                        𝑑𝑥

𝑑𝑡
= 𝑘(𝑇, 𝑝𝐶𝑂2

)𝑓(𝑥)                                             (Eq. 4.1.3.10)  

Where k is the rate constant based on the reaction temperature (T), pCO2 is the CO2 partial pressure, and 

f(x) is a kinetic model-dependent function. Assuming constant pCO2 during the reaction, the rate can be 

expressed by the Arrhenius equation (Eq. 4.1.3.11): 

                                                                                          𝑘 = 𝐴 exp(−
𝐸

𝑅𝑇
)                                                 (Eq. 4.1.3.11)  

Where A is the pre-exponential factor (1/min), R is the universal gas constant (8.314 J/molK) and E is the 

activation energy (kJ/mol). 

Different models have been suggested to describe char gasification. The most studied are the volume 

reaction model (VRM), the shrinking core model (SCM), and the random pore model (RPM)76,77.  

The volume reaction model (VRM) assumes that the reaction proceeds homogeneously throughout the 

solid particles, resulting in linear variation of the reaction rate with respect to the conversion. 

Consequently, the reaction occurs at all active sites, which are hypothesized to be uniformly 

distributed69.  
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The equations that describe the reaction rate are the following (Eq. 4.1.3.12, 4.1.3.13): 

                                                                                                𝑑𝑥

𝑑𝑡
= 𝑘 (1 − 𝑥)                                                    (Eq. 4.1.3.12) 

                                                                                                 𝑥 = 1 −  𝑒−𝑘𝑡                                                      (Eq. 4.1.3.13)  

Where k is the kinetic constant and x the conversion. 

The shrinking core model (SCM) assumes that the reaction occurs on the external surface of each grain, 

considered spherical in shape. The volume of the solid reactant decreases as the reaction progresses, 

leaving behind an ash layer through which the reacting gas diffuses. Consequently, the overall size of 

the particle remains constant over time. The reaction rate decreases over time, because of the 

decreasing of the active surface (Eq. 4.1.3.14,4 .1.3.15). 

                                                                                                𝑑𝑥

𝑑𝑡
= 𝑘 (1 − 𝑥)

2

3                          (Eq. 4.1.3.14) 

                                                                                            𝑥 = 1 − (1 − 𝑘𝑡)3                                                         (Eq. 4 .1.3.15) 

The random pore model (RPM) assumes that during the gasification, the pores of the char are destroyed 

by competing pore growth and coalescing with neighboring pores. RPM is classified as one of the most 

realistic and acceptable approaches to predict gasification kinetics of char, where RPM can estimate 

maximum reactivity as the reaction proceeds in consideration with overlapping of pore surfaces of 

grains (Eq. 4.1.3.16, 4.1.3.17). 

                                                                           𝑑𝑥

𝑑𝑡
= 𝑘 (1 − 𝑥)√1 −  𝜓 ln(1 − 𝑥)                                          (Eq. 4.1.3.16) 

                                                                                               𝜓 =  
4𝜋𝐿0(1−𝜀0)

𝑆0
2                                                              (Eq. 4.1.3.17)  

Where L0, ε0 and S0 are the pores length, porosity and surface area of the solid at the beginning of the 

reaction.  

The aim of this work was to explore the potential for valorizing char, by-produced from the pyrolysis of 

plasmix, through gasification via the Boudouard reaction, converting it into CO for use in syngas 

production. This approach could reintegrate this fraction of C into the plastic production chain, 

enhancing the overall carbon efficiency of the plastic recycling process. Valorizing the char through 

gasification could also streamline pyrolysis operations by eliminating the need to pelletize the char 

powder for alternative applications. Additionally, by utilizing CO₂ in the gasification process, this 

method could facilitate the recovery of this secondary byproduct, contributing to carbon capture and 

utilization strategies. To achieve this, four distinct chars were studied. The reference char, labelled 

VerChar, was obtained by Versalis SpA from the pyrolysis of different plasmix materials.  
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Two chars were derived from VerChar with specific modifications: one involved adding PET to the 

plasmix to assess the influence of a more oxygenated plastic on the final char properties (labelled 

VerOx), and the other involved the addition of K₂CO₃ as a dehalogenating agent to evaluate the catalytic 

properties of ash enriched with potassium (VerK). The fourth char was a commercial char obtained by 

an external company (the name is omitted for confidentiality reason), and it was labelled CommChar. 

The chars were characterized through proximate and ultimate analyses, N₂ physisorption, and metal 

content evaluation to identify the key factors affecting reactivity. The gasification reactions were initially 

investigated using thermogravimetric analysis (TGA) under CO₂ at different temperatures, from which a 

kinetic model was developed for each sample. Kinetic constants and activation energies were 

subsequently calculated. The gasification experiments were further conducted in a semi-batch system 

to assess char conversion and CO production.  
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4.2 Experimental  
Preparation of char samples 

The plastic waste considered for the chemical recycling through pyrolysis, defined plasmix, complies 

with the UNI 2066-18 as secondary raw plastic materials by the definition “mixture of heterogeneous 

plastics based on polyolefins from industrial residues and/or post-consumer materials intended for the 

conversion into mixture of solid, liquid or gaseous hydrocarbons to be used as liquid and/or gaseous 

fuels or for further industrial chemical processes”78.  

The composition of this waste is variable by its nature, and the compositional range, including the 

average values, is indicated in Table 4.2.1. 

Table 4.2.2. Average composition of plasmix. 

Component Wt. % 
 Min. Max. Average 

PE 46.9 55.7 52.0 
PP 23.1 27.4 24.0 
PS 4.3 7.1 6.0 

PET 4.0 8.5 6.5 
PVC 0.7 1.6 1.0 
PA 1.4 1.7 1.5 

Paper pulp 3.5 6.8 5.0 
Inerts (ash) 2.9 4.4 4.0 

 

VerChar was obtained as a by-product of the pyrolysis process performed on the previously described 

plasmix in the laboratories of Versalis, following the procedure outlined in WO 2024/14184379.  

In brief, 25 g of ground plasmix were mixed with an appropriate amount of CaCO₃, employed as a 

dehalogenating agent. This mixture was introduced into a tubular reactor (ᴓ = 19 mm, l = 30 cm), 

equipped with a nitrogen flow meter at the bottom and a pressure-regulating valve at the top, and 

positioned within an electric furnace. The reactor was initially subjected to a nitrogen flow of 60 mL/min 

and heated to 240 °C. Once the temperature of 240 °C was reached, the nitrogen flow was halted, and 

heating continued to 380 °C at a pressure of 1 bar gauge. The reactor was maintained under these 

conditions for 3 hours. The temperature was then increased to 430 °C and held for an additional 3 hours. 

Finally, the temperature was raised to 480 °C and maintained until volatile production ceased, typically 

after 3 hours. VerOx was produced using the same pyrolysis procedure as VerChar, but with the plasmix 

containing an additional 20 wt. % of PET. VerK was obtained by pyrolyzing the same plasmix as VerChar, 

with the addition of 7 wt. % of K₂CO₃ as a dehalogenating agent. CommChar, a commercial char derived 

from the pyrolysis of a different plasmix.  
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VerChar exhibited a particle size distribution with 50% of the particles below 10 µm, 30% within the 10–

50 µm range, 10% between 50 and 100 µm, and the remaining 10% ranging from 100 to 500 µm. To 

ensure consistency across all samples, the other chars were sieved to match this distribution profile. 

Characterizations of the chars 

All chars were subjected to the following characterizations to evaluate the morphological and structural 

properties, as well as the chemical composition. 

Proximate analysis, for the determination of volatiles, fixed carbon, and ash content, was conducted 

following the ASTM method D5142/0254. The temperature program and the reaction gases used are 

reported in Table 4.2.2. 

The analyses were performed using a thermogravimeter (TGA 550 Discovery TA Instruments). 

Table 4.2.3. Temperature program for proximate analyses conducted in TGA. 

T [°C] Temperature ramp [°C/min] N2 [mL/min] Air [mL/min] 
40-850 10 150 - 

850 Isotherm – 10 min 150 - 
850-400 20 150 - 

400 Isotherm – 5 min 150 - 
400-500 20 - 150 

850 Isotherm - 10 - 150 

 

Ultimate analysis was carried out with the UNICUBE Organic Elemental Analyzer (Elementar). The 

oxygen content was calculated by difference as follows (Eq. 4.2.1): 

                                                              𝑂% = 100 − (%𝐶 + %𝐻 + %𝑁 + %𝑆 + %𝑎𝑠ℎ)                                   (Eq. 4.2.1) 

The chemical composition and quantification of the ash was characterized using Microwave Plasma 

Optical Emission Spectroscopy (MP-OES) after the demineralization of the samples. The samples were 

digested using a solution consisting of aqua regia (HCl 3:1), hydrogen peroxide, and hydrofluoric acid in 

an Ethos UP Microwave digestor at a power of 1800 W, a temperature of 210°C, for 35 minutes. The 

textural properties were evaluated through N2 physisorption. The measurement was performed using a 

Tristar II Plus Micromeritics instrument at -196°C. Prior to the analysis, the sample was pretreated at 

200°C under vacuum for 2 hours. The specific surface area was calculated using the Brunauer Emmett 

Teller (BET) equation. 

Additionally, VerChar, that was considered the reference sample, was subjected to the following 

characterizations. Particle size distribution was determined using the Mastersizer 2000 Laser 

Diffraction instrument, with the carbonaceous material being assigned a refractive index of 2.42.  



4. Recovery of char from pyrolysis of mixed plastics   
 

164 
 

Temperature Programmed Desorption (TPD) analysis was conducted using a custom lab-made 

instrument, with the effluent gases analyzed by a Micromeritics TPDTPR 2900 equipped with a TCD 

detector (Gow-Mac 24-550 TCD, Bethlehem, PA, USA). The char was subjected to heating from 25 to 

1000 °C at a ramp rate of 10 °C/min under He, at a flow rate of 40 mL/min.  The pH of the char was 

measured following the ASTM D3838-80 protocol. Fourier Transformed Infra-Red Spectroscopy (FT-IR) 

analysis was performed using a Perkin Elmer Spectrum One spectrometer over the range of 400 to 4000 

cm⁻¹ with a resolution of 4 cm⁻¹. The sample was analyzed in the solid state, with KBr used to prepare 

the pellet. Char morphology was assessed using Scanning Electron Microscopy (SEM) coupled with 

Energy-Dispersive X-ray Spectroscopy (EDX), which provides information on the chemical composition 

and element distribution within the sample. Analyses were conducted using a FE-SEM LEO 1525 ZEISS 

(Jena, DE). The acceleration voltage was maintained at 15 keV, and measurements were performed 

using both the AsB and In-lens detectors. The samples were mounted on conductive carbon adhesive 

and coated with a chromium sputter coating. Elemental composition and chemical mapping were 

determined using the Bruker Quantax EDX detector. 

CO2 reactivity tests 

Preliminary reactivity tests were conducted in a thermogravimetric instrument (TGA 550 Discovery TA 

Instruments) at atmospheric pressure on VerChar, VerOx, VerK and CommChar. Approximately 10 mg 

of char were used for each experiment. CO2 was used as carrier gas, at a flow rate of 40 mL/min. The 

temperature ramp was composed of an isotherm step at 40 °C for 5 minutes to equilibrate the system, 

a ramp of 10 °C/min up to the desired temperature (between 700 °C and 850 °C), followed by an isotherm 

step with variable time (between 240 to 360 min, depending on the temperature).  

The char conversion was calculated as (Eq. 4.2.2): 

                                                                                           𝑋𝑑𝑎𝑓 =  
𝑚0−𝑚𝑡

𝑚0−𝑚𝑎𝑠ℎ
                               (Eq. 4.2.2) 

Where Xdaf = conversion on a dry ash free basis, m0 in the initial mass of the char, mt the mass of the char 

at time t, and mash the mass of the ashes, calculated by the proximate analysis.  

The VRM model was used to determine the reactive behavior of the chars. Reaction rate is expressed as 

Eq. 4.1.3.13. The apparent reaction rate k can be expressed as Eq. 4.1.3.12. 

The chars were subjected to reaction with CO2 in a semibatch system, in a small laboratory set-up, as 

described below. A schematic representation of the semi-batch system is reported in Figure 4.2.1. 
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Figure 4.2.1. Semi-batch system for gasification of chars via Boudouard reaction. 

In each experiment, approximately 100 mg of char were placed in a tubular quartz reactor with an inner 

diameter of 10 mm and a length of 200 mm, equipped with a quartz wool septum, positioned midway 

through the tube. The reactor was placed inside an electric furnace (Micromeritics), equipped with 

control thermocouples, and connected at the inlet to mass-flow controllers (Brooks 5859) to regulate 

the supply of gases (He degree of purity 4.8, CO2 degree of purity 5.5. or the mixture 16 % CO/CO2 degree 

of purity 5.5, purchased by SIAD). At the reactor outlet, a cold trap filled with 2-propanol at – 13 °C was 

installed to capture the condensable fraction, followed by an anhydrone trap to remove water, and 

finally to a gas chromatograph (GC) (Agilent Technologies, model GC1540A) coupled with a thermal 

conductivity (TCD) detector, for gas analysis. The GC was equipped with two columns, a Porapak B 

column (2.5 m long) for CO2 analysis, and a molecular sieve column (5 m long) for CO, H2, CH4 analysis. 

The gas analysis conditions were as follows: carrier gas carrier He, pressure: 63 psi, temperature ramp: 

35 °C x 0.7 min, increased to 75 °C in 1 min, followed by an isothermal hold at 75 °C for 4 minutes, cooled 

to 35 °C, and held isothermally 35 °C for 2.2 minutes. Gas sampling occurred continuously, with an 

interval between samples of approximately 18 minutes, allowing for complete analysis. In a typical 

experiment, the reactor was purged with He until all air signals disappeared. The reactor was then 

heated from room temperature to 50 °C below the target reaction temperature under a flow of  CO2 at a 

rate of 10°C/min, followed by a slower ramp of 5 °C/min to the reaction temperature. The reactor was 

maintained at the desired temperature for 260 minutes before being cooled under He flow.  
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4.3 Results and discussion 
Chars characterizations and kinetic investigation via TGA 

The VerChar, CommChar, VerOx and VerK were subjected to gasification in presence of CO2 at varying 

temperatures ranging from 700 to 850 °C. The reaction was monitored by TGA, and when possible, it was 

carried out until the complete conversion.  

Figure 4.3.1 shows the experimental conversion (X) versus time (t) profiles, calculated as in Eq. 4.2.2 

(expressed by symbols) along with fitted curves obtained using the VRM kinetic model (solid lines) of 

each char at 700, 750, 800, and 850 °C. VRM was used to calculate the kinetic constants and activation 

energies of the processes, and to compare the results with the literature data. Molina et al.74 reported 

that the efficiency of kinetic model to predict the reaction rate depends on the char characteristics, and 

on the experimental conditions. Most of the studies reported the RPM as the most suitable model for 

describing the gasification of chars both in presence or absence of a catalyst57. VM and the SCM do not 

take into account structural changes of char during the gasification, and they consider the process to 

be controlled by the chemical reaction. In this work the reactions are carried out at low temperatures 

(under 900 °C), therefore reaction rate can be considered controlled by the chemical reaction step. The 

goal of the work is to describe the relation between time and conversion, therefore VRM was preferred 

for their mathematical simplicity80,81. In general, VRM provided a good fit for the gasification behavior of 

the chars, with high correlation coefficients.  

From the results obtained it is clear that conversion is strongly influenced by temperature. As the 

temperature increases, the reaction rate accelerates for all samples, with a notable increase in 

reactivity between 700°C and 750°C. However, the total reaction time required to achieve complete 

conversion varies significantly among the different chars. This was attributed to the different 

characteristics of the chars. 
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Figure 4.3.1. Experimental conversion of the chars over time at different temperatures (symbols) and fitting of the curves 
obtained by the VRM model. In order: VarChar, VerOx, VerK, and CommChar. Black= 700 °C, red = 750 °C, blue = 800 °C, 

green = 850 °C. 
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Figure 4.3.2 shows the Arrhenius plots for the four chars, used to derive the kinetic parameters of the 

reaction rate constants. The linear relationship between ln(k) and 1/T confirms that the reactions follow 

Arrhenius behavior. The corresponding activation energies (Ea) and pre-exponential factors (A) are 

presented in Table 4.3.1. VerK and VerOx exhibit lower activation energies (130 and 160 kJ/mol 

respectively) compared to VerChar and CommChar, which have similar Ea values (180 kJ/mol). 

 

Figure 4.3.2. Arrhenius plots for the four chars a) VerChar, b) VerOx, d) VerK, e) CommChar. 

Table 4.3.1. Pre-exponential factors and activation energies of VerChar, VerOx, VerK, and CommChar gasification with CO2 

Char A Ea (kJ/mol) 
VerChar 1.4 107 186 ± 6 

VerOx 6.3 104 130 ± 36 
VerK 1.1 104 160 ± 12 

CommChar 5.8 107 180 ± 27 

 

In all cases, the results are in line with the activation energies reported in literature for the gasification 

of various coals45. For instance, Kim et al.69 examined 12 different coals, calculating activation energies 

at both high reaction temperatures (> 1150 °C) and lower temperatures. They found distinct values for 

Ea depending on whether the reaction was controlled by chemical kinetics or by pore diffusion, the latter 

becoming the rate-limiting step at higher temperatures. In the chemical regime, the Ea ranged from 126.9 

to 207.6 kJ/mol, with pre-exponential factors between 4.1 x 104 and 1.4 x 107 , values consistent with 

those obtained in this study. Similarly, Zhang et al. investigated the gasification of 6 anthracite chars 

between 920 and 1050 °C, reporting activation energies between 140 to 202 kJ/mol81. Ahn et al. reported 
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values of 144 kJ/mol for a subbituminous coal char gasified at 900-1000 °C75. Similar values were found 

by Jansen et al. and Zhang et al., for the gasification of waste tires derived chars56,82.  

Notably, compared to other coals investigated in literature for the gasification via Boudouard reaction, 

the considered chars derived from plasmix achieved extremely high conversions at lower temperatures. 

For example, the ENEA Report assessed that a minimum temperature of 900 °C was necessary to 

achieve good conversions of the considered coals54, and Jansen et al. reported similar temperatures 

ranges for the gasification of waste tires derived chars, to achieve around 85 % conversion56. These 

findings are highly promising, as achieving high conversion rates at lower temperatures translates to 

reduced energy demands and, consequently, lower operational costs, including savings on plant 

construction materials. Operating at approximately 800 °C allows for the use of more cost-effective 

materials than those required for higher-temperature applications, while also enabling the adoption of 

simplified technological solutions. 

As already mentioned, the reaction rate of char is affected by its intrinsic characteristics such as 

particle size and surface area, VM, FC, and chemical composition, as well as alkali content55. Therefore, 

the chars were subjected to different characterizations to highlight the main features influencing the 

reactivity. Surface areas, proximate and ultimate analyses, as well as mineral content and alkali index 

of the chars are reported in Table 4.3.2. 

The textural properties of the materials, evaluated through N2 physisorption (isotherms reported in 

Appendix, Figure 4.5.1), suggest that all materials are essentially non-porous, as indicated by the low 

BET surface area values. While it is generally understood that in gas-solid reactions, porosity affects the 

accessibility of gas to the reactive surface, there is ongoing debate regarding the specific influence of 

microstructural properties for this specific reaction. For example, Scott et al., demonstrated that the 

micropores, which constitute most of the surface area of activated carbon, are largely unreactive during 

gasification83. However, for coals with low surface area69, particle granulometry is a critical factor 

affecting the progression of Boudouard reaction. Adequately small particles are required to mitigate 

limitations associated with heat transfer and CO2 diffusion within the particles. Moreover, in large 

particles, at high conversion levels, the CO concentration inside the particles may inhibit further 

reaction progress84. Mani et al.85 investigated the influence of particle size (ranging from 60 to 925 μm) 

on the gasification reactivity of wheat straw biochar and demonstrated that the reactivity increases as 

particle size decreased.  

However, for chars in which the pore surface is much higher than the external surface area, this effect 

becomes less pronounced, as the number of active sites is independent from the particle size63. Given 
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the low surface areas of all the chars studied this parameter was excluded from considerations in 

explaining reactivity differences. Instead, emphasis was placed on the other characteristics.  

Table 4.3.2. Chars surface areas, proximate and ultimate analysis, metal content and alkali index. 

 
VerChar VerOx VerK CommChar  

Surface area (m2/g) 8 8 9 n.d. 
Proximate analysis (wt. %)     

Moisture 4.2 3.7 10.8 3.2 
Volatile Matter 22.8 23.0 35.8 43.8 
Fixed Carbon 40.9 46.2 26.3 25.6 

Ash 32.1 27.1 27.1 27.4 
Ultimate analysis (wt. %)     

Carbon 55 65.4 35.4 52.4 
Hydrogen 2.6 2.2 1.8 3.7 
Nitrogen 0.8 0.9 0.7 2.6 

Sulfur 0.4 0.4 0.4 0.4 
Oxygen 9.1 4.0 2.4 6.4 

H/C 0.047 0.034 0.051 0.071 
O/C     

Mineral content (mg/g)     
Si 110.42 106.50 91.09 119.57 

Ca 77.80 77.20 42.10 90.60 
Ti 31.90 26.60 15.80 14.50 
Al 14.70 11.00 6.10 11.90 
Na 11.50 12.70 6.20 9.30 
Mg 4.36 3.80 2.23 5.10 
Fe 4.33 3.80 1.99 30.20 
K 3.54 5.10 235.80 6.70 

Mo 0.26 0.23 0.18 0.15 
Zr 0.16 0.05 0.03 0.44 
Cr 0.11 0.05 0.10 0.36 
Cu 0.06 0.34 >0.05 >0.05 
Ni 0.05 0.05 >0.05 0.20 
Mn 0.05 0.03 >0.05 0.23 

Alkali index 18.3 15.6 100.1 24.7 

 

For all the chars, proximate analysis indicated a volatile content of between 23 and 43 %, attributable 

to tarry compounds that were not devolatilized during pyrolysis. The volatile % is relatively high if 

compared to biochars derived from the pyrolysis of biomasses86, probably due to the lower pyrolysis 

temperature used for plastic feedstocks (400-500 °C), in order to maximize the amount and quality of 

the oil fraction. Indeed, the pyrolysis conditions for the pyrolysis of these plasmix are optimized for oil 

production, and not all the volatile fraction is removed from the char, thus remaining in the solid fraction. 

The VM % is also correlated with the H/C ratio; H/C ranges between 0.034 and 0.071, values almost 

double the one of the lignocellulosic biochars, that are obtained at high temperatures (700°C) and low 

heating rate (5°C/min). In particular, a higher amount of volatiles was found in CommChar (VM = 43.8 

wt. %, H/C = 0.071), that was prepared at unknown conditions, being a commercial sample. VerChar 

and VerOx displayed almost the same amount of volatiles ( ̴ 23 wt. %), that instead resulted higher in 

VerK (35.8 %).  



4. Recovery of char from pyrolysis of mixed plastics   
 

172 
 

This difference can be attributed also to the high amount of K present in VerK, as demonstrated by the 

ICP analyses of the ashes, that could catalyze the char decomposition. Anyways, the volatile content 

resulted similar or lower than values reported for other plastic-derived chars87,88. For instance, 

Jamradloedluk et al.34 reported a VM content of 51.40 % in a char obtained by the fast pyrolysis of HDPE 

plastic wastes. Yousef et al.64 reported a volatile content of 41.5% in char derived from metallized food 

packaging, which decreased to 18% following treatment with H₂SO₄ at 150 °C to remove metals. As an 

example, anthracite, that is the coal with the lower volatile matter content, ranges between 2 to 12%, 

bituminous and lignite coals range between 15-45% and 24-32 % respectively89,90. The % of VM and fixed 

carbon (FC) are directly correlated to the coalification ranking, that is an important parameter to 

determine char reactivity towards gasification. High-rank coals corresponds to char with high % of FC 

and result in elevated thermal stability, and therefore lower reactivity than low-rank coals60. On the other 

hand, chars with higher VM tend to be more reactive, likely due to the development of a porous structure 

during devolatilization, which enhances the concentration of active sites, as C atoms at the edges69. As 

shown in the CO2 TGA curves (Appendix, Figure 4.5.2), volatile matter is predominantly released 

between 570 and 650 °C, prior to the onset of CO₂-char reactions. During this devolatilization step the 

structure of the char could undergo to textural modifications, with an enhancement of the surface area 

and a increase of active sites for the gasification reaction to occur45,91.  

However, Lampropoulos et al.92 conduced the pyrolysis of a Greek lignite at different temperatures (300, 

500 and 800 °C) to modify the coalification ranking, enhancing the fixed carbon content. These chars, 

along with the raw lignite were subjected to gasification, and the char produced at 800 °C exhibited 

superior gasification performance. This was attributed to a more disordered surface, that provided more 

active sites for the reaction to occur.  

Ultimate analysis revealed that the samples are primarily composed of carbon (between 35 to 65 %), 

with smaller but notable amounts of heteroatoms, especially O (from 2 to 9 %) . The presence of oxygen 

is attributed to the depolymerization of oxygenated polymers such as PET, or contaminants like 

cellulose from paper pulp. CommChar exhibited the highest nitrogen content, likely due to a higher 

proportion of nitrogen-containing plastics, such as polyamide (PA), in the plasmix. The low sulfur 

content (0.4%) in all samples is favorable for gasification, as it reduces the potential for toxic emissions 

like SO₂64. The presence of heteroatoms into the char structure enhances surface chemistry, catalytic 

behavior, and gasification kinetics by creating highly reactive sites, particularly in aromatic clusters, 

which serve as initiation points for the Boudouard reaction and significantly increase reactivity 

compared to regular carbon atoms45.  
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The overall gasification process can be viewed as a combination of non-catalytic and catalytic 

reactions, influenced by both the physicochemical properties of the char and its mineral content. Non-

catalytic gasification is primarily governed by char properties, while catalytic gasification is strongly 

influenced by alkali and alkaline earth metals, which are abundant in low-rank coal and biomass chars. 

The addition of elements such as K and Ca has been shown to significantly increase CO₂ uptake, 

indicating that alkali metals contribute to the concentration of active sites on the char surface59. 

Interestingly, all chars displayed high ash content, around 30 wt. %. The ICP analyses demonstrated in 

all chars high % of alkali metals, especially Ca (and K in the case of VerK), added during the pyrolysis as 

dehalogenating agents, but also Na, Mg, and Fe, deriving from pigments, additives, or contaminants 

found in plastic wastes. Notably, the ashes presented also high % of Si and Al, that are detrimental for 

the catalytic activity of the alkali metals, because they can form inactive aluminate and silicate species, 

reducing the availability of the alkali for the Boudouard reaction93,94. Therefore, the alkali index was 

calculated as proposed by Sakawa et al.67, to quantify and compare the catalytic abilities of the minerals 

present in the ashes. The results reported in Table 4.3.2 showed comparable index values for VerChar, 

VerOx and CommChar, between 15 to 25. VerK demonstrated a much higher value, due to the presence 

of a high amount of K. Nevertheless, compared to results reported in literature, the alkali index of these 

chars resulted quite high. For example, Kim et al.69 reported the alkali index of 12 different bituminous 

coals, that never exceeded 5. The alkali index of various lignocellulosic biochars, reported by Duman et 

al.72, assessed around 1, and the values reported for three South Africa coals by Hatting et al. 68 were 

between 4.2 and 6.5.  

Despite the significantly higher alkali index of VerK, its kinetic parameters do not differ substantially 

from the other samples. While K and Na are known to enhance catalytic activity, Ca provides advantages 

such as lower volatility and reduced risk of agglomeration during gasification95,96. K species present 

during gasification, such as K₂CO₃, K₂O, or metallic K, have lower melting points compared to their 

calcium counterparts (m.p. K₂CO₃: 891 °C, CaCO₃: 825 °C, K₂O: 740 °C, CaO: 2613 °C, K: 63.5 °C, Ca: 

842 °C), which could result in the formation of a resistant layer in VerK, that hinders gas diffusion97. 

However, as displayed in Figure 4.3.3, plotting the rate kinetic constants (at 750 °C) of each char vs key 

characteristics of the chars, such as VM, AI, C% and heteroatoms %, did not reveal a clear linear 

correlation. This suggests that the overall gasification process is governed by a complex interplay of 

multiple char properties rather than by any single factor alone.  
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Figure 4.3.3. Correlation between the kinetic constant of each char at 750 °C) to its main chemical physical characteristics 
(VM, FC, %C, AI). 

Anyways, compared to other gasification processes reported in the literature, the results obtained from 

these plastic-derived chars were promising. Preliminary TGA screening demonstrated that all chars 

could be quantitatively converted at lower temperatures than those typically reported. Notably, efficient 

conversion was achieved at 750°C, indicating that these chars perform well under milder conditions 

than commonly seen in similar studies. 

Given the promising results, semi-batch experiments were conducted at varying temperatures and CO₂ 

flow rates to maximize the CO concentration in the outlet gas mixture. These experiments aimed to 

further explore the potential of the plastic-derived chars under controlled conditions, building on the 

insights gained from the TGA screening. 

Semi-batch gasification experiments 

Most of the experiments were conducted on the reference char, VerChar, with comparative analysis 

conducted on VerOx, VerK, and ComChar. VerChar was subjected to gasification in the semi-batch 

system, investigating the effect of temperature and CO2 flow rate in the production of CO.  

As shown in Figure 4.3.5a, the temperature was varied from 700 to 850 °C, with a constant CO2 flow rate 

of 20 mL/min.  
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Figure 4.3.5.CO evolution profiles during VerChar gasification under different conditions. a) 100 mg char, CO2 flow rate: 20 
mL/min, variable temperature. b) 100 mg char, fixed temperature:750 °C, variable CO2  flow rate. The dashed lines indicate 

the temperature ramps. 

The reaction rate showed a positive correlation with temperature, consistent with TGA analyses. At 700 

°C, the CO maximum volume was registered at approximately 130 minutes, while by increasing the 

temperature, the CO max. peak was shifted at shorter times (around 100 minutes). Another indication 

of an increased reaction rate with the increase of temperature was associated with the CO max. vol. % 

value, that was higher at 850 °C, passing from 6 % at 700 °C, to 19 % at 750 °C, up to 26 % at 850 °C 

(Table 4.3.3, entries 1,2,3). After reaching the maximum, CO concentration declined as char 

consumption progressed, with a sharper decline observed at higher temperatures, indicating faster char 

consumption.  

The overall char conversion was calculated at the end of the reaction using Eq.4.2.2. Conversion rates 

followed the same trend, increasing from 76% at 700°C to 93% at 750 °C, and nearly complete (>99%) 

conversion at 850°C, as summarized in Table 4.3.3, entries 1,2,3. Thus, 750 °C was considered the 

minimum temperature required to achieve high conversion rates and significant CO concentrations. 

The effect of CO2 flow rate on CO production was evaluated to optimize CO yield at a moderate reaction 

temperature. Therefore, experiments were conducted at 750 °C with CO2 flow rates of 10, 20, and 40 

mL/min, as shown in Figure 4.3.5b. The CO₂ flow rate significantly affected maximum CO concentration, 

with 27% CO achieved at 10 mL/min, but only 16% at 40 mL/min. While higher flow rates led to faster 

CO removal, they also resulted in lower overall conversion (85% at 40 mL/min) (Table 4.3.3, entries 

2,4,5). This suggests limited CO₂ diffusion at higher flow rates, impeding complete gasification. 

Gasification experiments at 750°C and 20 mL/min were conducted on VerOx, VerK, and CommChar 

(Figure 4.3.6). VerOx and CommChar displayed similar trends to VerChar, with maximum CO 

concentrations of 15% and 13%, respectively, both peaking at around 100 minutes (Table 4.3.3, entries 
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6,8). VerK, however, exhibited a different behavior, with a faster reaction rate and a peak CO 

concentration of 20% at 85 minutes (Table 4.3.3, entry 7). This different trend was attributed to its high 

alkali index and K content, which enhances catalytic activity. Indeed, preliminary TGA analyses 

confirmed that VerK had the lowest activation energy, likely due to the catalytic effect of the ashes. 

However, this pronounced difference was not fully reflected in the TGA results, possibly due to 

interference from a mineral layer limiting CO₂ diffusion during gasification in the TGA setup. This issue 

seemed less significant in the semi-batch system, where a larger reactor allowed for better gas 

interaction. To verify VerK superior reactivity, additional experiments were conducted at 700°C and 

650°C. VerK achieved over 90% conversion at 700°C, with CO volumes comparable to other chars at 

750°C. However, at 650°C, the reaction slowed significantly, reaching only 75% conversion with a peak 

CO concentration of 11% (Table 4.3.3 entres 7,9,10). These results confirmed the beneficial effect of K 

in gasification, allowing lower temperature operation, which could lead to energy savings and reduced 

equipment costs. 

 

Figure 4.3.6. a) CO evolution profiles during different chars gasification. Reaction conditions: 100 mg char, 750 °C, CO2 flow 
rate 20 mL/min. b) CO evolution profiles of VerK gasification at different temperatures. Reaction conditions: 100 mg char, 

CO2 flow rate 20 mL/min. The dashed lines indicate the temperature ramps. 

 

To assess the potential for scaling up to industrial levels, the possibility of recycling the outlet gases to 

increase CO concentration was evaluated. A simulation was performed by feeding the reactor with a 

gas mixture of 15% CO in CO₂ and conducting the reaction under the same conditions (750°C, 20 

mL/min, 240 min). The results (Figure 4.3.7a, entry 11 in Table 4.3.3) showed that the conditions 

employed were still far from equilibrium, and 90% conversion of VerChar was achieved, increasing the 

maximum CO concentration to 32%. This suggests that recycling the outlet gas could significantly 

increase CO production, improving the CO/CO₂ separation step in an industrial process, as 

schematized in Figure 4.3.7b.  
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Figure 4.3.7. a) CO evolution profile during VerChar gasification, Reaction conditions: 100 mg char, 750 °C, 16% CO in CO2 
total flow rate: 20 mL/min, b) scheme of a  plant of plasmix pyrolysis coupled with the gasification of the char, with the 

recycling of the gas.  

Table 4.3.3. Summary of temperature and flow rate effects on conversion and CO production on the gasification of VerChar, 
VerOx, VerK, and CommChar. 

Entry Char T (°C) CO2 flow rate 
(mL/min) 

Conversion 
(%) 

CO(max) 
(vol. %) 

1 VerChar 700 20 76 6 
2 VerChar 750 20 93 19 
3 VerChar 850 20 >99 26 
4 VerChar 750 10 >99 27 
5 VerChar 750 40 85 16 
6 VerOx 750 20 90 15 
7 VerK 750 20 >99 20 
8 CommChar 750 20 90 13 
9 VerK 700 20 93 15 

10 VerK 650 20 75 11 
11 VerChar 750 20a 90 32 

a 15 % CO in CO2 
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4.4 Conclusions  
This chapter presents an innovative approach to char gasification via Boudouard reaction, exploring for 

the first time the use of chars derived from the pyrolysis of mixed plastic waste, and giving a significant 

contribution to the field of sustainable plastic recycling. Through a series of thermogravimetric and 

semi-batch experiments, it was demonstrated that these plastic-derived chars can achieve high 

conversion rates at relatively low temperatures, significantly lower than those required for other types 

of chars such as those derived from coal or biomass. This lower operational temperature not only 

reduces the energy input and costs associated with the process but also enhances sustainability by 

lessening the need for high-temperature-resistant equipment. 

The experimental results show that at 750 °C, over 90% of all the char tested was successfully converted 

via the Boudouard reaction, with the generation of carbon monoxide (CO) as a valuable product. 

Comparative tests among different chars confirmed that the addition of Ca2CO3 had the double positive 

effect to avoid the releasing of chlorinated toxic gases during pyrolysis, and to catalyze the Boudouard 

reaction. The addition of K2CO3 further improved gasification efficiency and facilitated higher reactivity 

at even lower temperatures, underscoring the potential for energy savings and optimized process 

performance. Furthermore, variations in CO₂ flow rates revealed an ability to optimize CO production, 

which holds promise for scalable CO capture and utilization strategies in industrial settings.  

In addition to the technical findings, this research has culminated in a patent filing (WO2024/141843), 

recognizing the originality and industrial relevance of this approach to char valorization. This patent 

formalizes a process that not only addresses a pressing environmental need for effective plastic waste 

management but also aligns with circular economy principles by reintegrating recovered carbon into 

chemical and fuel production chains. 

This work laid the foundation for a new and feasible pathway in chemical recycling that is both 

sustainable and industrially applicable, with promising economic and environmental benefits for the 

future. 
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4.5 Appendix 

 

Figure 4.5.1. N2 adsorption-desorption isotherms of the chars. 

 

Proximate analysis 

The proximate analysis provides a standardized procedure to determine moisture content, volatile 

matter, fixed carbon, and ash using thermogravimetric analysis (Figure SXX). In the first stage, the 

sample is heated to 850 °C under an inert nitrogen atmosphere, during which moisture and volatile 

matter are released. In the second stage, the char is cooled and reheated from 400 to 850 °C under air, 

promoting total combustion. The inorganic residue remaining after combustion constitutes the ash 

content, while the fixed carbon is calculated by weight difference. Ultimate analysis complements this 

by providing the elemental composition in terms of carbon, hydrogen, nitrogen, sulfur, and oxygen. 

Together, the volatile matter, fixed carbon, and the hydrogen-to-carbon (H/C) ratio provide insights into 

the coalification rank of the chars, indicating their level of carbonization and potential reactivity.  
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Figure 3.5.2. TGA analyses in N2 and air to determine the moisture content, volatile matter, fixed carbon and ash in the chars. 

 

 

Figure 3.5.3. TPD analysis of VerChar 
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pH  

The pH of VerChar resulted 7.8 
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Figure 3.5.4. SEM-EDX microscopy of VerChar 
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Figure 4 Conversion profiles obtained by TGA in CO2 at 700, 750, 800 and 850 °C for all chars, fitting of the experimental data 
with the VRM model, and obtained kinetic constants. 
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5. Concluding remarks 
This thesis addresses the challenges associated with fossil fuel reliance and waste management, as 

discussed in Chapter 1. It aims to demonstrate how pyrolysis can effectively transform various 

byproducts into valuable sources for new materials, biofuels, and chemicals. Overall, this research has 

made significant advancements in the valorization of waste through pyrolysis, aligning with the 

principles of a sustainable circular economy. 

Chapter 3 presents findings on the potential of activated biochars derived from diverse biomass sources 

as effective support for palladium and cobalt-based catalysts. Notably, rice husk emerged as a 

promising biomass for producing activated biochar with optimal characteristics for catalytic 

applications, including desirable morphology and surface functionalities. The Pd/A-RH catalyst 

achieved nearly complete benzaldehyde conversion under mild conditions, showcasing not only high 

selectivity towards desired products but also the critical role of biochar properties in enhancing 

catalytic performance. These findings are documented in the publication: Longo et al., “Waste 

Biomasses as Precursors of Catalytic Supports in Benzaldehyde Hydrogenation,” Catalysis Today, 2023, 

1140381. 

The study of co-pyrolysis further underscored the feasibility of tailoring biochar properties to enhance 

catalyst efficiency, demonstrating the versatility of waste-derived materials in catalysis. A paper 

regarding these findings is currently in preparation.  

Co/A-RH has demonstrated significant potential for the hydrodeoxygenation of bio-oil model 

compounds such as isoeugenol. The results underline the importance of strong metal-support 

interactions and the synergy between metallic and acid sites in promoting selective reactions while 

minimizing undesirable side reactions, such as hydrocracking. Moreover, the observed stability and 

recyclability of Co/A-RH, along with its performance in co-processing with furfural, positions it as a 

promising candidate for future applications in bio-oil upgrading. These results are currently being 

drafted into a manuscript. 

Chapter 4 introduced an innovative approach to the valorization of char obtained from mixed plastic 

waste through gasification via the Boudouard reaction. This research illustrated that these plastic-

derived chars could achieve over 90% conversion at significantly lower temperatures than traditional 

feedstocks, thereby reducing energy consumption and operational costs. The incorporation of additives 

like CaCO₃ and K₂CO₃ not only enhanced gasification efficiency but also mitigated the release of toxic 

byproducts, demonstrating a practical solution to the pressing issue of plastic waste management. 
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The results obtained allowed the filing of a patent application, that is now accessible as 

WO2024141843A1.  

Together, these findings not only enrich our understanding of biomass and plastic waste valorization but 

also establish a comprehensive framework for developing novel catalytic systems and recycling 

technologies. The implications of this research extend beyond theoretical knowledge, offering practical 

pathways for integrating recovered carbon into chemical and fuel production chains. This work 

culminates in the potential for impactful environmental and economic benefits, addressing critical 

challenges in waste management and resource recovery. 

Overall, this thesis underscores the vital importance of innovative approaches to waste valorization and 

highlights the role of pyrolysis as a transformative strategy for sustainable resource utilization. Future 

research directions will build upon these findings, exploring additional feedstocks and refining catalytic 

processes to further enhance the efficiency and sustainability of waste-to-resource pathways. 
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