Anna Sangregorio 
  
Nathanael Guigo 
  
Devant Le 
  
Prof Luc Avérous 
  
Dr Peter Mangnus 
  
Avantium Thèse 
  
D E Doctorat 
  
Thèse De Doctorat 
  
Professor, Antonio Pizzi 
  
Examinateurs Noëlle Billon 
  
  
  
  
  
  
  
  
  
  
  
  
Valorisation d'humines issues

   

Valorisation of biorefinery-derived humins : towards the development of sustainable thermosets and composites

on the mechanical properties by valorising humins. Finally, the possibility to use humins as a binder to enhance bitumen's rheological properties and decrease its environmental impact was investigated. keywords: Humins, biomass valorisation, biobased materials, composites

Resumé

La production de molécules plateformes via la déshydratation des sucres catalysée par un acide est inévitablement liée à la formation de sous-produits. Notamment, un sous-produit appelé humines peut être formé en quantités importantes. Les humines sont des macromolécules hétérogènes et polydisperses, constituées principalement de composés furaniques. Pendant nombreuses années, les scientifiques ont cherché à trouver un moyen d'éviter la formation d'humines au cours des processus de bioraffinage, mais cela semble presque inévitable. Les recherches actuelles se concentrent aujourd'hui sur les moyens de fabriquer des produits à haute valeur ajoutée à partir d'humines, afin d'améliorer la rentabilité des bioraffineries. Une analyse approfondie de la structure et des propriétés physico-chimiques des humines a été réalisée dans ce travail de thèse afin de développer de nouveaux axes de recherche sur les applications potentielles des humines, en particulier l'identification des transitions et des réactions chimiques se produisant dans les humines, en utilisant des techniques thermo-analytiques avancées. Il a été démontré qu'il est possible d'obtenir un polymère thermodurcissable avec différentes propriétés, en fonction du traitement utilisé. Les thermodurcissables à base d'humine ont été testés pour différentes applications. Le potentiel des humines comme matrice en combinaison avec des fibres naturelles afin de réaliser des composites 100 % biosourcés a été étudié. Une bonne interaction entre la matrice organique et les fibres naturelles a été observée, rendant les humines très prometteuses pour la prochaine génération de matériaux et de composites thermodurcissables biosourcés. L'utilisation d'humines comme matrice est une solution durable pour développer des composites "verts", avec des propriétés hydrophobes et mécaniques élevées. Compte tenu de la très bonne affinité avec les matériaux lignocellulosiques, de nouvelles voies ont été proposées pour la modification des fibres afin de renforcer l'interaction entre les fibres cellulosiques et certaines matrices polymériques, telles que le polypropylène par exemple. Cette étude a également permis de mieux comprendre les interactions entre la cellulose et les humines. Pour exploiter ce type d'applications, la modification du bois avec des humines a été étudiée. La stabilité dans l'eau du bois modifié a confirmé l'amélioration de l'hydrophobicité du matériau final. Cette étude montre que cette nouvelle technique d'imprégnation peut améliorer la stabilité dimensionnelle du bois sans compromettre les propriétés mécaniques tout en valorisant les humines. Enfin, la possibilité d'utiliser des humines comme liant pour améliorer les propriétés rhéologiques du bitume et réduire son impact sur l'environnement a été étudiée. Civilisation began with the discovery of wood, a renewable resource used for heating and producing energy. As wood was unable to fulfil the fuel demand, fossil fuels became the main alternative, gaining a role as a fundamental driver of the Industrial Revolution. Nowadays, more than 80 percent of the energy demand is supplied by fossil fuel [1]. The majority of bulk chemicals and polymers is also derived from fossil based feedstocks, predominantly oil and gas. Nonenergy applications account for around 9 % of all fossil fuel (oil, gas, coal) use and 16 % of oil production [START_REF] De | Task42 Biorefinery[END_REF]. The use of fossil fuels causes a significant increase of carbon dioxide (CO 2 ) concentration in the atmosphere, harming the environment in the form of greenhouse gas emissions and air pollution. This negatively affects the Earth's climate and ocean regulation, contributing to the global warming. Fossil fuels are a non-renewable resource as it takes millions of years to form, and known available reserves are being depleted much faster than new ones are made. Considering that earth's population is expected to increase by 25 % in the next 30 years, to be able to stay ahead of the energy demand the development of new forms of renewable materials and clean energy become a necessity. Moreover, fossil fuel reserves are concentrated in a small number of countries, resulting in an unequal distribution over the entire globe. Some of these countries thus have the power to regulate the supply and control the prices [START_REF] Parmesan | [END_REF]. To limit adverse environmental effects and exhaustion of nonrenewable resources, several international agreements are in place and numerous targets have been set. One example is the Kyoto protocol, ratified in 1997, that commits state parties to reduce greenhouse gas emissions based on the scientific consensus that global warming is occurring and it has been mainly caused by human-made CO 2 emissions. The EU also committed to reducing greenhouse gases by 4 % by 2030 (from 1990 levels) and to reach a climate neutral economy by 2050. The REACH regulation widely supports the transition towards a more sustainable economy by regulating chemicals, manufactured or imported in Europe, with the goal of reducing their impact on both human health and the environment. Therefore, several toxic chemical substances would become restricted, prohibitively expensive, or unavailable, creating the urgency for the development of greener chemicals and processes [4,[START_REF] Lahl | REACH-the new European chemicals law[END_REF].

Sustainable and green chemistry

There is a strong connection between energy, environment and sustainable development. The concept of sustainable development was first introduced by Brundtland in 1987 [START_REF] Brundtland | [END_REF] as "development that meets the needs of the present generation without compromising the ability for future generation to meet their own needs". Sustainable development comprises the so-called three pillars of sustainability: people, planet and profit [7]. Sustainable development will be a reality when (i) society starts utilising only energy resources which cause no environmental impact (e.g. releasing no further emissions to the environment), (ii) our natural resources are not used at rates that results in their depletion, and (iii) residues are not generated at rates that exceed the rate of their assimilation by the natural environment [8]. Thus, in the same years, the concept of green chemistry took hold as an empowering tool to enable sustainable development. Green chemistry is generally the movement towards more environmentally acceptable chemical processes and products and its goal is to design synthetic schemes/reactions or processes which consider all chemical hazards, formation of eventual by-products and waste generation, decreasing time, energy and cost while increasing productivity and safety of the process. In order to assure a sustainable future, green chemistry should be considered as a philosophy and be integrated in every division of chemistry not only at the exploratory bench level but also at the applied pilot or full-scale level [8][9][START_REF] Manahan | Green chemistry and the ten commandments of sustainability[END_REF][START_REF] Varma | Greener and sustainable chemistry[END_REF]. To facilitate this transition, Anastas and Warner [START_REF] Anastas | [END_REF] introduced 12 principles of green chemistry as a qualitative approach to follow when developing a new process. The 12 principles are:

1. Prevention: It is better to prevent waste than to treat or clean up waste after it has been created

2. Atom economy: Synthetic methods should be designed to maximise the incorporation of all materials used in the process into the final product.

3. Less hazardous chemical syntheses : Wherever practicable, synthetic methods should be designed to use and generate substances that possess little or no toxicity to human health and the environment.

4. Designing safer chemicals: Chemical products should be designed to affect their desired function while minimising their toxicity.

Safer solvents and auxiliaries:

The use of auxiliary substances (e.g., solvents, separation agents) should be made unnecessary wherever possible and innocuous when used.

6. Design for energy efficiency: Energy requirements of chemical processes should be recognised for their environmental and economic impacts and should be minimised. If possible, synthetic methods should be conducted at ambient temperature and pressure.

7. Use of renewable feedstocks: A raw material or feedstock should be renewable rather than depleting whenever technically and economically practicable.

8. Reduce derivatives: Unnecessary derivatisation (use of blocking groups, protection/deprotection, and temporary modification of physical/chemical processes) should be minimised or avoided if possible, because such steps require additional reagents and can generate waste. 9. Catalysis: Catalytic reagents (as selective as possible) are superior to stoichiometric reagents.

10. Design for degradation: Chemical products should be designed so that at the end of their function they break down into innocuous degradation products and do not persist in the environment.

11. Real-time analysis for pollution prevention: Analytical methodologies need to be further developed to allow for real-time, in-process monitoring and control prior to the formation of hazardous substances.

12. Inherently safer chemistry for accident prevention: Substances and the form of a substance used in a chemical process should be chosen to minimise the potential for chemical accidents, including releases, explosions, and fires.

In order to evaluate the environmental impact of a process or product and quantify how green it is, the E-factor was introduced by Roger Sheldon in 1990s. The E-factor is based on the actual amount of waste produced, taking the chemical yield into account and including reagents, solvents losses, all process aids and, when possible, fuel. The E-factor is defined as the waste-to-desired-product weight ratio, and ideally should be zero. This is a very powerful tool to evaluate and reduce the waste problem [7,13]. Sustainable and green chemistry are currently in the spotlight of attention of both academia and industry, as they might lead the way in solving three major challenges: the resource challenge, the climate challenge and the environmental challenge.

Biomass valorisation

Biobased chemistry is a form of green chemistry, involving the use of raw materials which are totally or partly derived from materials of biological origin, thus renewable in a lifetime span. Well-known examples of biobased chemicals include non-food starch, cellulose derivatives, tall oils, fatty acid derivatives and fermentation products (ethanol, lactic acid, citric acid and many amino acids). They are derived from biomass, typically agricultural or forestry raw materials and provide an alternative to conventional fossil derived products. Moreover, every country can employ different types of feedstock based on the locally available biomass. It is possible to differentiate between different types of biomass: first, second and third generation. First generation is directly related to the biomass most easily processed, which is often edible. Bioethanol from corn-starch or sugar cane and biodiesels from fatty acids are two examples. Second generation refers to the biomass-derived fuels and chemicals which are not in competition with food production. Some examples are agriculture residue, forestry residues, waste stream or dedicated energy crops. Finally, third generation biomass, which is still largely unexplored, includes micro-and macro-algae (i.e. marine . Biomass is the most abundant carbonaceous renewable resource available and represents the only sustainable resource for the large-scale production of carbon-based chemicals and fuels. Biomass is grown by fixation of CO 2 via the photosynthesis to produce carbohydrates. Sunlight is used for reduction of CO 2 and water (H 2 O) to be converted into organic carbon, stored in the biomass. Oxygen (O 2 ) is produced as by-product of the photosynthesis. When biomass dies, decays or burns, CO 2 is reemitted into the atmosphere, resulting in a carbon balance equilibrium. Other advantages of biomass as feedstock are its abundant availability and relative low costs and the many possibilities it offers for both the energy sector and the chemical industry. Nonetheless, the use of biomass also poses some challenges, such as the need to use fertile arable land, more complicated collection and logistic systems compared with petroleum resources, and its general heterogeneity. Nowadays, global biobased chemical and polymer production (excluding biofuels) is over 50 million tonnes, while petrochemical output accounts for over 330 million tonnes [START_REF] De | Task42 Biorefinery[END_REF]. The main petrochemical production is controlled by a small number of key building blocks, such as methanol, ethylene, propylene, butadiene, benzene, toluene, and xylene. These building blocks are then mainly converted to polymers and plastics. From a technical point of view, almost all industrial materials made from fossil resources could be substituted by their biobased counterparts. However, the cost of petrochemical production is very often much cheaper than the respective biobased production. This is mainly related to the historically low price of fossil feedstocks and the already established technology to produce chemicals from fossil fuels, building on many decades of improvements and optimisation. Moreover, biobased product should be always proved to perform at least as well as their petrolchemical counterpart and to have a lower overall environmental impact. Indeed, the high functionality of chemicals derived from biomass often leads to the formation of many side products which also need to be valorised.

Biobased and circular economy

Biobased and Circular economy The economy in which biomass from crops and side-streams from agriculture, forestry, marine sources and the food industry is used for food, feed, and non-food applications such as materials, chemicals, transport fuels, and energy is defined as the biobased economy. A transition is needed from fossil based economy to a biobased economy as it offers a future opportunity to reconcile economic growth with environmentally responsible actions. As previously mentioned, multiple drivers are supporting this transition:

• the possibility for many countries to limit their dependency on fossil fuels imports by diversifying their energy sources

• the anticipation that oil, gas, coal and phosphorus will reach peak production in a near future

• the necessity for many countries to develop diversified energy sources

• the need to reduce the global harm to the environment

• the need to stimulate regional and rural development

In order to scale up and create a bridge between biobased economy and green chemistry and to achieve the sustainability goals, the concept of a circular economy was introduced. It can be described as a system in which the value of products, materials and resources are maintained in the economy for as long as possible, thus replacing the extract-process-consumption-disposal concept. This is done for example by reducing waste, using renewable energy, and avoiding toxic chemicals [START_REF] Kaur | Current opinion in green and sustainable chemistry[END_REF]. This concept has been strengthened by the introduction of a European Union Action Plan, aiming at a concrete implementation of circular economy by (i) developing quality patterns for secondary raw materials to find their space in the market, (ii) planning actions to improve recyclability, durability and reparability of products, and (iii) revising regulations to push bio CHAPTER 1. INTRODUCTION or waste-based products in the market. In order to succeed, it is necessary to integrate the concept of green chemistry and sustainable development in a circular economy through the development of greener and renewable processes with high production efficiency and yield, and generating reduced waste. In contrast with a linear economy, circular economy is based on three-way collaboration between industry, government and society. Industry should start adopting new, more sustainable feedstocks and processes, governmental legislation should be supportive and we should all discourage the "throw away society" [START_REF] Clark | Current Opinion in Green and Sustainable[END_REF]. The key factors contributing to circular economy are the source of the product (i.e. renewability and low-cost origin), biodegradability, recyclability and potential re-use applications. One of the most striking examples of linear economy is the plastic economy. Today's plastic generates significant negative after-use effects through degradation of natural ecosystems in particular ocean pollution, greenhouse gas emissions from incineration and health and environmental concerns. Therefore, the development of a new circular plastic economy is becoming urgent and the use of renewable and biobased feedstocks could effectively contribute to this transition.

Biorefinery

The manufacturing industry has been associated with petroleum refining since the early 20th century. In order to ensure sustainable development, this has to change and move towards renewable, more environmentally friendly and safer ways to substitute products currently based on the petrochemical industry. However, the tools used for petroleum valorisation in the chemical industry are not applicable for the valorisation of biomass. Due to its complexity and high degree of functionality, biomass valorisation relies on the removal of functionality in a selective manner, which is the complete opposite of petroleum valorisation. Carbohydrates are solids, and thus most often need to be processed in a solvent, and do not tolerate the high temperatures commonly used for petroleum refining. Thus, a major factor in the transition towards a sustainable economy is determined by the development of new biorefinery processes. Biorefinery identifies the sustainable processing of biomass to obtain commercial products including energy, goods, feed, chemicals and materials. The key for a successful biobased economy is the realisation of biorefinery systems relying on highly efficient and cost effective processes [START_REF] De | Task42 Biorefinery[END_REF]. Many different options have been studied for the conversion of biomass into valuable products, including thermochemical, chemo and biocatalytic conversions. One strategy is to convert the lignocellulosic biomass by thermochemical routes. Lignocellulosic biomass is processed at high temperatures and/or pressures and the deconstruction leads to intermediates such as bio-oils by pyrolysis or synthesis gas by gasification. A second route is the fractionation of the biomass in the three main components: cellulose, hemicellulose and lignin. In this case, sugars and lignin are isolated and then further processed. Many different routes of valorisation of lignin have been proposed, but commercial processes are still to be further developed. Cellulose and hemicellulose valorisation has been widely developed, typically relying on the hydrolysis of the polymers to the individual sugar monomers. Further conversion can then yield to production of polyols or alkanes by hydrogenolysis or ethanol by fermentation. Acid-catalysed conversion can be used to produce renewable building blocks such as hydroxymethylfurfural (HMF), levulinic acid (LA) and furfural (FF). Furans are one class of compounds derived from sugar dehydration processes which are commonly accepted to have high potential in the production of chemicals and fuels. Bozell et al. [16] published in 2010 an updated list of the top 10 biobased chemicals, based on a previous evaluation of the U.S. Department of Energy (DOE), where HMF, FF, LA and 2,5-furandi-carboxylic acid (FDCA) are mentioned [16,[START_REF] Werpy | Top value added chemicals from biomass: volume I-results of screening for potential candidates from sugars and synthesis gas[END_REF]. The growing interest to develop sustainable biomass conversion processes at large scale has been exemplified by the SME Avantium, a Dutch company who are a market leader in renewable chemistry. Avantium are playing a key role in the industrialisation of FDCA and FDCAbased polyesters, by developing an industrially viable production route through 5-alkoxymethylfurfural (RMF) and synthesising FDCA-based polyesters on tonscale. As previously mentioned, biomass conversion processes can lead to the formation of many side products which should be considered in the valorisation process. One example is humins, a by-product from dehydration reactions of biomass-derived carbohydrate. Humins are carbonaceous, heterogeneous, polydisperse macromolecules. Although it has been almost a century since humins were observed for the first time, only recently there has been a growing interest in the formation and the characterisation of humins. Humins have been considered for decades simply as waste, and the focus has always been set on the minimisation of this side product. Nonetheless, these attempts have not been successful and nowadays humins are generally accepted as a co-product which needs to be valorised. One example of a process which is affected by the formation of humins is the above mentioned process of conversion of sugar to FDCA, used by Avantium.

The HUGS project

The HUGS (HUmins as Green and Sustainable precursors of eco-friendly materials and biofuels) project, of which this thesis work is part of, was founded in the frame of the Horizon 2020 European program. Horizon 2020 is the largest EU Research and Innovation program ever, funding nearly €80 billion over 7 years (2014 to 2020) to support sustainable development. The HUGS project discloses an integrated multidisciplinary project with involvement of a high-tech SME (Avantium), two research centers (INERIS and LIKAT) and 3 world class universities (Université Côte d'Azur with the Eco-Friendly Materials and Polymers Team, Universidad de Cordoba, Université de Compiègne) involved in sustainable chemistry. The research focuses on side-stream valorisation of FDCA/PEF polyester production process developed by Avantium. The main goal of the project is to provide breakthrough knowledge on humin co-products by coordinating different research subjects, mainly involving: The work done in the frame of this doctorate research has been related to the development of high-value materials based on humins. To meet this goal, first focus was on understanding humins structure and thier properties as macromolecular system. Then, the work mostly focused on the valorisation of humins as new thermoset resins to be used in composite applications or in combination with other systems. This work is the result of the joined force and a strong collaboration between industry (Avantium) and academia (Université Côte d'Azur, Eco-Friendly Materials and Polymers Team).

Objectives of the thesis work

During my PhD, I spent a total of 18 months at Avantium and 18 months at Université Côte d'Azur, spread over the 3 years of PhD.

• Chapter 1 is an introductory chapter presenting the context of this research and the current international concerns about the need to move towards a more sustainable world.

• Chapter 2 includes a bibliographic section, introducing the lignocellulosic biomass and its potential and presenting the state-of-art of humins. Special attention is paid to materials with properties similar to humins.

• Chapter 3 focuses on the thermal properties of humins and its ability to cross-link to obtain high-value thermoset materials. cross-linking parameters were studied by DSC, rheology and kinetics analysis to better know the optimal conditions for processing humins

• Chapter 4 reports potential applications of humins as a thermoset resin in composites applications. Humins are used in combination with natural fibres and compared with another biobased furanic counterpart, polyfurfuryl alcohol. Attention is also paid to compression molding conditions to obtain the best mechanical properties. Furthermore, humins are also combined with glass fibres to obtain composites with superior properties.

• Chapter 5 presents a novel process to separate humins into two different, valuable phases which can be used for other different applications. The chapter focuses on the characterisation of these two phases and presents possibilities to make high-valued materials by their valorisation.

• Chapter 6 includes the general conclusion and perspectives of this research work.

Chapter 2

State of the art CHAPTER 2. STATE OF THE ART 2.1 From biomass to green building blocks

Lignocellulosic biomass

Biomass and biomass-derived materials have been highlighted as the most promising alternative to fossil resources. Biomass is the only resource of sustainable and renewable carbon which can be used for the production of fuels and chemicals. Nowadays, most of the biofuels and biochemicals are produced by the so-called first-generation biomass related to a feedstock which is generally edible, the most common being corn starch, sugar cane, sugar beet, maize and edible oil seed. However, the use of first generation feedstock has recently been discouraged by governmental fuel policies such as the Renewable Energy Directive in Europe [18] and it is also not well perceived by the general public. Indeed, the use of food crops may have an impact on land used, biodiversity and food prices as it competes with food production [7,[START_REF] Mariscal | [END_REF][START_REF] Naik | Renewable and sustainable energy reviews[END_REF][START_REF] Marriott | [END_REF]. For these reasons, there has been an increasing demand to move towards lignocellulosic feedstocks, the so-called second-generation biomass, representing the non-edible portion of the plant, and therefore do not compete with food supplies [START_REF] Marriott | [END_REF]. Lignocellulosic biomass is the most abundant organic raw material on Earth and represents the major portion of the world's annual production of renewable biomass [START_REF] De | Bioenergy research: advances and applications[END_REF][START_REF] Isikgor | [END_REF]. The structure of lignocellulosic biomass is quite complex, thus the main challenge is to develop cheap processes for the extraction of fermentable sugars for cost-competitive production. A single plant cell is constituted of two primary domains: the protoplast and the cell wall. The protoplast is the sum of the living contents that are bound by the cell membrane. The cell wall is the non-living matrix, and the main source of carbohydrate. It includes the middle lamella, the primary cell wall, and the secondary cell wall. The main components of the cell wall are cellulose, hemicellulose, and lignin, present in different quantities depending of the feedstocks. A very small fraction is constituted of pectin and minor amounts of structural protein. All these components are bound together, determining the structure and properties of the plant. The middle lamella mainly consists of lignin or pectin, depending on the botanical origin, and connects the adjacent cell walls. The primary wall is characterised by a largely random orientation of few cellulose microfibril layers. The main source of lignocellulose is found in the secondary wall, which is the thickest part of the cell and where there are potentially up to hundreds of microfibrils. The cellulose fibres are embedded in a matrix of hemicellulose and, in primary cell walls, pectin. In secondary cell walls, the polysaccharide network is impregnated and coated by lignin, which provides rigidity and strength [START_REF] Marriott | [END_REF][START_REF] Ansell | Wood Composites[END_REF][START_REF] Gandini | [END_REF][26]. Cellulose is the most abundant component of lignocellulosic biomass, accounting for 40-45 %, and is the most common organic polymer, representing about 1.5 10 12 tons of the total annual biomass production.

Cellulose is considered an almost inexhaustible source of raw material for the increasing demand of environmentally friendly and biocompatible products [27].

Cellulose is a linear polysaccharide with a molecular repeat unit comprised of Dglucopyranose units joined by β1, 4 glycosidic oxygen linkages around which the molecular chain can bend and twist. The building block for cellulose is an anhydroglucose unit, as such the repeating unit in cellulose is a two-sugar unit. The main cellulose chain is represented in Figure 2.1.1.The monomers are randomly oriented and they tend to form hydrogen bonds between the glucopyranose units and between the different chains. Thus, cellulose can be highly packed and crystalline regions can form. Most wood-derived cellulose may contain as much as 65 % crystalline regions, while the remaining portion is referred to as amorphous cellulose [START_REF] Isikgor | [END_REF][START_REF] Ansell | Wood Composites[END_REF]28]. Cellulose and hemicellulose act as supporting and scaffold substances. Hemicellulose accounts for 15-25 % of the lignocellulosic biomass composition and is intimately associated with cellulose. The structure of hemicellulose is more complex as it is usually constituted by more than one type of sugar unit, some of them represented in Figure 2.1.2. It might be composed by C5 units such as xylose or arabinose, or C6 sugars such as mannose, glucose, galactose or rhamnose. Hemicellulose composition can vary strongly based on the type of plant and on the geographical area where it grows. In most cases, xylose is the most abundant sugar present in the structure. Hemicellulose is constituted by shorter polymeric chains, with usually 500 -3,000 units, and is amorphous. For this reason, hemicellulose is easier to solubilise and hydrolyse compared to cellulose. Hemicellulose forms a complex network of bonds in the plant cell walls to provide structural strength by linking cellulose fibres into microfibrils and cross-linking with lignin [START_REF] Isikgor | [END_REF]29].

Lignin is a three-dimensional, mainly aromatic polymer of phenylpropane 

Biomass conversion to sugars

Lignocellulosic feedstocks consist of 65 -85 % carbohydrates, mainly polysaccharides and are therefore one of the preferred feedstock for the development of large scale biorefineries. This is favoured by the abundance of raw materials and CHAPTER 2. STATE OF THE ART their possible conversion to both traditional petrochemicals and to novel biobased products. Sources of carbohydrates include conventional forestry, wood processing by-products (e.g. wood chips, sawdust, bark, pulp and paper industrial residue as black liquor), agricultural crops and surpluses (e.g. corn stover, wheat and rice straw), and so-called "energy crops" grown on degraded soils (e.g. switchgrass, Miscanthus, willow) and aquatic biomass (e.g. algae, seaweeds) [START_REF] De | Bioenergy research: advances and applications[END_REF]. The great value of lignocellulosic biomass relies on its potential to extract C5 (xylose, arabinose) and C6 (glucose, mannose, galactose, rhamnose) sugars which can be further dehydrated and converted into platform chemicals [START_REF] De | Bioenergy research: advances and applications[END_REF][START_REF] Kamm | Biorefineries-Industrial Processes and Products: Status Quo and Future Directions[END_REF]. Unlike in traditional first generation sources of sugar, such as starch, sugar beets and sugarcane, the sugar-precursors in lignocellulosic biomass are protected by a surrounding matrix of lignin. This complex structure makes the hydrolysis of cellulose to fermentable sugars and other organic compounds challenging. For this reason, pretreatment of the lignocellulosic feedstock is of major importance. Pretreatment aims for alteration of biomass by the removal of lignin and disruption of the crystalline structure of cellulose, so that the acids or enzymes can easily access and the hydrolysis of cellulose and hemicellulose can occur more easily and with greater yields. Pretreatment is one of the most expensive steps in the biomassto-chemicals process. Physical pretreatments can be applied, such as mechanical extrusion, milling, ultrasound or pyrolysis. Another type of pretreatment are chemical pretreatments. Some examples are liquid hot water, steam explosion, weak or strong acids hydrolysis, alkaline hydrolysis and "organosolv" processes. Many different products are yielded depending on the choice of pretreatment, which should thus be chosen depending on the objective of the biomass conversion. Moreover, other parameters might influence the choice of the pretreatment, such as economic and environmental impact [START_REF] Harmsen | Literature review of physical and chemical pretreatment processes for lignocellulosic biomass[END_REF][START_REF] Kumar | [END_REF][36]. Ideally, the most valuable pretreatment technology should allow all three major components of the biomass to be obtained at high yields and purities. Organosolv fractionation is a pulping technique that uses an organic solvent to solubilise lignin and hemicellulose, and seems to be the most promising technology to achieve this goal. Originally, organosolv processes have been used as an alternative for pulping technology, but has nowadays been further developed as fractionation technology to produce biobased products in the context of biorefineries. This process is based on biomass fractionation with aqueous organic solvent mixtures, such as acetone, ethanol, methanol or acetic acid, at a concentration of 40 -80 %, and is typically carried out at 160 -200 ℃ for 60 -180 minutes. This process allows the solubilisation of lignin and the hydrolysis of hemicellulose mainly into xylose, although a signifi-cant part of the xylose may also be converted into furfural. Cellulose can usually be recovered by solid-liquid separation [37].

Once the three main components have been successfully separated, further processes are needed for the conversion into fuels and chemicals. Valorisation methods for the cellulose and hemicellulose are quite developed, and typically consist of hydrolysis of the polymers into single monomers. Cellulose can be decomposed into glucose, an important building block for several chemicals and fuels, by acid-catalysed reactions or enzymatic hydrolysis. Glucose formation by treatment of wood was first reported in 1819 by the French plant chemist H. Braconnot, who described a process with the use of concentrated sulfuric acid. A few years later, in 1855, G.F. Melsens showed that the same process could be obtained with the use of dilute acid. Two general approaches are now known for sugar formation via acid hydrolysis: using concentrated acids at low temperature, or dilute acid at high temperature [START_REF] Kamm | Biorefineries -Industrial Processes and Products: Status Quo and Future Directions[END_REF]. The two main industrial saccharification processes of lignocellulose were developed between 1930 and 1960 and are mainly based on the so-called wood saccharification by the Bergius (Bergius-Rheinau process) and Scholler (Scholler-Tornisch process) [START_REF] Kamm | Biorefineries -Industrial Processes and Products: Status Quo and Future Directions[END_REF]. Alternatively, cellulose can be hydrolysed by enzymes, such as cellulase, an enzyme complex consisting of endoglucanase, cellobiohydrolase, and β-glucosidase, which is currently the most commonly used technique [START_REF] Dhepe | [END_REF]. Enzymes exclusively catalyse specific reactions and therefore there are no side reactions or by-products and the hydrolysis can potentially be performed with yields approaching 100 % [START_REF] Kamm | Biorefineries-Industrial Processes and Products: Status Quo and Future Directions[END_REF][START_REF] Kamm | Biorefineries -Industrial Processes and Products: Status Quo and Future Directions[END_REF]40]. In the case of hemicellulose, acid-catalysed dehydration is preferred over the enzymatic treatment. Depolymerisation of hemicellulose yields the formation of several feedstocks including glucose and other C6 (mannose, galactose, rhamnose) and mainly C5 sugars (xylose, arabinose) [START_REF] Kamm | Biorefineries-industrial processes and products[END_REF]. Lignins have been suggested as a precious feedstock to produce aromatic chemicals. Nevertheless, there are still some challenges to overcome for the development of an economically viable process for a added-value valorisation of lignin due to its complex tridimensional structure [START_REF] De | Bioenergy research: advances and applications[END_REF].

Sugar conversion to building blocks

C6 and C5 sugars obtained by cellulose and hemicellulose hydrolysis are the platform chemicals to produce two of the most interesting biobased building blocks: furfural (FF), derived from the dehydration of pentose, and 5hydroxymethylfurfural (HMF), derived from the dehydration of hexoses. HMF can then be further converted into levulinic acid (LA), formic acid, and many other monomers considered very promising biobased-derived chemicals [START_REF] Corma | [END_REF]. Different routes for the formation of these compounds have been proposed and several applications have been suggested. One reason why these monomers are so interesting for the development of a biobased economy is that they present some analogies with many well-known aliphatic and aromatic counterparts derived from fossil resources. The main difference is that they contain a furan heterocycle instead of an aromatic cycle [START_REF] Gandini | [END_REF]26]. Typically, they can undergo polyaddition and polycondensation reactions to form polymers in which the furan ring is pendant to the chain. Many polymers and copolymers obtained from these biomass-derived monomers have been compared with petrochemical alternatives. Some of the novel furan macromolecules turned out to be entirely compatible, and sometimes more promising than their fossil-based counterparts [START_REF] Isikgor | [END_REF][START_REF] Gandini | [END_REF]26].

5-hydroxymethylfurural

5-hydroxymethylfurural (HMF) is synthesised by acid-catalysed dehydration of hexoses, mainly glucose and fructose. Oligo-and polysaccharides and converted industrial waste can also be used as HMF sources. Dehydration of hexoses has been largely studied, and it can in general be categorised into two possible pathways, based either on acyclic compounds or on transformation of ring systems. Many types of catalysts can be used for the dehydration of hexoses, which can be categorised as: organic and inorganic (mineral) acids, organic and inorganic salts, Lewis acids, and others (ion-exchange resins and zeolites). The chemistry of the formation of HMF is highly complex as it includes, besides dehydration, several side reactions such as isomerisation, fragmentation, and condensation. Thus, the yields of the process might be strongly affected. Fructose is the most convenient feedstock for the synthesis of HMF, converted through acid-catalysed dehydration [START_REF] Corma | [END_REF]. HMF is a very important chemical platform for the synthesis of several furan derivatives. Among them, 2,5-furandicarboxylicacid (FDCA), hydroxymethylfuroic acid, 2,5-diformylfuran, 2,5-diaminomethylfuran, and 2,5bishydroxymethylfuran hold high industrial potential as very versatile intermediate chemicals. Indeed, they are six-carbon monomers and could replace other fossil-based chemicals such as adipic acid, alkyldiols, or hexamethylenediamine in the production of polymers [43]. Some of these derivatives are already starting to claim their place in Today's market. For example, Avantium is currently developing a 100 % bio-based polyester, called poly(ethylene 2,5-furandicarboxylate) (PEF) to replace fossil-based polyethylene terephtalate (PET) in applications such as bottles, fibres and film, starting from sugar derived FDCA [START_REF] Isikgor | [END_REF]. HMF can also be used for the synthesis of ethers which find applications as fuel [44]. Even though the synthesis of HMF from hexoses has been studied for many years, scientists are still struggling to find the most suitable catalytic system and the best reaction medium. Indeed, besides HMF formation traces of various other dehydration products, such as levulinic acid and polymeric side products called humins are still obtained [START_REF] Corma | [END_REF].

Levulinic acid

In 1840 Mulder reported for the first time the synthesis of levulinic acid (LA) by heating fructose with hydrochloride [45]. Although this molecule was studied for many years, it started gaining commercial interest only in the 1940s when LA production was begun in an autoclave in the United States by A. E. Staley, Dectur, Illinois [START_REF] Kamm | Biorefineries -Industrial Processes and Products: Status Quo and Future Directions[END_REF]. Nowadays, LA is recognised among the most interesting biobased platform chemicals. The interest of LA relies on its simple and relatively high yield production from acid treatment of C6 sugars. Nonetheless, its isolation and purification can be quite complex due to the presence of intractable materials. For this reason, research is still widely involved in studying the complex mechanism behind its formation. extensively studied the formation of LA and its intermediates from both monomeric sugars and cellulose. It was concluded that sugar dehydrates to form HMF as an intermediate and readdition of water to HMF induces ring cleavage to form LA and an equivalent of formic acid. It was observed that reactions to form LA also bring the formation of humins from the starting sugar, or from intermediate HMF. An example of a high yield industrial production of LA is the Biofine technology. The company Biofine renewables is using a process to obtain LA from C6 polysaccharides using a proprietary two reactor system to minimise the conditions suitable for side product formation [50]. LA is an important platform to produce many different chemicals [16]. Supported heteropoly acids (HPAs) catalysts can be used to convert LA into diphenolic acid, a potential green replacement for bisphenol A, also used in lubrificants, adhesives or paints [51]. Ketals of LA have been reported as source of new biobased monomers and polymers for applications such as solvents, polyurethanes and thermoplastics [52]. LA can also be converted to methyltetrahydrofuran, a solvent and fuel extender [53].

Furfural

Furfural (FF) is commonly derived from hemicellulose or other pentose-rich polysaccharides (xylose, arabinose) but other carbohydrate feedstocks, such as alginate derivatives, could also be used [29]. Examples of FF feedstocks are corn cobs, oat and rice hulls, sugarcane bagasse, cotton seeds, olive husks and stones, as well as wood chips. FF production from pentose dates back to an industrial technology developed in 1922 by the Quaker Oats Company. This company has been a pioneer in technologies coupling food, i.e. oat flakes, production and chemical products obtained from waste [START_REF] Kamm | Biorefineries -Industrial Processes and Products: Status Quo and Future Directions[END_REF]. At present, FF is mainly commercially produced through the acid-catalysed transformation of C5rich carbohydrates or as a co-product of several biomass valorisation processes such as the above mentioned Biofine process for LA production or HMF production via the dehydration of lignocellulosic biomass [54]. FF synthesis involves C5 polysaccharide hydrolysis to monosaccharides (primarily xylose), then further dehydration to FF. The main drawback in FF production is the relatively low yield, corresponding to about 50 %. Its conversion drives several undesired side reactions, including humins formation via condensation with reaction intermediates, FF resinification and fragmentation or decomposition reactions of xylose [START_REF] Mariscal | [END_REF]. As a molecule platform chemical, furfural permits the production of a wide range of chemicals with different properties. FF can be used as solvent, can be converted into liquid fuels with interesting fuel characteristics or can be used to produce thermosets [29,55]. The most common application of FF is its conversion to furfuryl alcohol (FA). FA has attracted considerable attention in several applications involving carbonaceous materials through its polymerisation to obtain polyfurfurylalcohol (PFA) [56].

Methyl levulinate

Another promising class of biomass derived chemicals is levulinate esters. They can be employed in a wide range of applications such as fragrances, herbicides, cancer therapeutics, and as oxygenated additives for gasoline and diesel transportation fuels. Methyl levulinate (ML), in particular, possesses great potential as platform molecule, due to its transformable keto and ester group, or can be employed as a flavoring agent. Methyl levulinate is a side-product to Avantium's sugar-to-FDCA process, as well as a by-product in the aromatic production from liquefaction and fractionation of lignocellulosic biomass under subcritical methanol conditions [54,57].

As has arisen from this overview multiple times, one important issue in the process of converting lignocellulosic biomass into chemicals in acidic conditions is the unavoidable, and sometimes extensive, formation of side products, in particular humins formation. Humins formation was first reported in 1840 [45], when this term was first used to referred to the solid materials formed during acidcatalysed dehydration of sucrose. In the past, humins has been often referred to as humin-like substances [58], humic solids [59,60] or biofine-char [50]. The amount of humins formed can strongly vary depending on the process conditions used. Besides the intense research involving avoiding humins formation, it was shown to be unavoidable. Some authors reported that HMF synthesis drive the formation of 8 -20 % of humins, while 16 -34 % of humins is derived from fructose conversion [61] and 32 % from glucose conversion [62] using a homogeneous mineral acid in water. The above mentioned Biofine technology results in up to 30 % of the carbohydrate source ending up as humins [50]. Humins formation strongly hinders the development of commercial and environmentally valuable processes for acid-catalysed biomass conversion. Indeed, humins forma-tion leads to decreased yields, limiting the efficiency of the process, and might induce clogging of the reactors and other related problems. Not much attention has been paid so far to study humins themselves, as the focus has always been on finding new methods to avoid their formation. Only in the last few years, researchers have started to look for valorisation solutions by converting humins via thermochemical or catalytic routes or by applying humins in functional materials applications. In the next section, an overview of the formation of humins, its structure and properties and some potential applications are presented.

CHAPTER 2. STATE OF THE ART

Humins

Formation of humins

Humins are almost unavoidably formed during acid catalysed conversion of the carbohydrate fractions of biomass to produce chemicals. HMF, LA and FF are the main renewable building blocks obtained from acid catalysed dehydration of the neutral monomeric C5 and C6 carbohydrates. Rehydration of HMF under acid conditions leads to the formation of levulinic acid and formic acid, which cannot occur directly from sugars [43]. The formation of humins is also acid-catalysed, bringing up the problem of selectivity and requiring careful selection of reaction conditions. Several attempts have been made to limit humins formation, and insights on the optimal conditions for the sugar conversion process were proposed. In 1977 Kuster pursued deep research studying the effect of pH [63], water concentration [64] and catalyst concentration [61] on the dehydration process of fructose. Fructose was chosen rather than glucose as it was previously observed that HMF formation from fructose is much faster, which was later confirmed by 13C NMR studies [65]. Kuster's work gave insights on the positive effects of the addition of organic solvents into aqueous systems. Polyethylene glycol was added in the reaction mixture in different concentrations, showing that it was very beneficial to the formation of HMF as it accelerates its formation while its rehydration to LA was retarded. In the presence of this solvent, humins did not precipitate as they dissolved in polyethylene glycol [64]. This result led to major changes in the carbohydrate dehydration processes to HMF. Numerous homogeneous and heterogeneous catalysts have been studied to further improve the sugar dehydration to HMF in aqueous system. An almost complete conversion of fructose to HMF was claimed, using 25 mol % boron trifluoride etherate catalyst [66] and N H 4 Cl in organic solvents [67]. However, some results appear inconsistent due to limitations of the analysis method. Several researchers started working also on glucose dehydration with catalysts. The most used catalysts for C6 conversion to HMF and LA are homogeneous mineral acids, such as H 2 SO 4 and HCl. To increase the rate of isomerisation from glucose to fructose, the addition of a Lewis acid was reported by some authors [43]. Yields from glucose to cellulose were observed to be relatively low when using heterogeneous catalyst. Nevertheless, some promising results have been obtained. A high yield of levulinic acid was observed by converting microcrystalline cellulose over a new solid acid catalyst, sulfonated chloromethyl polystyrene resin [68]. Promising results regarding HMF formation were obtained by using titanium and zirconium catalysts [43]. The focus has also been set on screening different organic solvents. Dimethyl sulfoxide (DMSO) and Dimethylformamide (DMF), as well as some other polar aprotic solvents, have been widely studied for dehydration reactions under various condition. When alcohols were chosen to perform dehydration reactions, formation of HMF ethers or LA was observed instead [43,69].

All these several attempts were precious for improving the process conditions for sugar conversion into valuable renewable building blocks. Nevertheless, humins was always observed to be a by-product of the reaction.

Kinetics and mechanism

The process for the dehydration of sugar has been widely studied, and several kinetic models have been proposed. Few of them also include insights on kinetics and mechanism of formation of humins. An early study on the kinetics of formation of LA and HMF from fructose, including formation of humins, was proposed by Kuster et al. [61]. The rate determining step was suggested to be the formation of the enediol from fructose. Sucrose, after fast hydrolysis, would yield HMF at the same rate as fructose. The formation of 2-(2'-hydroxyacetyl)furan in parallel to HMF was suggested to mainly contribute to the formation of humins. It was also shown that by increasing the initial concentration of fructose and HMF, the final yield of LA decreased while the amount of humin formed increased. At constant initial substrate concentration, humins formation was observed to be of an overall order 1.3 in an intermediate between fructose and HMF, and 1.7 in an intermediate between HMF and LA. A few years later, Horvat et al. [70,71] proposed a new formation pathway for LA and humins from HMF. The research indicated that humins formation was initiated by 2,3-addition of water leading to the formation of 2,5-dioxo-6-hydroxy-hexanal (DHH), which polymerises to form humins. Several intermediates were detected by 13C NMR but not DHH, which was believed to polymerise too fast. Girisuta et al. reported of the kinetics of the acid catalysed decomposition of glucose [47], HMF [46] and cellulose [48] into LA in a wide range of process conditions. The work included for the first time the kinetics of the reactions leading to humins, with the goal of finding the optimum process conditions to reduce their formation and to achieve the highest LA yield. It was indicated that a high concentration of sulphuric acid as the catalyst, the use of a reactor configuration with a high extent of back-mixing and low reaction temperatures can contribute to increase the yield of LA. Nevertheless, humins were always observed as by-product. Self-condensation of HMF has also been suggested to form both soluble polymers and insoluble humins [72], but this hypothesis has been rejected by other authors [73]. Xylose dehydration to form furfural also drives the formation of humins, which were suggested to be formed by a reaction between furfural and xylose [74]. The acid-catalysed conversion of sugars was studied by Lund et al. [75,76], who proposed a new path for humins formation, and the resulting chemical and physical structure. The study showed that selectivity for LA relative to humins was not a particularly strong function of temperature while, it was increased by higher acid concentration. Humins obtained by catalytic conversion of glucose, fructose and HMF were compared and no significant differences were observed among the different experimental results. Evoking the previous theory from Horvat, it was postulated that all the different species are first converted to HMF and then DHH to form humins. As DHH is highly reactive, it probably rapidly undergoes aldol addition/condensation with any aldehyde or ketone available. When considering the conversion of cellulosic biomass to chemicals, the humins formation pathway proposed included sequential hydrolysis to glucose from cellulose entails, dehydration of the glucose to HMF, formation of DHH from HMF, and aldol addition/condensation polymerisation of the DHH (Figure 2.2.1) [76]. Dee et al. [77] carried out a study concerning acid-catalysed hydrolysis of cellulose dissolved in ionic liquids with particular attention on the formation of by-products depending on the process conditions. It was observed that when the ratio of glucose dehydration to HMF was inhibited, the formation of humins was also limited. This leads to the hypothesis that humins form through condensation of HMF with glucose. For long reaction time, the yield of humins was observed to increase, suggesting that the conversion of glucose to humins is faster than the dehydration of glucose to its dehydration products. Moreover, the increase in acid concentration was also associated with maximum HMF and humins yields. Based on these observations, a new mechanism of humins formation was proposed (Figure 2.2.2), suggesting initiation by protonation of the aldehyde function of HMF and subsequent reaction with a monosaccharide. Sumerskii et al. [58] studied humins formation from monosaccharides, disaccharides, and furan compounds under the conditions of acid hydrolysis of wood. Two different pathways were proposed depending on the feedstock. In case of hexoses, HMF polycondensation occurs by the mechanism of electrophilic substitution, leading to humins formation, with the formation of ether or acetal bonds et al..[77] between rings. When using pentoses as feedstock, furfural polycondensation occurs by aromatic electrophilic substitution with the formation of carbon-carbon bonds between rings. Weingarte et al. [62] developed a kinetic model to maximise HMF and levulinic acid yields with a homogeneous acid catalyst. The model was built on the assumption that HMF undergoes two parallel reactions, i.e. levulinic and formic acid formation and humins formation. Glucose also undergoes two irreversible parallel reactions, one of which indicates degradation to form humins. It was again observed that low temperature maximises LA yield, decreasing humins formation. The acid catalysed conversion of fructose to HMF in different solvents was studied by Akien et al. [78]. Several intermediates and different reaction paths were identified (Figure 2 was carried out to obtain insights in the pathway for obtaining HMF and LA with considerations to humins formation. The results confirmed again the hy-pothesis that HMF holds a key role in the formation of humins [79]. Formation of humins and their molecular structure and morphology were extensively studied by van Zandvoort et al. [80][81][82]. The extent of humins formation in the conversion of carbohydrates to HMF, LA, or FF was investigated by using process conditions simulating the operating window typically expected in biorefinery operations. The study showed that the acid-catalysed dehydration of fructose yielded more humins than glucose or xylose. It was confirmed that a higher HMF concentration follows a higher humins concentration, as observed in previous studies [75], and that humins formation was strongly dependent on reaction temperature and acid concentration rather than sugar concentration. A new formation pathway was proposed, indicating that sugar, HMF and intermediates were involved in the humins formation thus showing that humin formation included other reactions rather than aldol condensations [80].The same author [80] also proposed that condensation reactions between HMF molecules occur mainly through linkages at the α-position or through substitutions at the β-position resulting from nucleophilic attack of the furan ring on the carbonyl group of HMF. Rehydration products such as DHH and partially LA are included in humins formation via aldol condensations with the aldehyde functions of HMF or DHH itself. Tsilomelekis et al. [83] suggested that humins formation involves multiple parallel reaction pathways and confirmed the previous hypothesis from van Zandvoort proposing nucleophilic attack of an HMF carbonyl group to the α-or β-position of the furanic ring. Later, the same authors also published a study proposing different formation pathways depending on the catalyst used for sugar dehydration. The possibility to obtain humins by fragmentation of glucose and fructose prior to the formation of HMF was suggested [84].

Humins structure

Humins were mentioned for the first time in 1840 by Mulder [45] in a study related to the acid-catalysed dehydration of sucrose. The elemental composition of humins was reported to be 64 -65 wt% C, 31 -32 wt% O and 5 wt% H. One century later Schweitzer [85] related for the first time humins formation to caramel. Humins are here intended as a brown or black product formed by several different reactions, ranging from carbohydrate decomposition in acidic conditions to oxidation of polyhydric phenols or formation of garden soil humus. The first proposal for a fragment of the molecular structure of humins, shown in Figure 2.2.4, is based on the hypothesis that humins are formed by condensation of hymatomelanic acid (C 12 H 10 0 5 ) n , with several dehydration products formation defining the molecular length. In its paper, Schweitzer reports that "The humins have become very important (due to) the conflict which arose over the occurrence of these natural products" [85]. Nonetheless, very few studies reported on humins characterisation for the following 50 years. An interesting research from 1988 concerning the degradation of hemicellulose and cellulose to obtain insights into the hydrothermal pretreatment of lignocellulose also reported about the formation of humins. Depending on the feedstock, pH and reaction time, different carbon contents were observed, ranging from 56 wt% to 62 wt%. An unidentified soluble compound with a molecular weight of 500 Da is pointed as the humins precursor [60]. It is only during the 21st century that researchers started focusing more and more on the characterisation of humins. Understanding the formation and structure of this macromolecule is essential for process optimisation and by-product valorisation. Humins characterisation was reported by Girisuta et al. [46] who studied the reaction of HMF to LA with formation of humins. Elemental composition indicates contents of 61.2 wt% C and 4.5 wt% H, and Scanning Electron Microscope (SEM) images showed that humins appear as round, agglomerated particles with a diameter of 5 to 10 µm. Other authors also reported more carbon-rich humins from fructose decomposition, with a content of 65.5 wt% C and 4.4 wt% H [86]. Monosaccharides, disaccharides, and furan hydrolysis under industrial conditions and subsequent humins formation were studied by Sumerskii et al. [58]. The humins-like side-product was separated between one acetone-soluble fraction and one insoluble fraction. In both cases, depending on the process conditions, a content of roughly 65 wt% of C, 4.7 wt% of H and 29 wt% of O was found. IR spectra of the two fractions also show very similar results, indicating that the main difference could be the length and density of the oligomers or the polymers (being shorter and less dense in insoluble humins). It was concluded that humins consist of 60 % furan rings and 20 % aliphatic fragments. Sievers et al. studied the hydrolysis of sugars and pine wood in ionic liquids, and the formation of different residues [87,88].

Sugars were found to be the main building blocks of humins from 13C CP-MAS NMR spectra. Humins were identified as the product of condensation reactions of soluble products and HMF, furfural or anhydrous sugars which might be incorporated in the humins structure. Patil et al. [75] studied humins formation and compared their structural features when obtained by glucose, fructose or HMF conversion. IR spectra indicated that humins hold the furan ring and hydroxymethyl group of HMF but not the carbonyl group. Moreover, IR spectra were shown to change little with reactant conversion, while humins particle morphology observed by SEM presents major changes. Less and less spherical particles are observed as the reaction proceeds, while the irregularly shaped particles increase. When comparing humins from different feedstocks, they observed that there are some differences in the spectra. Following the hypothesis that DHH is a key platform in the formation of humins, the differences are explained as the origin of aldehydes and ketones that are available to react with DHH. This is deduced as humins from different feedstocks having the same DHH-derived backbone but different side groups. The extent of HMF incorporation in the humins structure depends on concentration of HMF during sugar conversion. Therefore, higher incorporation of HMF will follow fructose dehydration compared with glucose or cellobiose. The resulting polymerisation is represented in Figure 2.2.1 where the "R" side group is the one containing a furan ring. An extensive study on the formation and structure of humins was carried out by van Zandvoort et al. [80] with insights on the influence of feedstock and processing conditions. Elemental compositions of glucose and fructose-derived humins were shown to be quite similar, while xylose-derived humins have lower H/C and O/C ratios. Fewer aliphatic linkers and fewer oxygen functional groups are probably present in the structure of humins obtained from C5 dehydration. From SEM images, C6 derived humins were identified as spherical and interconnected particles of around 3-5 µm, slightly bigger when derived from fructose, while xylose-derived humins consisted of spherical, isolated particles. IR spectra of glucose and fructose-derived humins were found to be quite similar, in contrast with what was observed by Patil et al. [75,76]. However, different reaction conditions were used in the two studies. The IR spectrum of xylose-derived humins showed some distinctive features, indicating different substitution pattern of the furan rings. Solid-state 13C NMR spectroscopy was also used to obtain further information on the humins structure. The results revealed that there are no significant differences in the relative amounts of the chemical species. About 17 % of the carbon intensity was identified from alkanes, 53 % from aromatics, and 13 % from carbonyl groups. The NMR spectra of the C6 derived humins were very similar, indicating few differences in the substitution pattern of the furanic network. More significant differences were again observed when comparing with xylose-derived humins. These results showed that the morphology and composition of humins strongly depend on the composition of the feedstock. The two different proposed structures are shown in Figure 2.2.5, corresponding with glucose-derived humins and xylose-derived humins, the latter expected to be quite similar to the structure of FF resins [89]. Other research focused on investigating the effect of reaction conditions and CHAPTER 2. STATE OF THE ART HMF conversion on the structural features of humins [83]. IR spectra showed a stronger peak typical of HMF-type units in HMF-derived humins compared with glucose or fructose derived humins. Moreover, many significant differences in the IR spectra were observed with the increasing degree of conversion of humins. SEM images revealed a well-defined spherical interconnected particle structure, increasing their size with the conversion of HMF. The same group later published another study on the structural analysis of humins, stating that humins should be considered to be agglomerates of oligomeric species held together by weak interactions rather than entire macromolecules [90]. Constant et al. [91] studied carbonyl groups in biorefinery-derived humins, after development of a novel method to quantify and classify ketone and aldehyde carbonyl functional groups using 19F NMR. 6.6 wt% of carbonyl groups were determined, with both aliphatic and conjugated carbonyls being detected. When studying humins derived from biorefinery operations for the production of chemicals, the structural features of this side-product can become even more complex. In this case humins are formed together with other side-products and unconverted biomass derived molecules, which might either react and cross-link with humins or simply physically bond with the humins structure. One example is the side-product derived from the Biofine process, the so-called "Biofine char". FT-IR analysis of this side-product revealed incorporation of lignin fragments into humins. Cellulose, hemicellulose and complete lignin fractions were also identified. This overview reveals two important points:

• It is clear how the increasing concern to develop environmentally and economically valuable biomass conversion processes is driving an increasing interest also towards humins. In the last few years there has been growing attention to structural characterisation of humins, together with new insights concerning their formation. These have both a key role in aiming at either reducing the formation of humins or increasing the value of humins by valorisation, which are two interesting options. In my opinion, giving the abundance of functionalities and the interest derived from furanic structure, humins should be considered as a product to be used for high-value applications in functional materials. This has indeed been the scope of my research.

• All these studies focused on the characterisation of humins synthesised at small lab-scale. Indeed, all these studies reveal similarities in the general humins structure but also differences related to the process conditions used.

This should be kept in mind as every time a different process is used it is possible to obtain humins with very different features. Thus, it is not possible to define one unanimous humins structure as well as one unanimous humins formation pathway.

Humins applications

In the most recent few years, academia and industry have showed an increasing interest for developing applications involving humins. Indeed, as it was shown that humins formation is most likely inevitable, one solution to solve this problem might be using humins in high-value applications. In commercial processes, like the Biofine process or the YXY processes developed by Avantium, humins are nowadays burnt to feed energy into the reactor. Nevertheless, the scientific community agrees on the high potential of humins as valuable macromolecules, thus the development of new applications has now become a priority. Different routes have been proposed which will be categorised here as: i) humins depolymerisation to obtain valuable chemicals ii) humins cross-linking to obtain valuable functional materials iii) development of carbon-based materials.

Humins depolymerisation

Several treatments have been proposed for the formation of chemicals from humins, such as thermochemical conversions, hydrotreatment, oxidation, or pyrolysis. Conversion of humins by catalytic gasification has been proposed to produce H 2 . Volatile organic compounds released during heating were detected and identified. Phenols, aromatic hydrocarbons and furans were mainly detected, which can be used as source of potential chemicals or further reformed to syngas/H 2 to convert the entire humins feedstock [92,93]. Another attractive valorisation route is the pyrolysis of humins at elevated temperature (300 -550 ℃) to liquefy the product. Pyrolysis has been widely studied for the valorisation of biomass resources, and shows some advantages. Pyrolysis liquids are easier to transport compared with the solid feedstock, and high-value platform molecules can be isolated from pyrolysis oil. Humins thermal pyrolysis yields 70 % of char and 30 % of volatiles. The main components in the liquid pyrolysates after the treatments are low molecular weight furanics (furfural, 2,5dimethylfurfural), and formation of phenolics and benzofuran is also observed at high temperatures. This could be an interesting route to produce biofuels from humins or to isolate individual components to be used and platform molecules for biobased polymers [94]. A following study concerning catalytic pyrolysis of humins compared the results obtained by synthetic humins (i.e. synthesised in laboratory) and industrial humins, obtained from Avantium [95]. Thermal degradation of the two types of humins showed some significant differences. It was observed that industrial humins not only consist of condensed furanic rings but also contain trapped monomeric intermediates. Thus, the final molecular distribution after pyrolysis differs. Again, it was proved that humins can be converted into humins oil mainly containing high value, low molecular weight aromatics. Wang et al. largely studied humins depolymerisation via hydrothermal treatment [96][97][98]. The highest humins conversion achieved was 72 % [98].

The liquid products consist of mono and oligomeric compounds. Alkylphenolics, aromatics, cyclic alkanes and aliphatic hydrocarbons are detected. A maximum amount of 14 % of alkylphenolics, important intermediates in the petrochemical industry or as substitute of phenols in several applications, could be achieved. Conversion of humins to humins-oil via hydrothermal treatment was also further studied by Vlachos et al. [99]. The major products in the resulting oil were aromatic hydrocarbons, phenols, esters, ketones, and alcohols, which are valuable bulk or specialty bio-based chemicals. Nevertheless, the humins conversion and the yield of oil depend highly on reaction temperature, catalyst-to-humins ratio and reaction time, and thus a quite different product distribution can be obtained. A selective catalytic conversion of humins to short-chain carboxylic acids was also reported [100]. Formation of acetic acid and formic acid in a monophasic aqueous approach again demonstrated the potential of humins as feedstock for the production of building blocks with higher value.

Humins to polymers

Although all the above-mentioned processes are valuable valorisation solutions, they mainly involve high-temperature treatment, which makes the valorisation process potentially expensive and complex. Hence, mild thermal treatment should be investigated with economically valuable solutions for biorefineries as target. Moreover, the already existing macromolecular structure of humins is an unquestionable advantage for the formation of valuable polymers. For this reason, cross-linking of humins' macromolecules has also been investigated in material applications. Pin et al. [101,102] proofed the high potential of industrial humins as a thermoset furanic resin. Humins were polymerised with furfuryl alcohol to obtain a novel polyfuranic network and compared with neat PFA to produce cellulosic composites. The cellulosic composite processed with humins achieved improved mechanical properties, showing a less brittle behaviour. Humins were also employed as a phenol replacement for the synthesis of modified phenol-formaldehyde adhesives. In this study, humins were first depolymerised to soluble products and then further reacted with formaldehyde [103].

Humins to carbon materials

Another type of application for humins is to develop functional carbon materials. Industrial humins were used to obtain rigid carbonaceous foams by thermal treatment, and porous tailored structures were achieved [104]. Microporous humins were also synthesised in the laboratory by conversion of biomass in sulfuric acid [105]. Several applications for this type of materials have been proposed, ranging from soil improvement to energy applications or catalytic materials. The latter was indeed described in a study reporting that humin based catalytic nanocomposites were found to be highly active in the microwave-assisted oxidation of isoeugenol to vanillin [106]. The production of activated carbon from humins was also reported, showing high potential as sorbents for wastewater treatment [107,108] or possibilities as a supercapacitor electrode materials [109].

Analogies between humins and other organic compounds

Soil humin and humic acid

The name "humins" used for the by-product of biomass conversion is derived from the similarity of this macromolecule with the insoluble component of soil organic matter (SOM). Humin in soil chemistry indicates indeed what remains after extraction of the other components of SOM that are soluble in aqueous base. Insoluble soil humin, together with alkali-soluble humic acid and fulvic acid, constitutes the so-called humus, an organic component found in soil. These three groups of substances are formed by the decomposition of organic matter, called humification. Humin is usually abundant in SOM, but its complex nature made it difficult to study and characterise. The structure of humins' by-product has been associated to the one of humin in soil, although the latter is more complex and mainly phenolic rather than furanic. The major components of the soil humin are predominantly aliphatic hydrocarbon functionalities, such as those found in lipids, waxes, and suberin, which are relatively minor components of plants together with small amounts of carbohydrate, peptide, and peptidoglycans. Similar to humins by-product, the composition of soil humin also differs considerably in different SOMs [110]. Humus formation has also been related to the phenomena occurring during the acid-catalysed dehydration of carbohydrates and their comparison have been used to obtain further insights in the soil humin structure and formation [111]. The humus substances have been widely studied with several techniques, and all the developed methods for their characterisation have proved to be very valuable to characterise humins. A schematic representation of the molecular structure of humic acid is represented in Figure 2.2.6. Analogies of humins by-product structures have also been done with structure of hydrothermal carbon (HTC). HTC is a functional carbon material obtained by hydrothermal treatment of biomass, i.e. without involvement of any acidcatalyst. In this case, the process focuses on obtaining carbon material with high yield and specific properties. The state-of-art of HTC formation and characterisation have been fundamental to obtain insights in the humins structures, as similar feedstock and conditions are used [80]. Sevilla et al. [113,114] studied the chemical and structural properties of hydrothermal carbonised cellulose and saccharides over a wide range of process conditions. The resulting carbonaceous material resulted in microspheres, of which the diameter can be tuned by modifying the synthesis conditions. These spheres were proposed to be constituted by a hydrophobic nucleus and a hydrophilic shell, respectively consisting of an aromatic structure with oxygen-forming stable groups and reactive oxygen functional groups in the shell. A similar core-shell structure was also proposed for humins [80]. Formation of HTC was suggested to involve conden-sation reactions between the products derived from hydrolysis of cellulose and their aromatisation. A different structure was proposed by the group of who studied hexoses and pentose-derived HTC. It was reported that HTC are mainly constituted of a furan based structure linked together by aliphatic groups. 

Browning reactions

Food chemistry is also linked to humins through browning reactions. Nonenzymatic browning is a process which can occur in two forms: the Maillard reaction, or caramelization. The Maillard reaction was first discovered in 1912 [118] and is responsible for the browning products derived from the reaction of the carbonyl group of a reducing sugar with amino acids. The reaction product was first assimilated to natural humic materials from soil and comparisons with the formation mechanism of humins by-product were made [119]. HMF formation has also been related with Browning reactions [120,121]. Humins have also been linked with caramelization, reporting similarities between the structure of humins and caramel [85]. Caramelization occurs during dry heating and roasting of foods with a high concentration of carbohydrates. It starts at relatively high temperatures and depends on the type of sugar [43]. 

Furfural and derivatives

Humins have been very often associated with furfural derivatives, and sometimes also mistaken. FF is very sensitive to resinification, and undergoes resinification in both acid and alkaline media and, to a lesser extent, by high temperature in neutral conditions. When aqueous acidic media are used, the condensation reactions are accompanied by hydrolytic ring opening. When initially anhydrous conditions are applied FF gives self-condensation products resulting in two reactive intermediates, namely difuryl ketonic aldehyde (1) and trifurylic dialdehyde (2) [89,122]. The overall scheme of their formation and respectively structure is presented in Figure 2.2.9. Conjugated systems with strongly delocalised electron pairs are formed, which lead to black coloured materials. Compound 2 can then further condensate to form both soluble oligomers and insoluble resins. These condensation reactions are most likely to move forward polyfurylic structures in which tertiary hydrogen atoms become particularly mobile. They can therefore leave these branched oligomers and generate radicals whose macromolecular fragment is hypothetically depicted in Figure 2.2.10. [89]. It is most likely that this general resinification mechanism also occurs in the acid-and base-catalysed resinification of FF. Most of the resins derived from FF are used in applications limited to their carbonaceous structure, such as adsorption powders. However, research has focused on the combination of FF with other reagents. The most used comonomers are phenols, bisphenols and acetone. FF has been combined with acetone to form precursors to resins which have found applications as adhesives, corrosion-resistant coatings and floors for the chemical industry. Research has been focusing on the development of wood adhesives consisting of resins in which FF is used in conjunction with phenol and formaldehyde, or in which furfural-based diamines and diisocyanates were the basic components [123]. Furan resins have been extensively used as foundry binders in combination with formaldehyde, urea, phenol, and casein for decades. The main advantages of furan resins are their excellent thermal stability, and remarkable resistance to acidic conditions as well as to fire and corrosion. Furan resins have also been extensively used in formulating mortars, grouts, and "setting beds" for brick lining employed in highly corrosive environments [124]. Moreover, numerous materials for different uses have been more recently developed, including studies on chelate polymers for the adsorption of metal ions [125], nanocomposites incorporating F e 2 O 3 [126], an investigation of the reductive electrochemical polymerisation of FF in acetonitrile and the anticorrosion properties of the derived polymer [127,128]. However, the role of furfural alone or in combination with other molecules for the synthesis of polymer is eclipsed by the major impact of furfuryl alcohol in polymer technologies. Indeed, most of the furfural produced nowadays is converted to furfuryl alcohol (FA), which is considered the most important building block obtained by furfural [129]. The FA furan ring reactivity has been widely investigated for the design of new generations of biofuels. Catalytic hydrogenation reactions are a valuable route to produce gasoline components such as 2-methyl-furan (MF) and 2-methyl-tetrahydrofuran (MTHF) [55]. In basic media, FA is relatively stable but forms a highly reactive carbenium ion under acidic conditions. In dilute aqueous acid, FA is converted into levulinic acid by furan ring opening reactions [70]. Nowadays, the most important application of FA from an industrial point of view is its ability to undergo polymerisation [122].

FA can be easily polymerised through cationic condensation reactions to obtain polyfurfurylalcohol (PFA) following two steps: i) linear oligomers formation by FA polycondensation ii) Mickael addition and Diels-Alder cyclo-additions, leading to a tridimensional amorphous network with high branching density. The polymerisation reaction of furfuryl alcohol to PFA has been intensively studied under different experimental conditions, as it always leads to a black cross-linked product [89,[130][131][132][133][134]. Figure 2.2.11 shows the formation pathway of PFA from FA. The resulting polymer is an amorphous, furanic thermoset, whose struc- ture has already been associated with humins structure [101]. PFA is largely used in commercial applications and many usages have been proposed to employ this unique material. PFA has also been proposed in combination with other resins such as phenolics, epoxies, and ureas, showing a substantial upgrading of the properties [89,135]. PFA has been proposed as a sustainable option for resins in composite materials. For example, glass fibre mats bonded with PFA represent a valuable option where corrosive liquids or vapours are encountered.

The bonded mat is used as a wrap-around for steel pipe previously coated with bitumen or coal-tar pitch. Such pipe provides underground protection against chemical and electrolytic corrosion [124,135]. PFA has also been proposed in combination with natural fibres or lignins for the production of all green composites with superior properties [136,137]. PFA showed also promising possibilities when combined with silica nanoparticles, with a consequent improvement of the properties [138]. Another interesting application which already found its place in the today's market is the use of PFA to improve wood properties, applied as wood adhesive [124] or in wood modification. An example is a process called "wood furfurylation" involving impregnation of wood with FA and in-situ polymerisation by using carboxylic anhydrides or carboxylic acids. The resulting product has high dimensional stability, durability and resistance towards acids, alkalis and environmental attack, becoming a valuable alternative to tropical wood [139][140][141]. These are just a few of the possible applications involving PFA, taking advantage of the amorphous furanic thermoset structure of this biopolymer. Humins structure is similar to that of pre-polymerised PFA, with the advantage that the furfuryl alcohol polymerisation, that can be extremely exothermic, does not have to be dealt with. Moreover, this starting material holds several problems from a toxicity point of view when used as monomer. For this reason, PFA has been often used as an inspiration in this thesis to develop similar applications and as a comparison material to evaluate the final properties of humin resin.

Lignin

Lignin is one of the main components of cell walls in lignocellulosic biomass.

Lignin is hydrophobic and insoluble in aqueous systems, thus holds the function of protecting the cellulose and hemicellulose polysaccharides from biological and chemical degradation. Lignin structure is highly complex and its chemistry, biosynthesis and molecular biology have not been completely understood yet. Several structures of lignin have been proposed, based on the knowledge that lignin consists of 4-hydroxyphenyl (1), guaiacyl [START_REF] De | Task42 Biorefinery[END_REF], and syringyl (3) connected in a complex network through different types of ether and ester bonds as well as carbon-carbon bonds [142]. Figure 2.2.12 shows the 3 main monolignols. However, lignin composition changes between species and variations between different tissues of an individual plant can also appear. The main functional groups in unmodified lignins are hydroxyl (aromatic and aliphatic), methoxyl, carbonyl, and carboxyl. In all pulping or biorefinery processes, the lignin is structurally altered in comparison to the native lignin. Broadly, these types of lignin are heterogeneous polyphenols with molecular masses in the range of 100 -300,000 g mol -1 , often with a high degree of polydispersity, without regular and ordered repeating units [START_REF] De | Bioenergy research: advances and applications[END_REF]26,143].Wood and some other lignocellulosic resources have been historically used in the paper industry. In this type of applications, lignin is removed and dissolved under harsh conditions and the remaining black liquor rich in lignin is mainly used as fuel feedstock for plant operation. The objective of these processes is to remove enough lignin to separate cellulosic fibres and produce a suitable pulp for the manufacture of paper and other related products. Lignins are the by-products of wood pulping operations, often considered to be more of a problem than a resource [143][144][145][146]. With the developing of a new interest towards lignocellulosic biomass valorisation as feedstock for green chemicals, a lignin-rich fraction is also generated. Lignin is usually removed by (bio)chemical means before the saccharification process.

The extraction conditions and pretreatment that are applied to lignocellulosic biomass substantially affect the structure and properties of the resulting lignin [START_REF] Hatakeyama | In Biopolymers[END_REF]147]. The potential of lignin as a feedstock for the conversion into sustainable chemicals or as macromonomers still has to be further exploited. Although the amount of lignin extracted in pulping operations around the world is estimated to be over 70 million tons per year, nowadays only about 2 % of the available lignin is exploited to produce such commodities. With its unique structure and chemical properties, lignin should be considered as a natural treasure being the major aromatic natural resource of the bio-based economy [START_REF] Zakzeski | [END_REF]145].

Current and near-term applications of lignins involve their use as a carbon source for energy production or their conversion to energy carriers such as syngas. Nevertheless, this type of application represents the lower-value type of application, without exploiting the unique potential of the lignin structure. Research concerning high-value lignin applications has been largely focusing on lignin depolymerisation to obtain polymer building blocks, aromatic monomers such as benzene, toluene, and xylene, phenol, and vanillin. Efficient production of high volume aromatics from lignin is a big challenge but seems to be a viable long-term opportunity. Aromatic chemicals find applications in many different fields. Three of the most important aromatic chemical building blocks in petrochemical industry are benzene, toluene and xylene (BTX), as 60 % of all aromatics are produced starting from BTX. Potentially, these building blocks can be obtained from lignin. Conversion of lignin to phenols also seems an interesting opportunity. Most phenol is used to produce Bisphenol-A as a ingredient for polycarbonate (48 %), for phenolic resins (25 %) and via cyclohexanone for caprolactam synthesis (11 %). Several processes for lignin fragmentation have been proposed, and include hydrogenation, hydrolysis, oxidation, gasification, microbial conversion and pyrolysis. Several reviews cover these topics [START_REF] De | Bioenergy research: advances and applications[END_REF][30][START_REF] Hatakeyama | In Biopolymers[END_REF][START_REF] Zakzeski | [END_REF]148]. Another opportunity to develop high-value applications for lignin is to take advantage of its macromolecular structure. Lignins can be used in high molecular mass applications such as adhesives and binders, carbon fibres, or for polymers like polyurethane foams or thermosetting resins [144]. One valorisation route which has been suggested is to take advantage of the similar structure of lignin and phenol-formaldehyde (PF) resins which are largely employed for example as adhesive or varnishes. Indeed, the primary role of lignin in nature is the gluing function to keep together cell walls. The substitution of PF resin with lignins holds several advantages, as this would be a less expensive and greener solution, and would allow reductions in the use of toxic formaldehydes [144,149,150]. Lignin has also been proposed to produce environmentally friendly, low cost polymer composites and nanocomposites. Although researchers still need to further explore this valorisation route, lignin-reinforced polymer composites seem to hold great potential as alternatives to traditional synthetic fibre composites. Increasing efforts to study the surface modification of lignin to increase compatibility with other polymer matrices could speed up the transition towards lignin based composites [146,151,152]. With regards to lignin based composites, carbon fibres have been developed [153][154][155] starting from commercial lignin as well as lignin nanoparticles [156][157][158], showing the potential of this biopolymer in high performance materials. Furthermore, lignins have also been reported to be a potential precursor for the preparation of polyurethane foams [159,160].

These are just few of the possibilities which have been explored for the valorisation of lignin. Lignin has been considered waste for several decades, until recent years when researchers started to understand the high potential of this biopolymer. Many valorisation routes have been reported to be successful, ranging from depolymerisation of lignin to the use of lignin in polymer applications. In the same way as lignin's complex structure is nowadays considered a treasure, humins hold the same potential to be considered a precious material for sustainable future development.

Tannins

Another class of biomass derived polyaromatics worth a mention is tannins. Tannin is a chemical constituent derived from plant origin which has been known to mankind since ancient times. After cellulose, hemicellulose and lignin, tannins are the most common compound extracted from biomass. Tannins are another example of abundant natural aromatic resources holding a great potential as renewable source to develop new macromolecular architectures for new materials. Tannins are found in various proportions in all vascular plants, in which their role is to counteract bacteria fungi and insect aggressions, and in some non-vascular plants, such as algae [161,162]. Tannins nature and composition might vary depending on the species from which it is extracted. They are composed of between 75 % and 85 % of polyflavonoids, the balance being mainly composed of carbohydrate monomers and oligomers. Polyflavonoids present reactive phenolic nuclei, allowing the same reaction occurring between phenol and formaldehyde. Two classes of phenolic compounds with different chemical natures are identified as tannins: hydrolysable tannins and condensed tannins. Figure 2.2.13 shows the chemical species characteristic of the low molecular weight fraction of hydrolysable tannins and Figure 2.2.14 shows a three-unit fragment of a condensed tannin [START_REF] Gandini | [END_REF][161][162][163].

Tannin industries date back to the 1850s, when tannins found their main applications in black dyes for silk clothes and, few years later, for leather manufacturing (which was its main application from ancient times). This lasted for around one century, when rubber and neoprene soles started to replace leather counterparts. Finally, with the beginning of comfortable sport and leisure shoes, the use of tannin in leather applications dramatically dropped. Several different applications have been proposed in the following years, but they were always followed by a decline due to better and cheaper synthetic counterparts. Tannin has been successfully used as a fluidifying agent for drilling mud and superplasticising additives for cement and about 70-80 tons per year of tannin-based cement additives are still used [161]. Tannin valorisation was highlighted in the last decades as a consequence of increasing environmental awareness. Indeed, this biopolymer can be found in many industrial lignocellulosic "wastes", as for example in the bark of wood used for the production of pulp cellulose and wood panel, or chestnut consumption in food industry. In all these cases, the "waste" products are separated and used as fuel, although their combustion for energy recovery is not economically advantageous. Alternatively, these products could be valorised in high-value materials [164,165]. In the context of biomass valorisation and replacing fossil-based materials with renewable ones, the use of tannin as adhesives for wood panels and wood products is among the most interesting and promising applications. This is supported both by the increasing interest in biobased renewable materials over synthetic adhesives such as urea-formaldehyde resins, and also by recent increasing concerns over formaldehyde emissions. Extensive research on this topic led to optimised formulations where tannin has been combined with different cross-linking agents, providing material with properties comparable to those of commercial phenol-and urea-formaldehyde counterparts [149,161,[166][167][168]. More recently, tannins have been suggested to be used as tannin-based foams as biosorbent for example in waste water treatment, combining the application of biobased and renewable material in environmental issues [169][170][171]. Finally, tannins are nowadays becoming of particular interest also in pharmaceutical/medicine applications with high added value [161]. These few examples highlight the great importance that tannin, as an aromatic renewable building block, holds in the development of biobased polymers. Tannins can be indeed used to create innovative and efficient materials in agreement with the emergent concept of green and sustainable development.
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This Chapter deals with the study of physico-chemical properties of humins and its cross-linking behaviour.

Section 3.1 is dedicated to the comprehensive understanding of humins with special emphasis on their structure/property relationships. Humins are subjected to different thermal treatments and characterised by means of structural, thermoanalytical, and rheological investigations. The structure and composition of humins are very diverse and depend on the thermochemical conditions. It is shown that upon sufficient heating, humins change into a non-reversible and more branched furanic structure with a relatively high glass-transition temperature (T g > 65 ℃). Thus, humins can be easily processed for preparing thermoset-like resins.

Section 3.2 focuses on the preparation of humin thermosets with the addition of acidic initiators which can help catalyse the reactions. It is of great importance to be able to reduce time of curing in order to make humins more suitable for industrial operations. Different dicarboxylic acids have been tested for this purpose, showing that their pKa and chain lengths have an effect respectively on the curing time and final structure. Finally, the effect of stronger acids added to humins in low concentrations is also studied. Section 3.3 presents a thorough study concerning the curing kinetics of humins by chemorheological analysis and model-free kinetics under isothermal and nonisothermal curing. The E α dependencies were studied and correlated with the variation of complex viscosity during curing. It is shown that humins curing involve multi-step complex reactions. It is shown that the use of a catalyst also allows faster reactions with lower E α .

3.1 Humins from biorefineries as thermo-reactive macromolecular system

Introduction

Polysaccharides, which include cellulose and hemicellulose, are the largest constituent of lignocellulosic biomass and thus the most abundant natural carbon source [54,101,172]. Cellulose and hemicellulose can be depolymerised in pentose and glucose units, which can be further converted to different green chemicals and fuels. For example, two key building blocks can be obtained, 5-hydroxymethylfurfural (HMF) and furfural (FF), by acid-catalysed dehydration of respectively C6 and C5 sugars. HMF can be further converted to several biomass-derived intermediates, as levulinic acid, formic acid and 2,5furandicarboxylic acid (FDCA) through simple reactions [43,46,47,80,173]. The growing interest of chemical industries in developing green processes and lignocellulosic biorefinery operations is exemplified by the FDCA value chain from carbohydrate conversion [37,174,175].The high functionality of chemicals derived from biomass often leads to the formation of many side-products. Most notable among these is the formation of a black and viscous co-product called humins. Humins from biorefinery processes are carbonaceous heterogeneous polydisperse macromolecules. Although it has been almost a century since humins were observed for the first time [85], limited studies concerning the formation and the characterisation of this side-product can be found in literature. Different routes have been proposed for humins formation [43,58,75,83]. HMF polycondensation through electrophilic substitution was postulated as possible pathway for humins formation [58]. In another study, aldol addition and condensation were proposed as key reactions in the acid-catalysed growth of humins, adding HMF to 2,5-dioxo-6-hydroxy-hexanal (DHH) [75]. Humins chemical structure has also not been unequivocally established yet, due to their complex and recalcitrant nature [76,80,83,90,91]. Moreover, humins structure is highly dependent on the conditions under which they are formed, as well as on the isolation and post-treatment method used [80,91,104,106]. Patil et al. [75,76] synthesised humins formed during the acid-catalysed conversion of glucose, fructose, and HMF. A conjugated network of C=C bonds and furanic rings with aldehydes, ketones, and hydroxyls as main functional groups was associated to all the humins samples. Van Zandvoort et al. [80,82] studied humins from glucose, fructose, and xylose acid-catalysed conversion. The aforementioned humins consist of furan rings connected via aliphatic linkers, with oxygen-containing functional groups, such as carboxyl, carbonyl, and hydroxyl. The size, morphology, and molecular structure of HMF-derived humins was reported [83]. Particles of ∼ 200 nm in diameter were observed during the HMF conversion. Lately, it was proposed that humins should be considered as agglomerates of oligomeric species held together by weak interactions rather than entire macromolecules [90]. Very recently, humins valorisation techniques started receiving more and more attention [93, 101-107, 109, 176]. Hoang et al. demonstrated the potential of humins as a source for sustainable H 2 and as a model feedstock for gasification [92,93]. Humins have been proposed in the preparation of catalytic nanocomposites, showing to be highly active in the microwave-assisted oxidation of isoeugenol to vanillin [106]. Valorisation toward material applications have also been suggested [101,102], demonstrating that humins impact positively the mechanical properties of the thermosetting composites. Recently, other applications such as humins-derived porous materials [104,105] and active carbon [107, 109] have also emerged, suggesting possible routes to applications such as sorbents or electrode materials. Several treatments have been proposed, such as hydrotreatments [96][97][98][99], oxidation [100] and pyrolysis [94,95]. Wang et al. [96] reported that humins derived from glucose can be depolymerised using hydrotreatment. The main species detected arising from the humins were substituted alkylphenolics, naphthalenes, and cyclic alkanes. Catalytic hydrotreatment of fructose-derived humins were studied by Vlachos et al. [99]. The major products in the resulting oil were aromatic hydrocarbons, phenols, esters, ketones and alcohols, which are valuable bulk or specialty bio-based chemicals. The increasing number of studies concerning new solutions for humins valorisation is driven by the growing attention of industries in green chemistry and lignocellulosic biorefinery operations. Construction of new biorefineries will eventually lead to the production of significant amounts of humins. The valorisation of this side-product would further improve both the environmental footprint and the process economics. So far, humins are still mainly involved in energy and heat applications. It is of interest to increase the knowledge concerning humins, to be able to increase their value. When discussing humins, analogies can be made with lignin, another recalcitrant, highly heterogeneous aromatic biopolymer. Lignin is similarly a macromolecule without a well-defined structure, showing a certain variation in chemical composition. Despite lignins being considered waste for decades, the scientific and commercial interest for this product has significantly increased in the last 30 years, as part of the by-products valorisation concept. Nowadays, several applications have been already proposed ranging from energy to polymer and chemical conversion [143]. Following the same approach which led to many valorisation strategies for lignin, scientists and industries have started looking for added-value solutions for humins. To create a bridge between humins and potential new applications, a deep understanding of the physico-chemical properties of this material is needed. Flow behaviour of humins at different conditions has not been completely understood yet, and the chemical composition and structure of humins are still under debate [46,48,80]. The link between the physical transition and the chemical structure as well as the evolution of this material under thermal treatment has never been studied to our knowledge. The objective of this study is to give new insights on these phenomena and to study the variation of humins' properties and structure when subjected to thermal treatment. Attention is paid to identification of physical transitions and chemical reactions occurring in humins. Therefore, advanced thermoanalytical methods have been used to study the glass transition behaviour and cross-linking of humins under different treatments and conditions. Rheological measurements were performed to obtain more insights on humins' macrostructure and behaviour under stress and increasing temperatures. The study also focused on the effect of thermal treatment on humins and on the analysis of the variation of their properties and their structures. Infrared spectroscopy, elemental analysis and liquid chromatography have been used for this purpose. 2 compare the IR spectra of humins thermally treated respectively at 120 ℃ and 140 ℃, for 2 hours, 4 hours, 8 hours, 16 hours and 24 hours. Measured peak intensities were normalised to 1 with respect to the intensity of the most intense peak at 1668 cm -1 . Figure 3.1.1 and 3.1.2 (a) focus on the 4000 -2500 cm -1 region i.e. the -OH and -CH stretching while Figure 3.1.1 and 3.1.2 (b) rather focus on the 2000 -600 cm -1 region. The peak assignment is shown in Table 3.1.1, according to literature [76,80,83,101].

Results and discussion

It is of interest to compare the variation of the relative intensities in each spectrum. As shown in Figure 3.1.1, a broad peak of -OH stretching is observed at 3383 cm -1 and a weak peak corresponding to aliphatic -CH stretch is observed at 2928 cm -1 . The relative intensity of these two peaks significantly changes after humins thermal treatment. In Figure 3.1.1, the -OH peak is observed to decrease compared to the -CH peak with time of treatment. This is even more evident when the treatment is done at higher temperature (Figure 3.1.2). In case of humins heated at 140 ℃, also a shift in O-H peak toward higher wavenumber, from 3383 cm -1 to 3406 cm -1 , is observed with time of treatment in case of humins treated for 24 hours. The shifts to higher wavenumbers for the thermally treated humins indicate changes in the H-bond network. Free -OH are located at higher wavenumbers (i.e. from 3600 to 3400 cm -1 ) while H-bonded -OH bands are rather located below 3400 cm -1 . It would suggest that the thermal treatment occurring in humins have modified the direct environment of -OH group from H-bonded in crude humins to less H-bonded cross-linked humins. Reactive functions such as carbonyl or hydroxyls have decreased in cross-linked humins, thus the possibility of creating H-bonds between hydroxyls and other entities is then much lower. Since this humins sample was purified before analysis, oligomers from the sugar conversion process might be trapped in the sample. As shown in Figure 3.1.1 and 3.1.2 b, the peak at 1668 cm -1 is typical of HMF spectra [76], but it is not observed in purified humins from literature [76,80]. Free HMF, as well as humins' furan ring contribution, could be observed in the peak at 1515 cm -1 . The intensity of these peaks is shown to decrease with time of thermal treatment. Indeed, part of the free HMF probably volatises and part becomes involved in reactions with the humins structure. More generally, peaks located from 1650 cm -1 to 1800 cm -1 could be attributed to carbonyl groups in humins. In comparison with the intensity of the -CO band (i.e. mainly the -CO from furan ring) peak at 1019 cm -1 , the intensities of these carbonyl peaks are slightly decreasing with the thermal treatment, again suggesting cross-linking formation via transformation of aldehydes groups. As shown in Figure 3.1.1 and 3.1.2 (b), the peak corresponding to aliphatic C=C stretching at 1615 cm -1 is rather increasing and broadening with time of thermal treatment. This suggests formation of aliphatic alkenes most likely through dehydration of hydroxyl groups. At lower wavenumbers, 755 cm -1 , 803 cm -1 , and 1019 cm -1 , the characteristic peaks of furan ring are observed. The FT-IR spectra are consistent with what previously studied in literature [76,80,83,101].

Assignment

Wavenumber ( cm Thermal and rheological behaviour of crude humins and the effect of thermal treatment on humins were investigated to better understand the link between the chemical structure and the effect of thermal treatment.

Thermal behaviour of crude humins DSC was used to identify transitions and chemical reactions occurring in humins within a specific range of temperatures. The influence of water sorption and small molecules trapped in the industrial humins were also evaluated by investigating the behaviour of vacuum-dried humins. This will particularly help to discriminate the contribution of these volatiles to the glass transition behaviour from the contribution of thermal cross-linking. Indeed, the presence of polar groups may have a significant contribution to the molecular mobility of humins' macromolecules. This is for example observed in many biopolymers. When water is absorbed on specific sites, it acts as an efficient plasticiser [177,178]. The DSC measurement was performed using a heating rate of 30 ℃ min -1 and 10 ℃ min -1 , starting from -60 ℃ to 180 ℃. The prior cooling rate was the same as the heating rate. The first and the second heating scans obtained for the samples are shown in Figure 3.1.3. For crude humins, a step in the heat flow, which can be attributed to the glass transition of the material, is observed at around -11 ℃ when using a heating rate of 30 ℃ min -1 and at -14 ℃ when using a heating rate of 10 ℃ min -1 . Indeed, as the glass transition is a kinetic transition starting from a non-equilibrium glassy state, it is shifted to higher temperatures when the heating rate is increased. The glass transition of vacuum-dried humins was checked at 10 ℃ min -1 (Figure 3.1.3). Compared to crude humins, the T g of vacuum-dried humins at the first heating scan is about -10 ℃, which is slightly higher (+ 4 ℃) compared to crude humins. At 30 ℃ min -1 (scan not shown in Figure 3.1.3) the T g = -5 ℃, only 6 ℃ higher than crude humins. Thus, the plasticising effect of physisorbed water, or other small volatiles, in crude humins is rather limited compared to what was observed for lignin or amorphous cellulose [177,179]. In the first run, a broad endothermic peak is observed between 90 ℃ and 160 ℃ for crude samples, which could be associated with vaporisation or eventually a broad melting. In this temperature range, residual monomeric units, physisorbed water and water by-product due to condensation reactions could be released. This endothermic peak is not observed in the first heating scan of vacuum dried humins. Vacuum drying at relatively low temperature helps to partially remove water and volatiles. A significant shift of T g is observed when running a second DSC scan and no endothermic peak is present, confirming that no melting occurred during the first run. This suggests that the endothermic peak in the first scan rather corresponds to the vaporisation of volatiles. The shift of the glass transition depends on the heating rate employed. At 30 ℃ min -1 , the T g shifts from -11 ℃ in the first run, to -1 ℃ in the second run (+10 ℃) for crude humins. At a slower heating rate (i.e. 10 ℃ min -1 ) the T g shifts from -14 ℃ to 5 ℃ (+19 ℃). These shifts suggest a modification of humins structure and environment when heating them above glass transition. The slower the heating process, the longer the time of permanence of humins at high temperatures, promoting cross-linking reactions. Indeed, the most important T g variation between the first and the second run is observed in the case of a lower heating ramp. The same shift in T g (+18 ℃ at 10 ℃ min -1 and +9 ℃ at 30 ℃ min -1 ) is observed in the vacuum-dried sample for which mostly cross-linking occurs in the first heating. This confirms that the T g increase after heating up to 180 ℃ is not attributed to the release of small molecules acting as plasticisers but rather to modification of the humins structure through cross-linking. Table 3.1.2 summarises the value of the T g for each sample before and after vacuum drying. To try to better identify physical transitions and chemical reactions occurring in humins, stochastically temperature modulated DSC measurement was done on crude humins. Figure 3.1.4 shows results obtained by stochastically temperature modulated DSC. After treatment of the measured heat flow, the separation of reversing (φ rev ) and non-reversing (φ non-rev ) heat flows can be obtained (Figure 3.1.4 a). Glass transition can be identified by the sigmoidal decrease of φ rev around -20 ℃ (Figure 3.1.4 a), corresponding to a heat capacity increase (Figure 3.1.4 b). This is due to the transition from a more solid-like state to a more liquid-like state, meaning a significant increase of molecular mobility, determining the T g of the material. The φ non-rev curve in Figure 3.1.4 a shows a decreasing trend until 90 ℃. An exothermal increase in the heat flow is observed around 130 ℃. Starting from this temperature, mobility is hindered and chain mobility is limited, corresponding to a deep decrease of the heat capacity (Figure 3.1.4 bottom). The heat capacity decrease could correspond to the formation of a cross-linked network or could be attributed to loss of water/VOCs from the matrix. After a second DSC run of the same sample under the same condition, an increase of around 70 ℃ of T g is reported, confirming that cross-links occurred during the first scan at 1 ℃ min -1 . This also strengthen the belief that the exothermic thermal event observed during the first run is not the result of thermal degradation of the sample.

Thermogravimetric analysis was used to quantify the mass loss of crude and vacuum-dried humins during heating. Two different regions can be easily identified by observing the variation of the derivative of the weight loss curve (DTG), as seen in Figure 3.1.5 a. In the first region, up to around 110 ℃, crude humins undergo an almost constant mass loss, primarily due to loss of volatiles. According to the TGA-MS studies of Hoang et al. [92] and Tosi et al. [104], only water is released from humins in this low temperature region. To obtain more information about other small volatiles, headspace GC-MS measurements were done respectively at 100 ℃ and 170 ℃. The GC-MS relative areas are presented in Figure 3.1.6. Furanics (i.e. HMF, MMF, furfural, methyl furfural) and oxygenated aliphatics (methanol, acetic acid etc.) are detected both at 100 ℃ and 170 ℃. Logically, the total GC-MS area at 170 ℃ is more important compared to the total area measured at 100 ℃ which indicates that more volatiles are formed at 170 ℃. The amount of levulinics (i.e. levulinic acid and methyl levulinate) is very low at 100 ℃ but becomes more important at 170 ℃, suggesting that furan ring-opening reactions occur preferentially above 100 ℃. These data are in good agreement with the Pyrolysis-GC-MS investigations of Hoang et al [92]. between 21 and 400 ℃. However, compared to their studies, phenolic derivatives were detected neither at 100 and 170 ℃, which suggests that phenolics are only formed at higher temperatures. As shown in Figure 3.1.5 a, crude humins lose around 3.3 % of mass below 110 ℃. For dried humins the mass loss is shifted to higher temperature with only 1.5 % of mass loss at 110 ℃. This difference of about 1.8 % between crude and dried humins confirms that small volatiles such as physisorbed water have been partially removed after the vacuum drying treatment. Crude humins rate of mass loss progressively increases from 110 ℃ to 180 ℃. At 180 ℃ both materials have lost around 12.5 % of their initial masses.

To further investigate the influence of volatilisation and in situ cross-linking on the molecular mobility of humins, T g was determined after heating at 1 ℃ min -1 and stopped at a given temperature (Figure 3.1.5 b). No variation of the T g is observed compared to crude humins when the samples are heated up to 100 ℃. This is in perfect agreement with the behaviour of vacuum dried humins which present almost the same T g as crude humins (Figure 3.1.3). This means that most of the mass loss below 100 ℃ is due to loss of volatiles with practically no influence on humins' chain motion. T g starts increasing after heating up to temperatures higher than 100 ℃. Between 110 ℃ and 140 ℃, a small T g variation is observed. It is likely that cross-linking occurs very slowly in this temperature region and that the effect on T g is rather limited (+ 7 ℃). Above 140 ℃, the rate of weight loss is faster. This is associated with a significant increase of the T g when the samples are heated in this temperature range, as the condensation reactions that are likely to occur in this temperature range are promoted. This leads to important modification of the cross-link density in humins, thus greatly impacting their glass transition.

Rheological behaviour

The variation of the complex viscosity as a function of angular frequency of crude humins is shown in Figure 3.1.7. The measurements were taken between 40 ℃ and 140 ℃. Up to 140 ℃, a decrease of the viscosity measured at low frequency is observed when increasing the temperature. For temperatures between 40 ℃ and 80 ℃, the dependence of complex viscosity with angular frequency shows a quasiconstant value. From 100 ℃ to 140 ℃, humins show a non-Newtonian behaviour, as indicated by the variation of the viscosity with the angular frequency. At 40 and 60 ℃ humins are characterised by a shear thinning behaviour. The viscosity slightly decreases at high shear rate, meaning that the microstructure tends to align with the flow direction. This behaviour is typically observed when some disentanglement or slippage of chains occurs. For temperatures of 80 ℃ and above, humins tend to show a shear thickening behaviour, characterised by an increase of the viscosity when increasing the frequency. This is typically due to structural rearrangements. This phenomenon becomes very significant at temperature above 100 ℃. At high temperature, viscosity is very low (<1 P a s) and accordingly humin macromolecules start to have high mobility. Chains may open-up and stretch, exposing parts of the macromolecule capable of forming transient intermolecular associations, and thus helping the formation of a different microstructure. At 120 ℃ and 140 ℃, the shear thickening starts at much lower frequencies (5 Hz and 2 Hz respectively) and exhibits much higher amplitude (from 100 Pa s to 103 Pa s). This agrees with the occurrence of chemical reactions and cross-linking activated by temperature. The variation of the complex viscosity and the storage and loss moduli as a function of temperature for crude and dried humins is shown in Figure 3.1.8. A quasi-constant value of the complex viscosity is observed in Figure 3.1.8 for temperatures below 15℃. Viscosity is then observed to significantly decrease with and increase in temperature (6-7 decades), up to around 120 ℃. When the sample reaches 120 ℃ -140 ℃, the decrease in viscosity is less significant due to loss of volatiles and the onset of cross-linking reactions. Viscosity decreases above 15 ℃. These behaviours are observed in both crude and dried samples. The dried sample shows a delay in the viscosity decreasing, which again proves that some of the water and small molecules present in crude humins have been removed, slightly increasing the viscosity of the material. To better understand this complex behaviour, storage (G ) and loss (G ) moduli were measured and are shown as function of temperature in Figure 3.1.8 b. In crude humins, a crossover between G and G occurs at around 17 ℃. The same crossover can be observed at 21 ℃ in dried humins. Below these temperatures, the samples behave more solid-like, showing almost no variation of viscosity with temperature. Above these temperatures, G is higher than G , meaning that the material starts to behave more liquid-like, and viscosity significantly decreases with temperature increase. The differences on the crossover temperature between crude humins and vacuum-dried humins are in agreement with the differences of T g seen during the first DSC scan (Figure 3.1.3). Crude humins have a liquid-like behaviour up to around 90 ℃. The same happens for dried humins samples, however with a delay of about 10 ℃. Amplitude of 0.1 % was used throughout the whole measurement, which might create artefacts when the material goes from a more solid-like to a more liquid-like behaviour, exemplified by the G fluctuations between 50 and 90 ℃. This might also be affected by loss of volatiles during the heating up. Indeed, G is more sensitive to this fluctuation, being significantly lower than G at this temperature. This behaviour can be correlated to what observed in Figure 3.1.5. Up to around 100 ℃, humins undergo the loss of weakly-bonded water from the surface. Starting from 100 ℃, the elastic modulus stops decreasing and its variation with temperature becomes almost linear. This is due to loss of volatiles, and onset of cross-linking reactions that lead to level-off the decrease of G with the temperature. This behaviour is indeed affecting also the variation of viscosity with temperature, showing a decrease in the slope of the viscosity for temperatures higher than 90 ℃. Viscosity, storage modulus and loss modulus tend to be constant for temperatures higher than 130 ℃. At this temperature, these parameters are regulated by formation of cross-links which compensate for the viscosity decrease due to temperature increase.

Effect of thermal treatment

Based on these results, the effect of thermal treatment at 120 ℃ and 140 ℃ was studied. This temperature range seems to be the most suitable to better understand cross-linking reactions occurring in humins, and the capacity of this material to build new cross-links. Figure 3.1.9 shows the variation of the T g of humins after isothermal treatment at 120 ℃ and 140 ℃ for different times. At this temperature, the thermal treatment is sufficiently high to induce the formation of cross-links and thus to significantly impact the glass transition temperature. The T g increase reflects the reduction of molecular mobility due to the formation of cross-links between the chains. For isothermal treatment at 120 ℃, the increase of T g is almost linear for the first 24 hours. After ∼ 24 hours of thermal annealing at 120 ℃ a plateau is reached and the T g does not increase further than 70 ℃. In the case of thermal treatment at 140 ℃, a sharp increase in T g is observed already in the first few hours. After 4 hours at 140 ℃, the T g is already increased to ∼ 65 ℃. Above 4 hours of thermal annealing the T g increase is low, and again a plateau at around 70 ℃ is reached. These results suggest that the formation of new interconnections is almost complete and an "infinite" glass transition is reached. This agrees with the model of thermoset resins, such as epoxy resins, which reach a so-called "infinite" glass transition temperature (T g,∞ ) when the degree of cross-linking is maximal. To obtain more insights concerning the effect of thermal treatment on the final structure and properties of humins UPLC, GC, and elemental analysis were performed. Humins samples were performed to be very rich in free monomeric units. GC and UPLC analysis were tested on thermally treated samples to obtain more information concerning the variation of monomer concentration inside the samples. Hydroxymethylfurfural (HMF), methoxymethylfurfural (MMF) and levulinic acid (LA) were detected. The analysis was done on crude humins and compared with samples thermally treated at 120 ℃ and 140 ℃ for different times. Figure 3.1.10 shows the loss of the monomeric units compared with crude humins after thermal treatment at 120 ℃ (Figure 3.1.10 a) and at 140 ℃ (Figure 3.1.10 b). HMF, MMF and LA concentration sharply decreases already after the first few hours of treatment and continues to decrease throughout treatment. The effect of thermal treatment at 120 ℃ for 8 hours is comparable to the effect of thermal treatment at 140 ℃ for 2 hours, as the monomer concentration is almost halved. It is significant to observe that for longer times of treatment the decrease in monomer concentration is less pronounced, most of all when treating at 120 ℃. Decrease in HMF and MMF concentration is partially due to monomers volatising during the thermal treatment and partially due to cross-linking reactions with humins. This is in good agreement with the Headspace GC-MS investigations (Figure 3.1.6) that highlight volatilisation of HMF and MMF at 100 and 170 ℃. In the case of LA, a sharp decrease in monomer concentration is followed by an increase in LA. This possibly indicates that after a certain time of thermal treatment, LA is produced. This is again in very good agreement with the conclusions obtained from the HeadSpace GC-MS data which showed that levulincs are preferentially formed above 100 ℃. It confirms that at these temperatures furan ring opening can occur, thus leading to the formation of LA in the media. This was for instance observed during the polycondensation of furfuryl alcohol [132].

Elemental analysis of long time thermal treated samples does not show a significant variation in the final composition. A slight increase in C concentra- what was observed in the previous study after severe thermal treatment [94,95].The shift on the H 2 O line suggests that water was released during the treatment. This could be related to water contained in the humins, but may also be from water released by condensation reactions. The condensation of free HMF onto humins leads to loss of 

Conclusion

This study has shown that humins are highly promising biobased thermoset materials. Depending on the thermal treatment conditions, it is possible to obtain materials with different T g values, different structures, and different properties. First, condensation reactions after thermal treatment of humins were evidenced by IR spectroscopy, particularly the decreased -OH/C-H band intensities. DSC measurements on crude and vacuum-dried humins revealed that physisorbed volatile compounds have practically no influence on the molecular mobility of humins. However, the initiation of cross-linking and further volatilisation in the temperature range of 120 -140 ℃ lead to a significant increase of the T g value. Important information concerning the microstructure of the material and the flow behaviour at different temperatures was obtained by rheology measurements. The behaviour of humins after thermal treatment was investigated. Depending on the temperature used, the time of reaction can be set to obtain different final properties. An infinite T g value of approximately 70 ℃ can be obtained after sufficient thermal treatment. Variation of the final structure and composition was investigated by liquid and gas chromatography and elemental analysis. This study provides the basis for future research in the field of humins-based resins.

The cross-linking ability under different conditions that was demonstrated suggests a wide range of new applications as biobased thermoset materials. These results are therefore relevant for valorisation of this industrial biopolymer.

Experimental section

Material and reaction conditions

Humins were supplied by Avantium N.V. and produced in their pilot plant in Geleen, The Netherlands, by conversion of fructose and glucose. Humins were treated under vacuum to remove volatiles components. Humins appear as a very viscous, sticky and black liquid. Vacuum dried humins sample was prepared by heating humins at 60 ℃ for 48 hours under vacuum. Humins were thermally treated to obtain a less sticky and finally solid material. Five different samples of approximately three to five grams of humins were prepared and heated at 120 ℃ respectively for 2 hours, 4 hours, 8 hours, 16 hours and 24 hours. In addition, five different samples of approximately three to five grams of humins were prepared and heated at 140 ℃ respectively for 2 hours, 4 hours, 8 hours, 16 hours and 24 hours.

Infrared spectroscopy (IR)

A Bruker tensor 27 -FTIR spectrometer equipped with a nitrogen-cooled MCT detector, was used to characterise samples using a 1 reflection diamond ATR device. The variation in the structure following thermal treatment was studied. Spectra of crude humins and the 10 thermally treated samples were registered. The spectrum of air was recorded as background before each measurement. A total of 64 scans with a resolution of 2 cm -1 were recorded for each sample.

Diffrerential scanning calorimetry (DSC)

Conventional differential scanning calorimetry (DSC) and stochastically temperature modulated differential scanning calorimetry (TOPEM® by Mettler-Toledo) measurements were performed on a heat flux Mettler-Toledo DSC-1 and STAR© software was used for data analysis. Temperature, enthalpy and tau lag calibrations were performed using indium and zinc standards. 5 to 10 mg of humins were placed in a 40 µL aluminium crucible and closed by a pan lid. Glass transition temperatures (T g ) were determined as the inflection point of the specific heat capacity (C p ) increment. Crude and dried humins were measured by regular DSC with a scanning temperature ranging from -60 ℃ to 180 ℃. To erase the thermal history and to avoid overshoot at the glass transition due to physical ageing, the samples were cooled and heated at the same rate. Two different set of cooling/heating rates were employed, 30 ℃ min -1 and 10 ℃ min -1 . First the raw samples were cooled from 25 ℃ to -60 ℃ at either 10 or 30 ℃ min -1 and then heated at the same heating rate (i.e. 10 or 30 ℃ min -1 ) between -60 ℃ and 180 ℃. Stochastically temperature modulated DSC measurements were used to study variations of heat flow and heat capacity. The temperature program used in this case is based on a linear temperature and/or isothermal segment, at which small temperatures perturbations are imposed. Then, the so-called "reversing" and "non-reversing" heat flows can be determined after mathematical treatment of the measured data. Moreover, the frequency-dependent heat capacity can be determined over a given frequency range in one single measurement.

In addition, the quasi-static heat capacity (C p,0 ) is determined by extrapolation to zero frequency. The non-isothermal measurements were performed in a temperature range from -60 ℃ to 180 ℃ and a heating rate of 1 ℃ min -1 . Quasiisothermal measurements were done at 60 ℃, 100 ℃, 120 ℃ and 140 ℃ also using TOPEM®. The amplitude of the temperature perturbation was fixed at 0.5 ℃ for all the stochastically modulated experiments and the period of pulses was ranging from 15 to 30 s. Thermally treated samples were studied by standard DSC to check variation of glass transition temperature (T g ), at a heating rate of 30 ℃ min -1 . Conventionally, exothermic thermal events are represented up in all the figures. All measurements were repeated on 5 different samples.

Headspace gas Chromatography -mass spectroscopy (GC-MS)

GC-MS with two splitless injectors and an autosampler and a headspaceautosampler was used. GC is equipped with a FID and a mass selective detector (MSD) as detector. Only MSD was used. A small amount of humins (between 10 to 15 mg) was weighted in a 20 ml vial. The vial was heated and shaken for 2 hours in the headspace autosampler. A small amount of the vapour is analysed with GC-MS.

Thermogravimetric analysis (TGA)

Thermogravimetric measurements (T g ) were carried out on a TGA/DSC3+ from Mettler-Toledo. Samples were measured at a heating rate of 1 ℃ min -1 under air flow (80 mL min -1 ). It was decided to use a method as similar as possible to the DSC measurements, to register the mass loss of the samples during these experiments. All measurements were repeated on 5 different samples.

Rheology

The viscosity of crude and vacuum purified humins was measured with a Thermo Scientific HAAKE MARS rheometer. Measurements were obtained on plateplate geometry (25 mm diameter and 1 mm gap) at increasing temperatures (40 ℃, 60 ℃, 80 ℃, 100 ℃, 120 ℃, 140 ℃). Humins' linear viscoelastic region was defined for each temperature by a strain sweep. The material was then characterised using a frequency sweep at a strain below the critical strain. The values of complex viscosity, storage and loss modulus were registered at decreasing angular frequency (10 to 0.1 Hz). Humins were also tested in temperature sweep mode, from -15 ℃ to 140 ℃, with a heating rate of 1 ℃ min -1 . Complex viscosity, storage and loss modulus variation with temperature were analysed. All measurements were repeated on 5 different samples.

Gas chromatography (GC) and ultra-performance liquid chromatography (UPLC)

Impurities present in crude humins and thermal treated humins were investigated by GC and UPLC. An Interscience Trace GC equipped with FID detector and column VF WAXms, 0.25 mm id, film thickness 0.25 µm was used. The sample was dissolved in external standard solution and water before analysis. UPLC analyses were performed with a column Waters Acquity UPLC HSS C18, 2.1x100 mm, 1.8 µm, equipped with UV and ELSD detectors. Samples were dissolved in acetonytrile and water before testing.

Elemental analysis

All elemental analyses were performed by Mikroanalytisches Labor Pascher, Germany.

3.2 Cross-linking behaviour of humins [187]. This Section focuses on the investigation of cross-linking mechanisms of humins combined with different initiators. The previous Section highlighted the potential of humins as a thermoset material, showing that humins can cross-link at temperatures around 120-140℃. Here, we present a screening of possible crosslinking agents through the utilisation of DCAs, which could help optimise the curing time and temperature to obtain an industrially competitive process. The effect of the different cross-linking agents was investigated by rheology. Temperature scans were used to identify an optimum target temperature successively used to obtain insights on isothermal curing. A first screening was done comparing oxalic acid (C 2 ), succinic acid (C 4 ), and suberic acid (C 8 ). Table 3.2.1 summarises the properties of the three DCAs. It was decided to compare a short chain acid with a low pKa (C 2 ), a short chain acid with a relatively high pKa (C 4 ) and a longer chain acid with a relatively high pKa (C 8 ). In this way, it was possible to evaluate the effect due to the presence of an acid acting as reaction initiator, and the effect of cross-linking the hydroxyl functionalities in humins chains with aliphatic chains of different lengths . Indeed, as humins condensation is promoted in acidic conditions, the aliphatic chains might separate humins chains, weakening their aggregation and increasing the overall molecular mobility, making the final material softer.

pK a n T m (℃) Formula
Oxalic acid (C 2 ) 1. 27 In crude humins, C 4 and C 8 , viscosity is observed to significantly decrease up to around 120 ℃, reaching very low values of viscosity (∼ 1 P a s). A plateau is then observed between 120 ℃ and 160 ℃, which may imply a change in the humins behaviour. In the absence of reactions or phase changes, the viscosity should decrease with a temperature increase. In Figure 3.2.1 a this tendency seems to be counterbalanced by initial cross-linking reactions which increase the molecular weight and the viscosity, thus leading to a plateau. At around 160 ℃ the viscosity is observed to rapidly increase to reach again another plateau around 250 ℃. The same behaviour is observed in C 2 samples, but these phenomena are shifted towards lower temperatures. Moreover, the first plateau is observed for a shorter temperature range between 110 ℃ and 130 ℃, and the corresponding viscosity is higher (∼ 10 P a s). G is higher than G , indicating predominantly elastic behaviour. The same tendencies are observed in C 2 , but again shifted towards lower temperatures. G and G crossover indicates the gelation temperature, meaning that a cross-linked network is formed, whereby the viscosity increases rapidly and the material loses its ability to flow. Table 3 T gel is significantly lower for C 2 , while its values are quite comparable for the other samples, with C 4 being slightly lower than the others. This is strongly related with the pH of the mixture, as the lower the pH the higher is the reactivity of the sample. Moreover, adding succinic acid may have a double effect: the aliphatic chains may have a plasticising effect, being a bridge between humin macromolecules and thus increasing their mobility. However, the same effect should be observed in C 8 , and should also be more evident as the aliphatic chain is longer. Thus, the difference should be mainly linked with the pH. Thanks to this first temperature scan it is possible to determine an optimum curing temperature for the samples. Ideally, industrial processes take advantage of the temperature range where the resin has the lower viscosity and curing reactions can be initiated fast. A temperature of 160 ℃ was chosen for isothermal scans for crude humins, C 4 and C 8 . These measurements can help to give an idea of the processing times need to cure humins. Higher temperatures were not considered because humins tend to foam above 160 ℃ [104]. Figure 3.2.2 a shows the variation of viscosity as a function of time at 160 ℃.

All samples show an initial very low viscosity (∼ 1 P a s), increasing very fast in the first hour and then asymptotically reaching a constant value. When using a diacid the final viscosity is higher compared with crude humins (10 5 P a s), reaching 10 6 P a s. The higher final viscosity in presence of DCAs could indicate two things: (i) crude humins cross-links more slowly and did not get enough time to reach the plateau around 10 6 P a s, (ii) C 4 and C 8 samples lead to a denser cross-linked network. The non-isothermal data (Figure 3.2.1) have however demonstrated that all the samples reach the same final viscosity. Thus, the difference might rather be attributed to a kinetic effect in which crude humins react at a slower rate and it takes more time to obtain the final viscosity com-pared to humins combined with DCAs. Figure 3.2.2 b shows the variation of storage and loss moduli, and is used to obtain the time needed to reach the gel point. As summarised in Table 3.2.3, when adding a diacid the time necessary to cross-link is shorter, around 45 minutes, while crude humins reach gelation after more than one hour. Again, the effect is more evident when using C 4 rather than C 8 . At this temperature, the acid is faster to initiate polymerisation reactions, shortening the curing time and creating a denser network compared with crude humins. It is likely that the acid can catalyse reactions of the shorter chains and thus, after reaching the gel point, viscosity and moduli can further increase compared to crude humins. Crude humins curing is extremely hindered after reaching the gel point as it becomes too sterically difficult for the shorter chains to react. The catalyst effect of C 4 and C 8 was less evident in non-isothermal temperature scans (Figure 3.2.1), probably due to the fast heating ramp (2 ℃ min -1 ) which shifts the initiation of cross-linking to high temperature (i.e. > 160 ℃), giving no time to faster initiate the polymerisation. Considering the lower temperature at which reactions are initiated in case of C 2 , curing behaviour as a function of time was studied at 120 ℃ and compared with crude humins. Figure 3.2.3 shows the variation of viscosity and storage and loss modulus as a function of time. Gel times are summarised in Table 3.2.3.

In case of C 2 , viscosity suddenly increases in the very first minutes of the measurements, while it is almost constant in case of crude humins. The acid acts as an initiator and allows faster curing at lower temperature. Curing is completed within the first hour, while more than 10 hours are needed in case of crude humins. After isothermal scans the cured samples were collected and studied by FTIR. Figure 3.2.4 shows the IR spectra of the samples obtained after complete curing at 160 ℃ for 6 hours in the case of crude humins, C 4 and C 8 , and at 120 ℃ for 3 hours and half in the case of C 2 .

The spectra of C 2 shows very little differences compared with the spectra of crude humins. This indicates that curing humins with oxalic acid at 120 ℃ for three and a half hours results in the same cross-linked structure as humins cured at 160 ℃ for six hours. C 4 spectrum shows a more condensed structure. Indeed, peaks corresponding to furanic structures, with a maximum at 1019, 803 and 755 cm -1 are significantly more intense compared with the carbonyl functions (1700, 1668, and 1615 cm -1 ) and -OH and -CH functions (respectively at 3340 and 2928 cm -1 ). When adding succinic acid, curing is faster and the final crosslinked structure results in more condensed humins compared with crude humins cured in the same conditions. The C 8 sample shows a spectrum again quite similar to crude humins. Noteworthy is the -CH band at 2928 cm -1 which is more intense due to the addition of aliphatic chains within humin macromolecules. All three samples cured with DCAs show variation in the bands between 1050 and 1200 cm -1 . In particular, a new band is observed at 1180 cm -1 for C 2 , C 4 and C 8 which may correspond to new ester bonds (-CO stretching) formed between DCAs and hydroxyls present in humins. Finally, the -OH band is observed to shift towards lower wavelengths in C 4 and C 8 samples. This indicates variation in the direct environment of -OH groups, suggesting more H bonded groups are formed when adding DCAs. The formation of new ester functions within the materials might offer new possibilities for H-bonds between remaining hydroxyls and the new carbonyls, thus leading to a shift to lower wavenumbers. After studying the effect of organic carboxylic acids, it was decided to investigate the possibility to use strong acids to further decrease processing times with lower additive concentrations. For this purpose, 1.5 %wt of pT SA or H 2 SO4 were investigated as acidic initiators. As observed in the previous paragraph, when adding a strong acid humins will start reacting at significantly lower tempera-tures. Figure 3.2.5 shows similar behaviour compared with C 2 sample: a sharp increase of viscosity and moduli is observed around 120 ℃, with the G and G crossover shifted more than 50 ℃ lower and a plateau reached at around 180 ℃. This confirms that the strength of the acid used has a strong influence as it has a catalytic effect on cross-linking. Similarly to sample C 2 , the isothermal curing of the samples was tested at 120 ℃ and compared with crude humins after isothermal curing. 

Conclusion

The curing behaviour of crude humins and humins with different additives were compared. Different DCAs were screened to understand the effect of their pKa and their chain length. It was found that oxalic acid acted as an acidic initiator starting from quite low temperature (120 ℃), while succinic and suberic acid showed this effect when curing at 160 ℃, and this effect was mainly correlated with their respective pH. Curing time can significantly be decreased when a DCA is used, and it is possible to reach higher viscosity and moduli. This might be due to the possibility for short humin macromolecules to react easily even after gelation point. IR measurements showed the formation of new ester bonds after adding DCAs. Furthermore two strong acids, pT SA and H 2 SO 4 , were tested with lower concentration (1.5 %), showing a similar behaviour to what observed when adding 5% of oxalic acid to humins, with very short curing time at 120 ℃.

Experimental section

Material and reaction conditions

Humins were supplied by Avantium N. V. and produced in their pilot plant in Geleen, The Netherlands, by conversion of fructose and glucose. Humins samples were used as received, so-called crude humins. Oxalic acid, succinic acid, suberic acid, p-Toluenesulfonic acid (pT SA) and sulfuric acid (H 2 SO 4 ) were supplied by Sigma Aldrich. Humins were heated up to 80 ℃ and stir for 20 minutes to decrease their viscosity. Then, 5 %wt of oxalic acid, succinic acid, and suberic acid was added and the compounds were stirred for 40 minutes at 80 ℃ and then let cool down at room temperature. Humins samples mixed with 5 %wt oxalic acid, succinic acid and suberic acid will be called respectively C 2 , C 4 , and C 8 . Two more samples were prepared in the same way by adding 1.5 %wt of pT SA and 1.5 %wt of H 2 SO 4 5M and stirring for 20 minutes at 80 ℃.

Rheology

The viscosity of crude and vacuum humins was registered with a Thermo Scientific HAAKE MARS rheometer. Measurements were obtained on plate-plate geometry (25 mm diameter and 1 mm gap) on temperature scans at 1 Hz and with amplitude of 0.05 % from 60 to 300 ℃. These conditions were chosen to assure linear viscoelastic behaviour over the entire span of temperature. A heating rate of 2 ℃ min -1 was used. Complex viscosity, storage and loss modulus variation with temperature were analysed. Isothermal measurements were done at 120 ℃ or 160 ℃, at 1 Hz and with an amplitude of 0.05 %.

Kinetics and chemorheological analysis of cross-linking reactions in humins

Introduction

To further exploit the use of humins as a thermosetting resin, a study of the curing kinetics will play a crucial role in developing and optimising the industrial manufacturing process. Curing kinetics can be used to minimise the cycle time or, together with models of chemorheology, heat transfer and micromechanics to calculate and minimise the generated internal stresses. In this way, it is possible to improve the process development and ultimately the quality and performance of the final product [188][189][190]. This study aims to understand the curing behaviour of humins, highlighting the changes in mechanism when undergoing auto-cross-linking (i.e. without a catalyst) compared to using an acid catalyst. The chemorheological behaviour of the curing systems was first studied by differential scanning calorimetry (DSC), and dynamic rheometry. The study was done for isothermal and non-isothermal data. Due to the complexity of the macromolecular system, it was decided to support isothermal data by TOPEM measurements, a multi-frequency temperature-modulated DSC technique, which involves stochastic modulation of temperature. This technique allows the evaluation of the quasi-static heat capacity (C p0 ). In case of non-isothermal data, kinetic data from the storage modulus variation evaluated by dynamic rheology were obtained. All data were treated with an advanced isoconversional method to yield the dependence of activation energy on cross-linking conversion. This work reports the first chemorheological study concerning humins cross-linking.

Theoretical calculation

Curing reactions are usually followed by a heat release. The degree of curing is assumed to be directly proportional to the released heat [191]:

α = t t i (dQ/dt) dt t f t i (dQ/dt) dt (3.1)
where dQ/dt corresponds to the heat flow, t i is the time at which the process initiates and t f is the time at which the process finishes. The term t f t i (dQ/dt)dt represents the total reaction heat released during the process. Thus, reaction rate can be easily studied by DSC. However, kinetic studies can be achieved by linking any chemical or physical property that varies during the reaction with the extent of reaction, and by normalising the quantity between 0 and 1. For example, if the storage modulus or the heat capacity changes with the reaction progress, an extent of conversion can be defined as follows:

α t = C t -C t i C t f -C t i (3.2)
where C represents the physical property measured at time t. The general form of the reaction rate is defined as [192]:

dα dt = k(T )f (α) (3.3)
Where dα/dt is the reaction rate, α is the extent of conversion, k(T ) is the rate constant, t is the time, T is the temperature and f (α) is the mathematical function that represents the reaction mechanism. The explicit temperature dependence of the rate constant is obtained by replacing k(T ) with the Arrhenius equation as follows:

dα dt = Aexp(- E RT )f (α) (3.4)
where A is the pre-exponential factor, E is the activation energy, and R is the gas constant. This type of analysis does not allow for a possible change in the rate-limiting step [192]. The reaction rate is generally determined by the rate of both chemical reaction and diffusion [193]. The rate limiting process is determined by the ratio of the characteristic times of chemical reaction and diffusion. Viscosity has been demonstrated to play a crucial role in diffusion control [192]. The relaxation time for a molecule in a viscous medium is directly proportional to the viscosity by [194]:

τ = 4πa 3 ν k b T (3.5)
Where τ is the relaxation time, a is the molecular radius, ν is the viscosity of the medium, k b is Boltzmann's constant. Thus, an adequate description of the diffusion regime requires the diffusion rate constant to account for a change in the activation energy of diffusion E D with the progress of cross-linking [133,192,195,196], as follows:

k D (T, α) = D 0 exp(- E D RT + Kα) (3.6)
where E D is the activation energy of diffusion, D 0 is the pre-exponential factor and K is a constant accounting for a change in the activation energy of diffusion with the progress of cross-linking. In case of chemical reactions controlled by diffusion of oligomers the variation of the effective activation energy E α can be rationalised in terms of a kinetic model for a process occurring in a mixed diffusion-kinetic regime [197]. The total effective reaction time is the sum of the times of the reaction act and diffusion. Replacing the times with the reciprocal rate constants yields:

k -1 ef (T ) = k -1 (T ) + k -1 D (T, α) (3.7)
where k ef (T ), k(T ) and k d (T ) are respectively the effective rate constant, the reaction rate constant and the diffusion rate constant. The usual Arrhenius expression was used for the rate constant of the chemically controlled part of the reaction:

k(T ) = Aexp(- E RT ) (3.8)
where A is the pre-exponential factor and E is the activation energy of the chemical reaction. According to this model, the experimentally measured effective activation energy, E α is a function of the activation energies of both chemical reaction and diffusion. Applying the isoconversional principle to Eq. 3.7 lead to [192]:

E α = -R( dlnk ef dT -1 ) α = k(T )E D + k D (T, α)E k(T ) + k D (T, α) (3.9)
The latter equation suggests that E α would vary between E and E D .

Isoconversional method

Isoconversional methods can detect changes in the rate limiting steps of the overall cure rate. For this reason, isoconversional methods have largely been used for studying the curing kinetics of numerous thermoset resins [133,195,[198][199][200][201].

The isoconversional principle states that the reaction rate at constant extent of conversion is only a function of temperature. Thus, it is possible to compute a value of E α for each value of α without any assumptions about the reaction model. If E α does not change with α it can be concluded that the overall reaction mechanism follows a single-step process. In this case, evaluation of kinetic parameters is an easy task. However most reactions, and especially those occurring with high viscosity variations, do not obey to this simple kinetic scheme. Significant variations in E α with α indicates a kinetically complex process (i.e. multi-steps) and E α variations can be approximated to a change in the reaction mechanism [134,202]. It has already been shown that the use of an isoconversional method leads to meaningful mechanistic and kinetic evaluations by analysis of the E α dependencies [203][204][205]. Isoconversional computational methods can generally be split into differential and integral. The Friedman method [206] is the most used differential isoconversional method. Differential methods do not make use of any approximations, however, their practical use is associated with numerical instabilities [207]. Common integral methods make use of different approximation methods to solve the temperature integral. To achieve greater accuracy, numerical integrations should be used. For this reason, Sbirrazzuoli [208] and Vyazovkin [209,210] developed the so-called "Ozawa corrected method" and the "advanced isoconversional method". The advantage of these methods is that they use a numerical integration of the data. In addition, the "advanced isoconversional method" can be applied to any temperature program. In this study, the advanced isoconversional method was used. For a series of n experiments performed with different heating programs T i (t), the effective activation energy (E α ) can be determined at any extent of conversion α by finding the value of E α that minimises the function:

Φ(E α ) = n i=1 n j =i J[E α , T i (T α )] J[E α , T j (T α )] (3.10) 
In Eq 3.10, the integral: 3.11) is evaluated numerically for a set of experimental heating programs. Integration is performed over small time segments, to eliminate systematic errors. The integral J in eq. 3.10 is evaluated numerically by using the trapezoid rule. E α is computed for each value of α between 0.02 and 0.98 with steps of 0.02. The advantage of using the advanced isoconversional method is the possibility to use the same computational algorithm to evaluate E α dependence from both isothermal and non-isothermal data. The first step, corresponding to a very low degree of conversion, is characterised by an increase of E α from 50 kJ mol -1 to around 65 kJ mol -1 . The mixture is in the liquid state, with an initial low viscosity (from 10 -1 to 10 1 P a s). This step is associated with the formation of active species that initiate polymerisation. In the second step, from α =0. 192,195,198,204]. In this step, the curing process is driven by the mobility of unreacted molecular segments with short range motion. Similar behaviour was observed for curing of other biobased resins [199,212].

J[E α , T (T α )] = tα t α-∆α exp[ -E α RT (t) ] dt ( 

Results and discussion

Analysis of the cross-linking kinetics by TOPEM meaasurements Stochastically temperature modulated DSC (TOPEM) was used as a comparison with the DSC results previously obtained. This is a unique technique, which permits the evaluation of the quasi-static specific heat capacity, C p , during curing. The relaxation behaviour of curing with time was evaluated by fitting the experimental data with the Kohlrausch-Williams-Watts (KWW) relaxation function [214,215]. This function is used to describe various types of relaxation data. It has been first used for studying dielectric relaxation but nowadays it is applied as an universal tool for studying various physical and chemical processes [216]. The KWW function is expressed as:

Φ t = cste + exp( -t τ 1 ) (β 1 ) (3.12)
where Φ t is the relaxation function, indicating the kinetics of non-equilibrium to equilibrium transformation of the system, τ is the mean molecular relaxation time, cste is a shift factor and β is the relaxation distribution parameter, indicating the deviation of the relaxation from exponential behaviour [217]. The KWW function described well the relaxation behaviour for the three curves. The fitting was done considering two relaxation times: τ 1 corresponding to the relaxation time of mobile chains in the chemically controlled part of the reaction and τ 2 related to the relaxation of the small molecules in the latter stage of the reaction, corresponding to diffusion kinetics: To compute the E α -dependency from Topem data, the heat capacity (C p ) was normalised between 0 and 1 according with Eq. 3.2 and an extent of conversion α was obtained for each temperature (Figure 3.3.2). The advanced isoconversional method previously described was used to compute these data, according to Eq. Relation between extent of cure (α) and glass transition temperature (T g ) Optimum curing is difficult to achieve in thermosetting systems because of the high changes in viscosity during the cross-linking of the material. As previously noted, the reaction may start to be controlled by diffusion during the early stages of the reaction, resulting in incomplete cure and loss of mechanical properties. Establishing a relationship between T g and the extent of conversion is of major importance for the optimisation of the final properties of the material. The glass transition temperature can be correlated to the extent of conversion according to the Di Benedetto equation [219-221]:

Φ t = cste + exp( -t τ 1 ) (β 1 ) + exp( -t τ 2 ) (β 2 ) (3.13)
T g -T g0 T ∞ -T g0 = λα [1 -(1 -λ)α] (3.14)
with λ given by:

λ = ∆C p∞ ∆C p0 (3.15)
where T g0 is the value for α = 0, corresponding to the T g of the unreacted system, T g∞ is the "infinite" T g corresponding to the maximum value that can be obtained. Ideally the value for α = 1 and λ is a fitting parameter, which was found to be equal to 0.30. This value is close to what was previously observed for other thermoset resins [222]. Note that this parameter can be obtained by DSC measurement from the ratio of ∆C p of the glass transition of the fully cured system (∆C p∞ ) divided by the ∆C p of the glass transition of uncured system (∆C p0 ). Figure 3.3.4 shows the T g evaluation at different extents of conversion obtained from experimental data, and the fitting values obtained with the Di Benedetto equation. The equation seems to fit quite well the experimental data, suggesting that it can be used to extrapolate values of T g at every needed α. In this system, the value of λ found experimentally is 0.34, which is very close to the value obtained by nonlinear fitting.

Leaching tests after isothermal treatment at 160 ℃ Figure 3.3.5 shows the concentration of leachates of the completely cured humins (α = 1 ) and partially cured humins (α = 0.4) after leaving the samples in water for several hours. Concentrations in the graph are cumulative and the water was changed after every measurement. The monomers detected at higher concentration were HMF, MMF, HMFCA, MMFA. α = 0.4 sample shows significant increase in leachates concentration with time, reaching 14000 mg/L after one week. In the case of the α = 1 sample, the concentration of the monomers is so low as to be close to the limit of detection for the very few hours, and slightly increase after 1 week. This demonstrates that when curing is almost complete, no more free monomers are found in the final cross-linked humins.

Non-isothermal investigation

Due to the high complexity and heterogeneity of humins, it was not possible to properly treat the signal from DSC data in non-isothermal mode. Thus, isoconversional analysis has been applied to the rheological studies of humins cross-linking in non-isothermal conditions at 0.5, 1 and 2 ℃ min -1 . The storage modulus (G ) variation with temperature was measured for crude humins and for humins/pTSA samples (Figure 3.3.6).

A sharp increase of the modulus is identified at the beginning of cross-linking due to the polymer chain growth, and thus to molecular weight increase. The starting temperature of the curing process is higher when increasing the heating rate, which is a phenomenon widely described in the literature [212]. Significant differences are observed between the behaviour of crude humins and humins/pTSA. In the case of crude humins, a first plateau is identified from around 100 to 150 ℃. In this range of temperatures, the competition between the temperature dependence of viscosity and the increase of molecular weight results in a quasi-constant value of G . A sharp increase in G is observed from about 150 ℃ and the final plateau, corresponding with end of curing, is reached around 240 ℃. When pT SA is added, G reaches a minimum around 100 ℃ and then sharply increases up to 180 ℃, reaching a plateau. The use of an accelerator allows cross-linking reactions to be initiated very fast, and no plateau is observed at low temperature. All the curves are shifted toward much lower temperatures in the case of humins/pTSA, which confirms the strong "catalytic" effect of pT SA on humins cross-linking. G was normalised between 0 and 1 according with Eq. 3.2 and an extent of conversion α related to rheological behaviour was obtained. The advanced isoconversional method was used to compute the obtained data, from Eq. 3.10 and 3.11. is in good agreement with diffusion control at the end of the reaction [211]. A final step is then observed for α > 0.8, characterised by a slow increase of E α . The high temperature reached might increase molecular mobility, promoting reactivation of the chemical reaction. This may correspond to the motion of longer chain segments. A similar dependency is observed for humins/pTSA. The curing processes of the two systems have the same initiation steps but slightly different mechanisms of propagation. As observed in the case of crude humins, a first step is identified up to α = 0.35, when Eα slightly decreases from around 45 to around 32 kJ mol -1 . The cross-linking is catalysed by pT SA thus the initiation reactions occur at significantly lower temperatures and with a lower value of α. Moreover, the slope of the curve in this first step is also significantly lower. A second step is observed from α = 0.35 to α = 0.60, associated with an almost constant value of energy. This indicates that this second step is controlled by a single step. Finally, E α decreases from ∼ 32 kJ mol -1 to 7 kJ mol -1 . As previously explained, this is typical of a diffusion controlled mechanism that occurs at high temperature due to the increase of viscosity, as observed in Figure 3.3.7 b, and cross-linking is controlled by the motion of short chains. Similar values It is of interest also to compare the reaction rate (dα/dt) of the two samples at different heating rates. The relationship between the rheological conversion rate, dα/dt, and the temperature is shown in Figure 3.3.8, revealing the effect on accelerator on the cross-linking rate. The maximum rate achieved varied according to the heating rate used. The reaction rates are higher for humins/pTSA when heating rate of 1 and 2 ℃ min -1 are used. The use of an accelerator is not only decreasing the initiation temperature but also contributes to increasing the reaction rate. This is not valid for a heating rate of 0.5 ℃ min -1 , probably because the initiation temperature is considerably low and thus reaction rate is slowed down. A shoulder is observed for crude humins, indicating that two different curing mechanisms are initiated at different temperatures. This agrees with what was observed in Figure 3 The mass loss of crude humins and humins/pTSA during cross-linking was studied under air, to simulate the same conditions as the rheological measurements (Figure 3.3.9). The same behaviour is observed up to 140 ℃, when a mass loss of 10 % is reached. At higher temperature, crude humins show an increase in mass loss, showing a deviation up to 10 % with humins/pTSA. This difference might be linked to the different curing mechanism. Indeed, as already observed in Section 3.1, this mass loss is linked to volatiles and small molecules which are released, together with water from polycondensation process, during cross-linking. When using an accelerator, cross-linking reactions are initiated at lower temperature (Figure 3.3.6), thus small molecules are most likely involved in the reaction before starting volatilisation. For this reason, the mass loss is not observed in TGA measurements. 

Conclusion

The kinetics of humins cross-linking by advanced isoconversional analysis has been proposed for isothermal and non-isothermal data. For the latter, curing of both crude humins and humins with an accelerator were studied and compared. Due to the complexity of the material, different techniques were used. Variation of the effective activation energy with conversion was obtained and different curing mechanisms were proposed. Isothermal data were studied first by standard DSC and TOPEM. We demonstrated a consistency in results obtained by treat-ing the heat flow signal from DSC and the C p0 signal from TOPEM. Storage modulus variation was then used to study the curing mechanism under nonisothermal mode. Consistent results from isothermal and non-isothermal data were obtained, giving important correlations with regards to the rheological behaviour during curing. This study led to the conclusion that the overall humins polymerisation follows multi-step kinetics with a predominance of diffusion control mechanism at high degrees of conversion (starting from around α = 0.35). The use of pT SA significantly decreases the initiation temperature and the activation energies, and increases the rate of curing reaction. Similar mechanisms are identified for crude humins and when using an accelerator. This study brings the first insights into a mechanism for humins cross-linking for the optimisation of alternative green thermosets.

Experimental section

Materials

Humins were supplied by Avantium N.V. and produced in their pilot plant in Geleen, The Netherlands, by conversion of fructose and glucose. Humins samples were used as received. P-Toluenesulfonic acid monohydrate (pTSA) was supplied by Sigma Aldrich, (M w = 190.22 g/mol, melting point = 103 -106 ℃, purity > 98.5 %). pT SA was chosen as catalyst to study humins polymerisation under acidic conditions. For this purpose, a sample was prepared by heating humins for 20 minutes at 80 ℃ and then 1.5 %wt of pT SA was added. The mixture was stirred for other 20 minutes at 80 ℃ to obtain a homogeneous sample.

Differential Scanning Calorimetry (DSC)

A heat flux Mettler-Toledo DSC-1 was used to perform conventional differential scanning calorimetry (DSC) and stochastically temperature modulated differential scanning calorimetry (TOPEM®by Mettler-Toledo) measurements. Computations for the kinetics evaluation were performed by an internally-written software regularly updated [133,208,226], able to treat any kind of isothermal and non-isothermal data. Temperature, enthalpy and tau lag calibrations were performed using indium and zinc standards. Around 7 mg of humins were placed in a 40 µL aluminium crucible and closed by a perforated pan lid. Isothermal measurements were performed on crude humins by standard DSC at 120, 140 and 160 ℃. The same set of temperatures was used to perform quasi-isothermal measurements by TOPEM®. The amplitude of the temperature perturbation was fixed at 0.5 ℃ for all the stochastically modulated experiments and the The previous Chapter was dedicated to studing crude humins properties, a necessary background for understanding the potential of humins in a wide range of applications. The main objective of this Chapter is to present possible applications for high-value composites by humins valorisation. Section 4.1 presents preliminary studies concerning the use of humins as a resin in natural fibre composites. The use of all "green" composite materials is a great environmental option for several applications, such as construction or automotive. In this study, a new type of all green composite has been prepared by compression moulding flax fibres with humins as the matrix. The reactive thermoset-like matrix consists of only crude humins cross-linked with and without catalyst. The effect of the process conditions on the final properties of the composites is studied.

Section 4.2 focuses on the potential of humins-jute fibre composites compared with jute composites prepared with polyfurfurylalcohol (PFA), a widespread biobased thermosetting resin used for several thermoset applications. This study demonstrates the possibility of using industrial humins instead of PFA as a thermoset-like resin for the next generation of biobased composites. Based on the results obtained for humins as a resin for natural fibres composite materials, Section 4.3 shows the properties of humins/glass fibres composites. Glass fibres composites are the most common reinforcement in fibre reinforced polymer composites, thus the possibility to use resins in combination with glass fibre could be a very interesting opportunity.

All "green" composites comprising flax fibres and humin resins

Introduction

The increase of sustainability awareness, together with the rising concerns on the depletion of global resources, is leading to a new interest in environmentally friendly materials. The focus is on the use of lignocellulosic materials, which represents one of the largest renewable raw material resources on the Earth. Natural fibres are therefore a very good candidate for replacing glass and carbon fibres in composites applications [101,[227][228][229][230]. The use of natural fibres for the production of composites brings a number of advantages from an economical and environmental point of view. These materials show considerable toughness, flexibility, easy processing, minimal health hazard, low costs and easy availability [227,231]. This makes these materials the perfect candidate in automotive application and certain structural applications [229,[232][233][234][235][236]. Both thermoset and thermoplastic matrices have been used together with natural fibres. The most common thermoplastic matrices commercially used comprise polypropylene (PP), polyethylene (PE) and polystyrene (PS) [237][238][239][240]. Polyesters, epoxies, and phenolics have been largely used as thermoset resins [229,241]. The use of biobased alternatives such as polylacticacid (PLA) and polyhydroxyalkanoate (PHA) have also been studied [242][243][244][245][246]. More recently, novel biobased matrices have been investigated, such as starch-based thermoplastics or soybean-based thermoset matrices [247][248][249][250][251][252][253][254]. Nonetheless, the majority of commercial applications use petrochemical-based resins [238,[255][256][257][258]. The good properties of composites are usually due to the high strength and modulus of the fibres, improved by the matrix which serves as a load transfer medium between the two phases. In case of natural fibre composites, the main drawback of using hydrophobic matrices with highly hydrophilic natural fibres is exemplified by the lack of interfacial adhesion [137,[259][260][261]. Good interfacial interactions play a fundamental role in determining the final properties of the composites, ensuring a good stress transfer. Moreover, it would also protect natural fibres from the environment, avoiding moisture absorption from the surroundings, that would gradually decrease the final properties [262][263][264]. To overcome this problem, the common methods used to improve adhesion between the two phases are by chemical modification of the fibre-matrix interface using coupling agents or by grafting small molecules with hydrophilic chemical groups [256,261,[265][266][267][268][269]. Another possibility is to use a biobased matrix which can interact well with the hydrophilic groups in natural fibres. For instance, the use of soy protein isolates as a matrix leads to natural fibre composites with very good interfacial adhesion [247][248][249][250]. Another example is the fabrication of all-cellulose composites (ACC) where both the matrix and the reinforcement is constituted of cellulose, thus improving the interfacial adhesion leading to superior mechanical and thermal properties [270,271]. In this context, finding solutions combining environmentally friendly and sustainable composites whilst keeping in mind the goal of improving interfacial adhesion between matrix and filler has become an urgency [136,250,272,273]. Such a solution could be using humins as the matrix in natural fibre composites. Humins is an emerging new biobased material, the coproduct of sugar conversion process. Humins are heterogeneous and polydisperse macromolecules mainly constituted of furanic rings comprising aldehydes, carboxylic acids and hydroxyls as the main functional groups. Humins valorisation is more and more in the spotlight, thanks to the growing attention of industries in green chemistry and biomass valorisation [54,104,106,274]. Using humins would lead to numerous advantages: (i) combining humins matrix with natural fibres would allow the production of "all green composites", a very recent and attractive research line [136,272,273,275,276] (ii) the functional groups present on humins suggest the possibility to obtain a very good affinity with the cellulosic fibres, solving the problem linked to the use of compatibiliser (iii) using humins as a resin would perfectly fit in the by-product valorisation concept, providing high-value products from this material. Humins were shown to be able to crosslink at relatively low temperatures and short times, depending on the thermal treatment used. These conditions would also affect the final structure and properties of the humins' resin, as reported in Section 3.1 [277]. The possibility of using humins for composites elaboration was already demonstrated by Pin et al. [101]. Large quantities of humins (55 or 75 % wt/wt) were included in a polyfuranic network to prepare a thermoset matrix for binding cellulosic fibres. Better mechanical properties and interfacial adhesion were observed when humins were included a the polyfurfuryl alcohol network. Accordingly, this proof of concept could be extended to natural fibre composites comprising humins as the only reactive matrix. Therefore the focus of this work is, for the first time, on the production of homogeneous and stable humins/flax fibre composites obtained by compression moulding. No additional resins or compatibilisers were employed. Different process conditions were tested and their effects on thermo-mechanical properties were highlighted. To this end, the relaxation behaviour and the thermal stability were studied by means of Dynamic Mechanical Analyses (DMA) and thermogravimetric analyses (TGA). Water absorption behaviour and leaching tests were done to obtain further insights on the composites. The focus was set on obtaining samples with good hydrophobic behaviour. The fracture surface of the composites was observed by scanning electron microscopy (SEM) to check the morphology at the matrix/fibres interface and to control if good adhesion was obtained.

Results and discussion

Tensile properties

The tensile properties of flax fibre composites depend on several factors, which can be linked either to the fibres used and/or to the matrix employed. Concerning the matrix, when using humins resin it is important to consider the thermal treatment applied. Indeed, as discussed in Section 3.1, depending on the time and temperature of treatment it is possible to tune the degree of cross-links in humins and accordingly their glass transition temperatures [277]. Two different resins were tested, humins with and without pT SA catalyst, to study the effect on the final properties. These two samples were processed at 140 ℃ for 40 minutes. One more sample was prepared at 140 ℃ for 20 minutes. This last sample was prepared using pT SA as if no catalyst is used, curing times below 40 minutes are not sufficient to fully cross-link the resin. Indeed, pT SA acts as an acidic initiator for the cross-linking reactions, allowing shorter processing times. The Young's modulus of all the composite samples is shown in Figure 4.1.1 a. When using pT SA (sample a) the composite shows higher Young's modulus value, reaching values around 1.7 GPa, compared with the sample treated in the same conditions but without using pT SA (sample c). pT SA and high temperature treatments give the possibility to significantly decrease the time of process (samples b). Nonetheless, a decrease in the Young's modulus is observed, probably due to the short time of process. This might induce lower adhesion between matrix and fibres and lower stiffness of the humins matrix.

Figure 4.1.1 b shows the ultimate tensile strength for all the samples prepared. Ultimate tensile stress involves the mechanical response at high deformation, thus it is strongly affected by the adhesion between fibres and matrix rather than the properties of the matrix itself. The values of ultimate tensile strength for the two samples treated with the same conditions (i.e. a and c) is almost the same, being around 15 MPa. The sample treated for 20 minutes at 140 ℃ (i.e. b) shows slightly lower ultimate tensile strength. As explained before, in this case the interactions between fibres and matrix are less signifi- cant, decreasing the maximum tensile strength value. Similar values of Young's modulus and tensile strength were found in literature for other all "green" flax fibre composites [248,275,278]. In particular, the tensile properties obtained in this work are close to the properties of flax mat composites fabricated with tannins [273] or tannins/polyfurfuryl alcohol [272] as a matrix. Such comparison with similar reinforcements (i.e. flax mat) underlines the influence of the matrix. This indicates that humins results in a matrix with properties similar to tannins. Nonetheless, it is quite difficult to make a fair comparison with other studies. Many factors can indeed play an important role on the final properties, such as the structure of the mat, the optimisation of the resin/fibres ratio and the manufacturing processes [241,279].

Morphological observations after fracture help to characterise the interface between the fibres and the matrix. 

Dynamic mechanical analysis

The viscoelastic behaviour of humins/flax composites was studied by Dynamic Mechanical Analysis (DMA). Figure 4.1.3 a shows the variation of the storage modulus (E ) of the samples as function of temperature. Small deformations, adjusted initially to be in the linear domain, are applied on the material. The stress is thus mainly stimulating the matrix rather than the interface between matrix and fibres since the deformation (0.1 %) is relatively low to be transferred to the interface. Thus, the tensile properties highlighted in Figure 3a are mainly attributed to the properties of the matrix itself. In all the composite samples, the storage modulus is observed to decrease with temperature. In particular, the drop in storage modulus is observed for temperatures higher than the glass transition temperature of the neat matrix (humins), which can be formally identified by the inflection point of the curve [280]. The values and the evolution of storage modulus are quite similar in case of samples a, and c. The properties of the resin for the same process conditions tend to be quite similar. Sample b shows quite different behaviour. The value of storage modulus in the glassy state (i.e. from -50 ℃ to 0 ℃) is higher compared to the other samples. However, at around 25 ℃ the modulus values of the three samples are in the same range in agreement with the results from tensile tests (Figure 4.1.3 a). In sample b the humins resin is less cross-linked as shown by the lower value of the modulus in the rubbery plateau compared to samples a and c. The reason is probably due to the different quantity of humins matrix present in the specimen measured. Indeed, humins/flax ratio might slightly varies from one sample to the other due to inaccurancies in the preparation methods.

The dynamic T g is the temperature range where a thermosetting polymer changes from a rigid state to a more flexible or "rubbery" state. This temperature could be defined either as the temperature corresponding to the peak maximum of loss modulus (E ) or damping factor (tan δ) [280]. When studying composite materials, the peak in the E curves can be associated with the cooperative αrelaxation (T α ) process related to the matrix influenced by fibres. In this case, it can be approximated with the glass transition temperature (T g ) of humins surrounding the fibres. For the samples a, b and c, the T g(maxE ) are respectively 71 ℃, 38 ℃ and 64 ℃. The lower curing time (i.e. 20 min for sample b) explains the lower degree of cross-linking and consequently the lower T g(maxE ). The addition of pT SA does not change significantly the cross-link density and the glass transition of the humins' resin after 40 min of curing, as attested by similar relaxation behaviour in sample a and c. Relaxation phenomena can be also identified with the variation on the tan δ curves (Figure 4.1.4 b). tan δ is the loss factor and represents the damping within the materials. The peak in tan δ curves is associated with damping contributions from the matrix and the fibres. The maximum of the tan δ peak is similar for sample a and c, i.e., around 90 ℃, in agreement with what was observed for the E max values. The sample treated with pT SA at 140 ℃ for 20 minutes (sample b) has a slightly lower T g value, i.e. around 80 ℃. As explained above, there is a strong contribution linked to the fibres and their adhesion with the matrix, probably also related to the heterogeneity in the humins/flax ratio. Similar T g values were observed in comparable samples prepared with similar conditions, such as PFA-based natural fibre composites [136]. Differences in the amplitude of the tan δ peak are also observed. The intensity of the tan δ peak gives information on the nature of the interface. The higher the intensity, the lower the interface. As the flax fibres are not relaxing in this temperature region, the changes in the intensity of the tan δ peak are mostly attributed to modification of mobility coming from humins chains. Samples a and c show similar amplitudes of tan δ peak suggesting similar interfaces with the fibres. The longer processing time thus promotes interactions between matrix and fibres compared to sample treated for shorter time (i.e. sample b) which exhibits higher tan δ intensity. This means that the interfaces are poorer in sample b, in agreement with its lower ultimate tensile strength.

Thermal stability

The thermal stability of humins/flax fibre composites were measured by TGA. The thermograms together with the DTG of the measurements under air are shown in Figure 4.1.4 a. The DTG curve of flax fibres shows three degradation steps. From 40 ℃, we observe a weight loss of about 5 % which could be associated to the loss of moisture absorbed by the hydrophilic fibres. This step is significantly less pronounced in composites samples (curves a to c), occurring at 100 ℃ and corresponding to a loss of mass of around 2.5 %. This suggests that the fibres are well embedded by the matrix and that less free space is available. Thus, it is more difficult for fibres to absorb moisture from the environment [278,281]. As shown on the DTG curve (Figure 4.1.4 a), a second step of weight loss is observed between 200 ℃ and 400 ℃ for the raw fibres, with the peak of maximum rate of weight loss at 330 ℃. This weight loss corresponds to the degradation of hemicellulose around 200 -250 ℃ followed by the degradation of cellulose above 300 ℃ [243,282,283]. The results obtained agree with those observed by Wielage et al. [284]. The last step between 400 ℃ and 550 ℃ corresponds to the carbonisation of the char residue from the flax fibres. In case of humins/flax composites (curve a to c), the degradation peak occurs at slightly lower temperatures in composites compared to raw fibres, as observed from the DTG in Figure 4.1.4 a. These temperatures are lower for samples which have been subjected to a more pronounced treatment, involving the use of pT SA (curves a and b). Probably, the use of pT SA increases the thermally unstable non-cellulosic structure in the natural fibres. It is also interesting to compare the composites samples (curves a to c) with the humins degradation curve. Humins prepolymerised at 140 ℃ for 40 minutes was chosen as "blank" humins curve, to compare with the composites containing cross-linked humins. In the blank humins sample, mass loss of about 16.5 % is observed between 140 ℃ and 240 ℃. This corresponds to a loss of volatiles during the degradation/foaming process of humins at high temperature. This step is about 7.5-8 % in the composites which indeed is in perfect agreement with the humins/flax fibres ratio. TGA measurements were done also under N 2 flow (Figure 4.1.4 b) to check the variation of the decomposition when an inert atmosphere is employed. The main decomposition peak around 340 ℃ is not affected by the non-oxidative conditions. However, important modification occurs for the carbonisation of the decomposed residues. The flax fibres have a sufficiently high oxygen content to induce self-carbonisation leading to a char yield of only 3 % at 750 ℃. At this temperature, the final char yield is respectively 25 %, 27 % and 21 % for sample a, b and c. Indeed, the humins alone lead to a relatively high char yield (37 %). Presence of humins in the composite decrease the rate of carbonisation of flax fibres, which is particularly highlighted under inert atmosphere.

Water absorption behaviour and leaching test

One of the most important property of natural fibre composites is the hydrophobicity of the material. The hydrophilicity of natural fibres can lead to moisture absorption which can affect the physical, mechanical and thermal properties. Thus, a very good interaction between the two phases can avoid moisture absorption from the environment. For this purpose, the water absorption behaviour of composite samples was studied and compared with the behaviour of the raw flax mat. Composites obtained with and without pT SA catalyst (respectively sample a and c), processed for 40 minutes at 140 ℃ were chosen as reference samples. The percentage of water gain was calculated by mass difference of the samples before and after immersion in water, following the equation:

M ass gain (%) = W f -W t W i × 100 (4.1)
Where W i is the mass of the sample before water immersion and W f is the mass after immersion. Figure 4.1.5 shows the water absorption gain as function of time. The results show that the composites have a very low moisture uptake compared with the raw flax fibres, quickly reaching the saturation point after 1.5 hours to 120 hours. This suggests that the good adhesion between the fibres and the matrix render the final material more hydrophobic and less prone to water adsorption. This is in agreement with our previous conclusions obtained from TGA data and microscopic observations. Indeed, the compact structure at the interface reduces the void space between the fibres and the matrix through which water could penetrate. The leachate waters from the water absorption test were collected and analysed by UPLC. The goal was to verify that a high degree of cross-linking had been reached and that no more free monomers are leaching out of the samples when left in water. Figure 4.1.6 details the main compounds which have been detected and quantified by UPLC.

Figure 4.1.7 highlights the concentration of each compound after increasing leaching time. It should be stressed that most of the leachates are released after the first 30 minutes of leaching. However, the composites do not release compounds in water after 1.5 hours of leaching while the HMF concentration continues to increase in crude humins even after 48 hours.

As shown in Figure 4.1.7 (a), when pT SA is used as a catalyst, the concen- tration of monomer leaching is significantly lower than for composite prepared without catalyst. Leaching water from composites and from crude humins is compared in Figure 4.1.7 (b). Composites do not leach any detectable concentration of HMF, while HMFCA can be found in the water. On the contrary, HMFCA cannot be found when analysing leached water from crude humins, but HMF can be detected. This suggests that during the curing process of humins in presence of flax fibres, chemical reactions occurs at the interface between the matrix and the fibres thus oxidising the free HMF present in the humins.

Conclusion

Humins/flax fibres composites made by compression moulding have demonstrated a strong potential for the production of all green composites with good tensile properties. Humins interacts with the hydrophilic fibres thus creating a good interphase, leading to improved properties. Tensile properties and DMA of composites showed that rigid materials with relatively high T g (> 65 ℃) and elastic modulus (∼ 1.5 GPa) could be obtained with only cross-linked humins as a matrix. Different compression moulding process conditions were studied. The importance of the balance between good adhesion and good tensile properties of the matrix was shown. SEM pictures of the fracture showed a compact and void free structure at the interphase. Water absorption stability test revealed much lower water adsorption compared to raw mat. The leachates were identified and mainly HMFCA was detected as the results of potential oxidation of HMF in presence of fibres. The study demonstrated that humins can be valorised as thermoset resin for the production of natural fibres composites, obtaining good tensile and water resistance properties. These composites could be employed in large scale for automotive application or for building materials. 

Experimental section

Materials

Humins were supplied by Avantium N.V. and produced in their pilot plant in Geleen, the Netherlands, by conversion of fructose and glucose. p-Toluenesulfonic acid monohydrate (PTSA) was used as acidic catalyst to promote humins polymerisation. pT SA was supplied by Sigma Aldrich, (M w = 190.22 g/mol, melting point = 103 -106 ℃, purity > 98.5 %). Flax fibres mat were supplied by HempFlex, the Netherlands and were used as received. The fibres used were a non-woven mat with a grammage of 600 g m -2 . No particular treatment was applied to the mat prior to the impregnation with the humins as attested by the presence of some remaining wax or pectin at the surface of flax fibres.

Resin and composites preparation

Two formulations of humins resins were prepared: (i) crude humins preheated for one hour in the oven at 120 ℃ and (ii) crude humins which were preheated for 20 minutes at 120 ℃ before 1.5 %wt of pT SA was added slowly. The latter humins mixture was then stirred for 5 minutes at 120 ℃. The thermal pretreatment was applied to obtain optimal viscosity (∼ 10 P a s measured by rheometry) to impregnate the fibres. In both cases, the resin was homogeneously spread over the flax mat and flattened between two non-adhesive films. The composites were prepared by compression moulding. Two samples obtained with the two resins were processed at 140 ℃ for 40 minutes to study the effect of the catalyst on the final properties. One more sample was prepared with the pT SA catalyst and processed at 140 ℃ for 20 minutes, to demonstrate the possibility to decrease the time of process when using a catalyst, without significantly compromising final properties. A pressure of 2 bar was used for the preparation of all the samples. The weight ratio between humins and flax was around 40 : 60 .

Tensile test

Tensile properties of the composites were tested with an Instron 5565 apparatus in tensile mode with crosshead speed of 3 mm min -1 , with a loadcell of 1 kN. Samples of dimension 40 x 60 x 1.3 mm (length x width x thickness) were impregnated and cured. The specimens were cut into strips of 40 x 10 x 1.3 mm (length x width x thickness) for the tensile tests. For each curing condition, six samples were tested to evaluate the average Young's modulus and maximum tensile strength.

Dynamic mechanical properties

The dynamic mechanical properties were studied by dynamic mechanical analysis (DMA), Mettler-Toledo DMA-1 in tensile mode. Samples were tested on temperature sweeps from -40 ℃ to 150 ℃ with a heating rate of 2 ℃ min -1 . Experiments were done in a single frequency oscillation mode with a frequency of 1 Hz, a force amplitude of 0.1 N and a displacement amplitude of 0.1 % in auto tension offset control. A preload of 1 N was applied.

Thermogravimetric analysis (TGA)

Thermogravimetric measurements were carried out on a TGA/DSC3+ from Mettler-Toledo. To study the thermo-oxidative degradation of composites, measurements were performed at a heating rate of 10 ℃ min -1 under air flow ( 50mL min -1 ) from 30 ℃ to 800 ℃. On the other hand, the thermal degradation and the char yield were rather highlighted through measurements under nitrogen gas flow (50 mL min -1 ) from 30 ℃ to 1000 ℃.

Scanning electron microscopy (SEM)

The morphology of natural fibre composites after fracture by tensile test were observed by scanning electron microscopy (SEM) at the microscopy centre of University Nice Sophia Antipolis using a JEOL 6700F microscope equipped with a field emission gun. The electron beam voltage was fixed to 1 kV.

Water absorption behaviour and leaching test

Water absorption was tested on (i) reference sample cured after impregnation with crude humins (ii) reference sample cured after impregnation with crude humins and pT SA initiator (iii) reference raw natural fibres mat. In each case, the mass of the samples was checked before immersion in water. The sample was then left for a specific interval of time in water. The mass was checked every time the sample was taken out of the water, and the water was then replaced. The samples were left in water up to 120 hours. Leaching water was collected and analysed for monomer content using ultra high performance liquid chromatography (UPLC). UPLC analyses were performed with a column Waters Acquity UPLC HSS C18, 2.1 x 100 mm, 1.8 µm, equipped with UV and ELSD detectors.

4.2 Natural fibre composites with furanic resins: comparison between polyfurfuryl alcohol and humins from biomass conversion

Introduction

Chemicals derived from lignocellulosic biomass could provide sustainable and environmentally friendly solutions to current petroleum-derived products. Two of the most prominent examples are the acid-catalysed dehydration of C5 and C6 sugars, leading to the formation of furfural (FF) and 5-hydroxymethylfurfural (HMF) [43,172,174]. Furans derived from cellulose and hemicellulose have ample potential to be used to design new biobased resins [89,124,285]. Furfural is today one of the most important first-generation furan derivatives, produced industrially at a rate of ca. 300,000 tonnes per year. Furfural can be obtained from the hydrolysis of biomass such as birch wood and agricultural residues of sugarcane, corn and wheat [55,138,286,287]. Most of the furfural produced worldwide is reduced into furfuryl alcohol (FA) which is one of most important second-generation furanic derivative [START_REF] Gandini | [END_REF]124]. FA can be easily polymerised through cationic condensation reactions to obtain polyfurfurylalcohol (PFA) following two steps: i) oligomers formation by FA polycondensation ii) Mickael addition and Diels-Alder cyclo-additions, leading to a tridimensional amorphous networks with high branching density [130,132]. The high carbon content, chemical inertness and thermal stability of PFA have led to several applications [288]. PFA can be mixed with sand to obtain a composite which is used as foundry cores and moulds. FA impregnation and in-situ polymerisation in wood is used to improve wood durability [289]. Nanostructured carbons and nanocomposites derived from PFA have been largely studied [290]. PFA is also a very good candidate to be used as biobased alternative for resinous products demanding good mechanical properties and durability and phenol-formaldehyde free resins [101,136,137,213,286,287,[291][292][293]. High performance PFA/silica nanocomposites with improved thermal stability have been elaborated [138,288,294]. PFA has also been employed in carbon-carbon composites [295] and glass fibers/PFA composites [296]. Recently, the combination of PFA with natural fibres is more in the spotlight as it opens the doors to the production of all green composites. Deka et al. [136] investigated the physico-mechanical properties of kenaf natural fibres' composites with PFA. Significant improvements in the mechanical properties were demonstrated, together with very good interactions between this bio-based resin and the fibres. PFA has also been successfully com-bined with cellulose fibres [291,297,298]. Humins is another example of furanic biomass derived thermoset material. Humins have started to receive more and more attention from both the academic and industrial community [54,101,104,274,299]. Humins is a biobased material, a co-product of the acid-catalysed conversions of cellulose and hemicellulose to platform chemicals [80,83]. Aldol addition and condensation were proposed as key reactions in the acid-catalysed growth of humins, adding HMF to 2,5-dioxo-6-hydroxy-hexanal (DHH) [75].

Humins are carbonaceous, heterogeneous, and polydisperse macromolecules with a furanic structure, containing aldehydes, ketone and hydroxyls as main functional groups. As demonstrated in various studies [80,82], humins are a perfect example of a macromolecular furanic network containing intrinsically open structures in the form of aliphatic aldehydes and ketones. The severe hydrothermal treatment at the origin of the humins formation induces substantial quantities of HMF ring opening reactions. However, humins chemical structure is still under debate as it varies with the conditions under which they are formed, as well as on the isolation and post-treatment methods, as shown is Section 3.1 [80,91,277].

Humins have been suggested for a wide range of applications such as potential resource for hydrogen production and model feedstock for gasification [92,93], in the preparation of catalytic nanocomposites [106] or humins-derived porous materials [104,107,109]. We also demonstrated the possibility of using humins as resin to produce all green composites with flax fibres in Section 4.1 [299]. Pin et al. [101] showed that large quantities of humins can be included into PFA to obtain a new thermosetting network, with enhanced mechanical properties.

We have demonstrated that incorporation of a substantial quantity of humins in PFA induced better interfacial properties with cellulose compared to neat PFA and PFA combined with lignin. The open structures in humins might favour the molecular mobility and the reactivity via their aliphatic carbonyls. These effects would contribute to increasing the potential interactions with other systems (fillers, other polymers, etc.) compared to highly cross-linked PFA. As mentioned above PFA, humins and the combination of the two were shown to be very interesting solutions for the production of natural fibres composites [101,136,299]. Recently, natural cellulosic fibres such as flax, jute, ramie, hemp, sisal, and pineapple have attracted attention as possible choices to replace glass fibres. These fibres are not only environmentally superior to the commonly used inorganic fibres but they also manifest several other advantages [136,241,300,301]. Natural fibres have lower density compared to glass fibres, they are flexible, considerably tough, cheap and easily available, and are thus very good candidates in automotive and other structural applications [232,233,236,302,303]. However, the use of natural fibres in composites is still minimal compared with the use of glass or synthetic fibres. One of the main reasons is the low wettability of natural fibres with the commonly used matrix. Indeed, the common petroleum-derived matrixes are typically hydrophobic, showing poor interfacial adhesion with the hydrophilic natural fibres [250,261]. Chemical modification of the fibres is commonly used to improve adhesion and thus enhancing the final properties of the composites [256,265]. A different solution would be to combine hydrophilic matrix with natural fibres, opening a plethora of new possibilities involving all green composites. All "green" composites are a very promising and quite new research line, based on the use of biobased matrices together with natural cellulosic fibres. Different studies showed the possibility of making all cellulose composites, using cellulose as both the matrix and reinforcement [270,271]. Research has also been focusing on thermosetting resins for "green" composites. Netravali et al. deeply studied the combination of soy protein resin with natural fibres [278,304,305].

Tannin was also demonstrated to be a good candidate for all green composites [273,306]. In this study, we focused on the comparison between all green composites using jute fibres with two different biobased thermosetting resins: PFA and humins. These two resins are structurally very similar. The comparison aims at underlining the advantages and disadvantages of using humins against PFA, a material which is already largely employed as a resin in several applications. Jute fibres were chosen as one of the most common biofibers used in composites. Jute contains a reasonably high proportion of cellulose (61-71 %), contributing to its stiffness [307]. Therefore, this work focuses on the production of Jute/PFA and jute/Humins composites obtained by compression moulding. The two composites were compared to show the variation in mechanical properties, glass transition temperature, thermal stability and water absorption behaviour.

The goal was to obtain samples with high hydrophobicity, highlighting their potential in several applications. The composites were also observed by scanning electron microscope (SEM) focusing on the morphology at the matrix/fibre interface and their adhesion. In addition to their innate hydrophilic characteristic, natural (jute) fibres as well as impregnation media, namely humins and PFA selected in this study, are also combustible materials by nature, potentially leading to flammability issues. Therefore, the fire behaviour is worth an early appraisal from an application development perspective, according to desirable performance or regulatory driven constraints applicable in the matter. Although reaction to fire of biomass fibres and composites may be improved by addition of various flame-retardants [308][309][310] these additives may also be a source of concern for the environment as such or contribute to overall toxicity threat of well-developed fire scenarios [311,312]. Hence, addressing the reaction to fire performance of materials without any fire retardant additives (jute fibres, impregnated or not) was also included in our study, considering existing information on the matter about PFA and humins [274].

Results and discussion

Mechanical behaviour

DMA was employed to investigate the viscoelastic behaviour of the composites.

The same fibres were used as reinforcement for both composite samples, thus the differences in mechanical behaviour are mostly related to the matrices themselves or the interface between the matrices and the fibres. Storage moduli (E ) and the damping factor (tan δ) are plotted as a function of temperature in Figure 4.2.1. E represents the stiffness of the material and is proportional to the energy stored during a loading cycle. Jute/PFA composites show higher storage modu-lus compared with a jute/Humins composite. Despite humins and PFA having similar furanic structure, PFA is characterised by higher furan ring density and lower aliphatic linkers. PFA chains are more rigid and less likely to move, thus contributing to increased storage modulus. The branching through Diels-Alder cycloadditions during the polymerisation of FA lead to highly rigid materials with a relatively high cross-link density [132]. The cross-link density in PFA can be decreased via furan ring opening reactions when polymerisation occurs in presence of protic polar solvents. In that respect, humins' resin is a perfect example of a PFA-like resin containing a relatively high quantity of open structures due to the acid-induced ring opening reactions of HMF derivatives [80]. The variation in properties linked to the different structures is also highlighted when studying the variation of tan δ with temperature. tan δ represents the damping within the material and its variation is related with macroscopic physical transitions. As shown in Figure 4.2.1, a peak in tan δ curves is observed around 75 ℃ for both composite samples. The maximum of the tan δ peak is associated with the cooperative α-relaxation (T α ) process, generally associated to the glass transition temperature as a first approximation. The composite preparation process conditions were specifically optimised to obtain two samples with similar glass transition temperature (T g ), for ease of comparison. Noteworthy, a significantly lower time of process (30 minutes) is needed for humins to reach the same T g compared to PFA (90 minutes), which is of practical interest for industrial applications. In the glassy state, i.e. below T g , the damping factor value is approaching 0.05 for both samples. In this range of temperatures, the polymeric chains are blocked and the deformations are mainly elastic. For temperature above the T g , in the rubbery state, chains can flow more easily and molecular motions are less restricted. Thus, energy is dissipated and the damping factor increases. The maximum value of tan δ is significantly different in the case of PFA and humins composites. jute/Humins sample shows a higher damping factor compared to Jute/PFA, indicating higher molecular motion during relaxation processes. The branching structure of humins and the numerous aliphatic linkers between the furanic rings contributes to higher flexibility of the chains, thus increasing energy dissipation through internal frictions. On the other hand, a very small amplitude in tan δ peak is observed in PFA sample, highlighting the brittle behaviour of the matrix, due to the very rigid structure which hinders chain motion [101,213]. Results are in agreement with what observed in Section 4.1 [299] and for PFA based composites [136]. Overall, the jute/Humins composites demonstrate higher damping capacity on the whole temperature range compared to jute/PFA. This can be directly linked to the higher capacity of jute/Humins samples to absorb and dissipate external stresses (e.g. shock). It is also worth mentioning that the relaxation behaviour of humins occurs in a much broader temperature range (i.e. between 25 ℃ to 150 ℃) compared to PFA (i.e. between 25 ℃ and 120 ℃). 4.2.2 shows the surface of Jute/PFA and jute/Humins composites after fracture observed by Scanning Electron Microscopy (SEM). In both cases it is clearly observed that the resin is homogenously distributed over the fibres. Fibres are totally embedded by the matrix, and no gap or lack of cohesion is observed between the two phases. Differences are observed when studying the type of fracture of jute/Humins (images a, b, c) and Jute/PFA (images d, e, f). The fracture surface of humins composites shows several pulled out fibres. Resin fracture has occurred, followed by fibre rupture. This indicates a good interfacial bonding between humins and the fibres, allowing stress transfer between the two phases. The type of fracture seems rather ductile than brittle. Different behaviour is observed on the PFA composites fracture surface. Fibres do not show fracture or dislocation. The fracture is very neat, and seems to originate only from the matrix. This is typical of brittle behaviour, characteristic of PFA matrix [101].

Morphological observations

Thermal degradation behaviour

TGA scans of jute/PFA and jute/Humins composites and their comparison with a blank jute mat are shown in Figure 4.2.3 a. A zoom in the region between 35 ℃ and 150 ℃ is shown in Figure 4.2.3 b. Raw jute shows a weight loss of 6 % between 35 and 120 ℃, corresponding to the release of water moisture absorbed from the environment. Almost 2 % of mass loss is observed for the composites samples, indicating that the fibres are well embedded by the resin and thus almost no longer exposed to environmental moisture [281]. Loss of mass is observed in the jute/Humins composite between 180 ℃ and 250 ℃. As described in Section 3.1 and 4.1, humins resin might still contain some residual organic volatile compounds which are released in this temperature range, together with condensation products from the polymerisation of non-completely reacted humins [277,299]. Jute/PFA sample shows higher thermal stability compared to humins composites. The temperature corresponding to 10 % of thermal degradation (T 10% ) is 213 ℃ for humins composites and 290 ℃ for PFA composites. From the derivative T g curve (DTG) curve of raw jute (Figure 4.2.3 a), it is 

Water absorption behaviour

The hydrophilic nature of the natural fibres could make the composites very sensitive to moisture absorption. This would raise several problems, since water absorption affects the mechanical, thermal and physical properties of the final composite [262,263]. The problem is overcome when the matrix interacts well with the fibres, thus increasing the hydrophobicity of the sample. In this way, the natural fibres are protected from the external environment, and less moisture is absorbed. Water absorption behaviour was investigated for Jute/PFA and jute/Humins composites, and compared with the raw jute mat. The percentage of water gain was calculated by mass difference of the samples before and after immersion in water, following the equation:

M ass gain (%) = W f -W t W i × 100 (4.2)
Where w i is the mass of the sample before water immersion and w f is the mass after immersion. to an increase of 25 % in mass, equal to jute/Humins composites. The PFA composite is more compact, thanks to the longer compression moulding treatment and thus no voids are present in the composite macrostructure. In the case of the humins sample, the fibres might be looser thus making it easier for water to get inside the macrostructure in a very short time. This would explain the difference at short time. After 48 hours, water succeeds in penetrating inside the Jute/PFA structure and saturation is reached at the same mass increase as jute/Humins composites (i.e. 25 %). Thickness increase as function of time after immersion in water is presented in Figure 4.2.4 b. Thickness increase was calculated by measuring the thickness of the samples before and after immersion in water, following the equation:

T hickness increase (%) = t f -t t t i × 100 (4.3)
Where t i is the thickness before immersion in water and w f is the thickness after immersion. Dimensional stability behaviour is very similar to what was observed for the mass increase. The raw jute mat thickness sharply increases after the first half an hour. The value keeps on increasing throughout the time of the measurement, increasing its thickness up to 100 %. jute/Humins sample reaches saturation after half an hour, increasing thickness up to 25 %. Jute/PFA samples reaches saturation after longer time. The thickness starts to slowly increase after half an hour, and gets up to 10 % more after 48 hours. As explained before, it is more difficult for water to get inside the Jute/PFA macrostructure. These results indicate very good adhesion between the fibres and the matrices, confirming what was observed in the SEM pictures.

Fire risk assessment

Reaction-to-fire performance of jute fibres, jute/Humins and jute/PFA composites was tested with the FPA and main combustion data resulting from the tests are summarised in the table 4 From Figure 4.2.5 a, we observed different heat release histories and overall energy release for the neat and impregnated samples. As for nearly all cellulosic materials, the shape of the curve indicated first the involvement of volatiles released by the materials and burning in the gas phase, being progressively replaced by charring residual combustion when residual fixed carbon is burning [313]. The overall energy release is much lower from the neat jute sample, to be related to the limited fire load (19.1 M J kg -1 )) of the 12 g test sample (jute mat), whilst additional fire load is brought by the impregnation process (20.2 M J kg -1 ) from humins and 28.9 M J kg -1 ) from PFA). Comparing heat release rates and cumulative energies released by the jute/Humins composite and jute/PFA composite, we may conclude on some fire safety advantage of humins as innovating impregnation media, compared to more conventional PFA. As compared to the peak heat release rate for jute/PFA composite (979 kW m -2 ), we observe a reduction of some 29 % in the peak HRR for jute/Humins. Similarly, less energy is globally released when burning humins impregnated jute fibres compared to burning PFA impregnated jute fibres, which is explained by the fact that less additional fire load is brought for efficient jute impregnation with humins than with PFA.

The quantities of residues left out at the end of combustion processes in jute/Humins (9.6 g) and jute/PFA (7.5 g) composites indicated the incompleteness of combustion in impregnated samples. Moreover, the thermal stress induced during the fire scenarios does not affect the mechanical strength of the impregnated samples in the same way as raw jute, as is reflected by figure 4.2.5 b. From the fire toxicity viewpoint, no particular issue is raised since no heteroatoms are introduced through impregnation media used for improving the jute fibres-based materials under consideration. This could essentially limit the impact to the CO threat in well-ventilated fires as for most products containing C, H, and O elements, whatever chemical bounds are present. Moreover, comparing the incomplete combustion product yields presented in table 4.2.1 (CO, CH 4 , total hydrocarbons (THCs) and soot), leads to the conclusion that impregnation does not induce dramatic changes in the yields as compared to neat jute. PFA when used as impregnation media leads to more sooty fires involving jute fibres than when humins are used. Accordingly, the humins as an impregnation media shows some small advantage compared to PFA as far as fire safety is concerned.

Conclusion

This study compared the properties of jute/Humins composites with jute/PFA composites. PFA is already largely used as a resin in several applications, thus the comparison aims at underlining the advantages and disadvantages of using humins against PFA. Similar cross-linking density (estimated by the glass transition temperature) can be obtained for a lower time of curing process when using humins. This is an advantage for industrial applications because it allows shorter cycle times and lower energy consumption. The storage modulus measured by DMA is slightly higher in Jute/PFA composites; however the latter is more brittle compared with humins composites. This can be explained by the short chain segments created during Diels-Alder cyclo-additions involved in FA polymerisa- tion. TGA showed that jute/Humins composites are thermally stable until 250 ℃. Their stability is lower than that of jute/PFA composites, characterised by a very high thermal stability thanks to PFA resins. Dimensional stability after immersion in water was also studied showing an increase of around 25 % for the two composites (Jute/PFA and jute/Humins), being much lower compared with raw jute mat (100 %). The rate of water uptake is also considerably reduced for the composites. A similar conclusion is drawn for thickness increase. This indicates very good adhesion between the fibres and the matrixes, leading to a high hydrophobicity thanks to the good impregnation of hydrophilic fibres within the resin. This is in agreement with SEM observations. Finally, fire risks were also assessed. Despite being combustible by nature, the impregnation media only slightly increases the fire load of the composite during combustion process. However, this does not lead to easier ignitability of the composite. Toxic species released from the combustion of composites does not significantly differ from the untreated jute material. From the fire safety viewpoint, our study shows that the impregnation process does not significantly increase the fire hazard of a jute mat. Moreover, our results show a slight advantage for humins versus PFA for both the thermal and fire-induced toxicity threats. These results indicate that humins could substitute PFA in several applications, underling the potential of humins to be used as resin in combination with natural fibres.

Esperimental section

Materials

Humins were supplied by Avantium N.V. and produced in their pilot plant in Geleen, the Netherlands, by conversion of fructose and glucose.

P-Toluenesulfonic acid monohydrate (PTSA) was used as acidic catalyst to promote humins' polymerisation. pT SA was supplied by Sigma Aldrich, (M w = 190.22 g/mol, melting point = 103 -106 ℃, purity > 98.5 %). Furfuryl alcohol (FA) (purity: ≥ 98 %) as monomer and maleic anhydride (MA) (purity: ≥ 99%) as FA polymerisation catalyst were purchased from Sigma-Aldrich and were used as received for the preparation of PFA. The fibres used were a jute non-woven mat with a grammage of 600 g m -2 . No treatment was applied to the mat before impregnation.

Resin and composites preparation

Resins preparation methods were adjusted in order to obtain two resins with similar viscosity for fibre impregnation. Humins resin was prepared by preheating raw industrial humins for 20 minutes at 120 ℃ and then slowly adding 1.5 %wt of PTSA. The humins/PTSA mixture was then stirred for 5 minutes at 120 ℃. The resin was homogeneously spread over the jute mat and flattened between two non-adhesive films. Then, the so-called jute/Humins composites were prepared by compression moulding. The samples were cured at 150 ℃ for 30 minutes. The weight ratio between humins and jute was roughly 50:50 wt/wt. The PFA resin was prepared with 98 %wt of FA and 2 %wt of MA. MA was added to FA and mixed at 80 ℃ for 10 minutes. The mixture was then slowly heated up at 120 ℃ and mixed for 20 minutes to reach a PFA resin with a viscosity similar to Humins (i.e. between 103 and 104 P a s at 25 ℃). The PFA resin was homogeneously spread over the jute mat and flattened between two non-adhesive films. The so-called Jute/PFA composites were prepared by compression moulding. The samples were cured at 150 ℃ for 90 minutes. A pressure of 2 bars was used for the preparation of both samples. The weight ratio between PFA and jute was roughly 50:50. The different time of compression moulding between jute/Humins and jute/PFA are justified by the fact that it is best to compare samples with an approximately similar cross-linking degree. Therefore, the glass transition temperature (T g ) of the resins was chosen as an indicator of the cross-linking degree. Care was taken to obtain composites with PFA and humins having a T g of about 75 ℃. Samples for fire behaviour tests were prepared separately. In this case, it was decided to compare composites obtained with the same process, thus both Jute/PFA and jute/Humins samples were cured for 90 minutes at 150 ℃. For both composites, the weight ratio between the resin and the fibres was 60:40.

Dynamic mechanical analysis (DMA)

The dynamic mechanical properties were studied by dynamic mechanical analysis (DMA), Mettler-Toledo DMA-1 in tensile mode. Samples were tested on temperature sweeps from -40 ℃ to 160 ℃ with a heating rate of 2 ℃ min -1 . Experiments were done in a single frequency oscillation mode with a frequency of 1 Hz and a displacement of 0.1 % in auto tension offset control. A preload of 0.5 N was applied.

Thermogravimetric analysis (TGA)

Thermogravimetric measurements were carried out on a TGA 851e from Mettler-Toledo. Samples were measured at a heating rate of 10 ℃ min -1 under air flow (50 mL min -1 ). The samples were heated from 30 ℃ to 800 ℃.

Scanning electron microscope (SEM)

The morphology of natural fibre composites after fracture was observed by scanning electron microscopy (SEM) at the Microscopy Centre of University Nice Sophia Antipolis. Observations were done with a Tescan Vega XMU SEM at an accelerating voltage of 5 kV. All samples were coated with platinum prior to observations.

Dimensional stability

Dimensional stability of Jute/PFA and jute/Humins composites was studied. The weight and thickness of the samples was checked before immersion in water. The samples were then let for a specific interval of time in the water. The weight and thickness were checked every time the sample was taken out of the water, and the water was then replaced. The samples were left in water up to 120 hours.

Fire calorimetry

The fire behaviour of jute mat, jute/Humins composites and jute/PFA composites of 10 cm x 10 cm was examined with the fire propagation apparatus (FPA) in a comparative mode. All experiments were carried out in well-ventilated fire conditions under an external heat flux of 35 kW m -2 .

Investigation on the properties of glass fibre composites with humins matrix

Introduction

Glass fibres are the most used reinforcement for polymeric matrices to prepare fibre reinforced polymer composites. The mechanical behaviour of fibre reinforced polymer composites mainly depends on the fibre and matrix strength and modulus, fibre loading, fibre sizes, fibre orientations and the interface bonding between the fibre/matrix to enable stress transfer. Both fibres and matrix retain their physical and chemical identities and the new material has a combination of properties that cannot be achieved with either of the constituents acting alone. In general, fibres are the main load-carrying members, while the matrix functions are to transfer stresses between the fibres, to provide a barrier against an adverse environment, and to protect the fibre surface from mechanical abrasion. In glass fibre reinforced polymer (GFRP), glass fibres can be produced in many forms and weaving styles, such as tow and rowing, chopped mat or woven fabric. Usually, the highest strength and modulus are obtained with continuous fibre and a practical limit of 70 % in volume of fibres is usually set. At higher percentages, the matrix is not able to effectively support the fibres. Continuous fibres can be purchased in different weaving styles, such as longitudinal or uni-direction, transverse or bi-direction and cross or multi-direction. Discontinuous fibres are randomly aligned, which significantly reduces their mechanical properties. However, the latter are generally much less expensive than continuous one [314]. The glass fibres are made up of different types of glasses depending upon the fibre glass usage. All the glasses contain silica/silicate, with different amounts of magnesium, oxides of calcium and other elements [314,315]. Different types of glass fibres exist depending on the composition. The most common and commercially used types of glass fibres are E-glass, S-glass and C-glass. S-glass has improved mechanical properties compared with E-glass, while C-glass has corrosion resistant properties. However, E-glass still has good strength and electrical resistivity, and is less expensive [314]. For this reason, E-glass is more popular compared with other types of glass fibres [317]. Glass fibres have unique properties such as being lightweight, having high strength and modulus, good availability, high strength and toughness. For these reasons, glass fibres are widely applied in many industries such as automotive, aerospace, construction and military. The most common matrices in GFRP are unsaturated polyester, vinyl ester and epoxy resins. In this study, humins resin is tested for the first time in combination with glass fibres in order to make glass fibre/humins composites. Mechanical properties are tested both with DMA, in order to evaluate tensile modulus and the T g of the material, and by 3-point-bending. This latter measurement is particularly useful to evaluate the properties at the interface, as the failure highly depends on the interface properties between the matrix and the resin. Finally, SEM was used to evaluate the distribution of the resin throughout the matrix.

Results and discussion

Dynamic Mechanical Analysis (DMA) 3. This is due to the high modulus of glass fibres. As the mechanical properties of composites highly depend on the origin of the fibres used and on the size and type of rowing, it is quite difficult to make a fair comparison with results obtained in the previous sections. Indeed, here we are using biaxial 45/45 glass fibres while investigations with natural fibres' composites were done with anisotropic fibre mats. However, it is interesting to note that the step between the elastic and viscous plateau is quite comparable with what was previously observed (slightly more than one decade). Glass fibres composite also show quite high values of the tan δ peak with a very broad distribution, comparable with what observed in sample b in Figure 4.1.3. Relaxation phenomena associated with the tan δ peak might be linked to the molecular weight distribution of the resin and are strongly influenced by the adhesion of the fibres with the matrix. In this case, a fair contribution for the broad peak might be due to lack of adhesion between the fibres and the matrix, together with a heterogeneous distribution of cross-links in the resin. Indeed, as discussed before humins are not completely hydrophobic, and this might have a negative effect in the interaction with highly hydrophobic glass fibres. The maximum of the tan δ peak, associated with the α-relaxation of humins, is observed at around 100 ℃in agreement with previous results.

3-point-bending

DMA analysis can give very interesting insights on the dynamic mechanical properties of the materials and its transitions, but ultimate tensile properties does not give thorough information on the adhesion between the fibres and the matrix. On the other hand, three-point-bending flexural test relies on initiating adhesive failure at the interphase between the resin and the fibres. The interphase has different chemical, physical and mechanical properties from those of the resin and the glass fibres, resulting from the interactions between the two phases [318,319]. Table 4.3.2 presents the flexural modulus and flexural strength of humins/glass fibre composites. The value of flexural modulus is around 2 GPa and flexural strength approaches 80 MPa. Although it is very difficult to make comparisons, as the properties highly depend on the type of fibres used and the ply sequence, these values are significantly lower compared with what is reported in literature, with epoxy or polyester matrices [316]. These results might be an indication of low adhesion between the fibres and the matrix, which might be due to the combination of hydrophobic and hydrophilic characteristics of humins resin. Indeed, in the case of glass fibres, high hydrophobicity is needed to ensure appropriate adhesion. 

Scanning elctron microscopy (SEM)

Microscopy observations by SEM were done on glass fibre/humins composites to study the resin distribution and observe adhesion at the fracture interface. As shown in Figure 4.3.2, the matrix seems to be highly concentrated in a few spots, but not homogeneously distributed over the entire fabric. However, it seems there is quite good adhesion between the fibres and the matrix, as the glass fibres are observed to be embedded within the matrix (Figure 4.3.2 c). This result shows that the failure in mechanical properties might be linked to poor wetting throughout the matrix rather than bad interactions between the matrix and the resin. 

Conclusion

This preliminary study concerning glass fibre composites impregnated with humins showed a material with quite good tensile properties and a T g around 100 ℃. However, flexural properties were studied to obtain insight on the adhesion between the fibres and the matrix, and results showed a rather low modulus which could be linked to a poor wetting of the resin throughout the matrix. Indeed this was observed by SEM images, where it is clearly shown that the matrix is nonhomogeneously distributed over the fibres, thus probably inducing a decrease in the mechanical properties. However, further studies are needed to better identify the optimal impregnation conditions to achieve improved mechanical properties.

Experimental section

Materials

Humins were supplied by Avantium N.V. and produced in their pilot plant in Geleen, the Netherlands, by conversion of fructose and glucose. The glass fibres used were E-glass fibres [+45/-45], grammage 162 g m -2 . Fibre composites were fabricated using compression moulding. Glass fibre mat was cut to size and humins were applied to the glass fibre sheets. 18 layers were added successively in order to get 2 mm thickness for the composites.

DMA in tensile mode

The dynamic mechanical properties were studied by dynamic mechanical analysis (DMA), Mettler-Toledo DMA-1 in tensile mode. Samples were tested on temperature sweeps from 0 ℃ to 200 ℃ with a heating rate of 2 ℃ min -1 . Experiments were done in a single frequency oscillation mode with a frequency of 1 Hz, a force amplitude of 0.1N and a displacement amplitude of 0.1 % in auto tension offset control. A preload of 0.5N was applied.

Flexural properties

Flexural properties were determined by a three-point-bending test, performed at room temperature on a Testwell 112 machine (maximum load 10 kN). Flexural modulus and strengths of the composite were measured at a loading rate of 0.5 mm/min using a span length of 14 mm and 2mm x 10mm x 25 mm specimens cut by Charly Robot machine.

Scanning electron microscope (SEM)

The morphology of natural fibre composites after fracture was observed by scanning electron microscopy (SEM) at the Microscopy Centre of University Nice Sophia Antipolis. Observations were done with a Tescan Vega XMU SEM at an accelerating voltage of 5 kV. All samples were coated with platinum prior to observations.

Chapter 5

Humins fractionation into two valuable phases with tailored properties

Based on

• Sangregorio, A., Muralidhara, A., Guigo, N., Marlair, G., Angelici, C., de Jong, E., Sbirrazzuoli, N. (2019). Humin based resin for wood modification and properties improvement, submitted

The previous session highlighted a good interaction between humins and natural fibres. This is probably due to the presence of a more polar and low molecular weight fraction in humins, which interacts with the hydrophilic fibres, linked with the low M w chains and monomeric units. This fraction might hold unique properties for several applications, such as fibre modifier or for modification of wood. For these kind of applications, it is necessary to have a very low viscosity system with low molecular weight and polar macromolecules. Thus, it was decided to separate and characterise this more hydrophilic fraction from the more hydrophobic fraction by a simple method, easily exploitable in an industrial process. The output fractions, which will be called Hs for "Humins fraction staying in the water phase" and Hns for "Humins fraction precipitating from the water phase", might hold new and unique properties compared to crude Humins. This Section will focus on the characterisation of these two phases and their possible applications.

Section 5.1 presents a new process for the fractionation of humins into two components: a more polar and hydrophilic (called Hs ) and a more apolar and hydrophobic one (called Hns). The thermal properties of the two fractions after drying are studied and compared with crude humins, in order to understand their potential applications. Section 5.2 deals with the use of the Hs phase obtained from the above mentioned fractionation of humins, to modify cellulosic fibres. Cellulosic fibres are highly hydrophilic, thus have a bad affinity with common polymeric matrices such as polypropylene (PP) or polyethylene (PE). For this reason, impregnation of the fibres with the liquid humins fraction, successively cured, could be a promising way to valorise humins and increase the interfacial strength between fibres and hydrophobic polymeric matrices.

In Section 5.3 a novel process option is evaluated for wood impregnation with the liquid fraction (Hs). This study demonstrates for the first time that humins can be used as an alternative for wood modification to obtain overall enhanced properties.

Section 5.4 shows opportunities to use either humins or the solid precipitates from humins fractionation (Hns) as a bitumen modifier. The bitumen process involves the release of a great amount of CO 2 and toxic volatiles, thus partially substituting it with humins might decrease the environmental footprint of bitumen. TAILORED PROPERTIES

Humins fractionation and characterisation of the two phases

Results and discussion

Thermal behaviour of humin fractions Differential scanning calorimetry (DSC) was used to identify transitions and chemical reactions occurring in Hs and Hns and compared with crude humins. The DSC measurements were performed with heating rates of 30 ℃ min -1 from -60 to 170 ℃, then cooling to -60 ℃ and then a second run was performed at the same conditions and the same heating and cooling rates were used. Figure 5.1.1 shows the first and the second heating scans. Table 5.1.1 summarises the value of T g at the first and second scan for crude humins, Hs and Hns. The glass transition temperature (T g ) of the materials, related with the inflection point of the step of the heatflow, is shifted toward lower temperatures in the case of Hs and towards higher temperature in the case of Hns. In all three samples, a broad endothermic peak is observed in the first run. As already mentioned in Section 3.1, the presence of water or monomers might have a plasticising effect by increasing the molecular mobility of the polymeric chains. As the separation of the two phases occurred by adding a significant amount of water, some water might still be trapped in the structure, despite Hs and Hns were dried for 60 hours. These endothermal contributions are indeed related with water or other small molecules release, as they are not observed in the second scan.

The increment of T g in the second scan also shows quite significant variations. While T g in crude humins is observed to increase by 16 ℃, Hs increase is by 11 ℃ and Hns increase is 10 ℃. Overall we observe again the same tendency as in the first run, with T g of Hs shifted towards lower temperatures and T g of Hns shifted towards higher temperatures compared with crude humins. It is possible that during the separation, shorter, less cross-linked and more polar macromolecules and oligomers ended up in Hs phase, which is indeed the one obtained from the liquid phase. Thus, as the glass transition is linked to the M w or the cross-link density, the final T g of Hs is lower compared with crude humins. On the contrary, Hns is probably characterised by longer chains which contribute to a higher T g . Moreover, in both phases the increase of T g after the first scan is lower. This might indicate that cross-linking in crude humins first occurs between the short macromolecules and the longer ones. Finally, another difference is observed in the slope of the heat flow step, which is steeper in Hs and less steep in Hns compared with crude humins. This might indicate respectively lower and higher molecular weight distribution. Figure 5.1.2 shows the T g and DTG measurement of Hs and Hns, compared with crude humins. As observed from the DTG curves, it is possible to identify 3 degradation steps. The first step, observed in crude humins between 120 ℃ and 270 ℃, with the peak of maximum rate of weight loss at 190 ℃, is shifted towards higher temperature in case of Hs and Hns. This peak has been previously reported as volatilisation of low molecular weight molecules and products of selfcondensation [274]. Within this range of temperature, condensation reactions between humins' chains occur. This step is significantly faster and more relevant (-40 %) for Hs compared with crude humins (-25 %). On the other hand, the first step of weight loss is slower and less intense (-20 %) for Hns. These observations are in line with what was previously observed by DSC. Crude humins polymerisation occurs before as it is promoted by reactions between the longer chains with the shorter macromolecules and monomers. However, more condensation volatiles are released in Hs polymerisation and less in polymerisation of Hns, due to their respectively lower and higher molecular weight. It is also likely that Hs contains much more monomeric species (like HMF, MMF, etc.), thus leading to higher mass loss in the region. A second step is observed between 270 and 420 ℃, which might be linked to partial degradation of the material via decarboxylation and decarbonylation. Finally, a last step from around 420 ℃ to 600 ℃ is observed, related to thermo-oxidative degradation of the sample. This step is particularly fast in Hns, which showed higher thermal stability in the first two degradation steps. This might be a consequence of a more condensed structure. 

Humin fractions viscosity

Viscosity of Hs and Hns was measured at 40, 80 and 120 ℃, and compared with crude humins. Table 5.1.2 shows the value of viscosity for three samples. At 40 ℃, Hns viscosity is almost equal as crude humins (∼ 10 3 Pa s), while Hs is less viscous (∼ 10 2 Pa s). This is in agreement with what previously discussed, as Hs is probably characterised by shorter chains, which can flow more easily. However, as previously mentioned, it is important to take in mind that the viscosity may be influenced by some water left from the separation process, despite the samples were dried before testing. At 80℃, the same behaviour is observed for Hs, showing lower viscosity compared with crude humins, while Hns viscosity is slightly higher compared with crude humins. At this temperature, probably a few volatiles and water are released, thus Hns results in higher viscosity due to the longer chains and increased entanglements. Finally, at higher temperature (120 ℃), Hns shows significantly higher values of viscosity compared with humins and Hns, which have equal viscosity. At this temperature, cross-linking reactions might be initiated and Hns chains become significantly longer compare with the two other samples. IR measurements were used to obtain insights into the structures of Hs and Hns, and were compared with crude humins (Figure 5.1.3). Significant differences are observed in the region 4000 -2500 cm -1 . The peak corresponding with the -OH stretching, observed at 3383 cm -1 in case of crude humins, is shifted towards lower wavelengths in Hs and towards higher wavelengths in Hns. This confirms that Hs is constituted by more polar groups and shorter chains, thus more Hbonds between hydroxyl and other H-acceptor groups (i.e. carbonyl, carboxylic) are formed. On the contrary, less H-bonded -OH groups are found in Hns.

Moreover, the relative intensities of the -OH band compared with the -CH band at 2928 cm -1 are also significantly different in the three samples. In the case of Hs, the -OH band is significantly higher than the -CH band (intensity ratio -OH/-CH = 1.6), while the difference is less evident in crude humins (intensity ratio -OH/-CH = 1.4) and the two band are almost equally intense in case of Hns (intensity ratio -OH/-CH = 1.1). This is again a confirmation that most of the polar groups of humins ends up in Hs rather than Hns. Few differences are also observed in the region between 600 and 1800 cm -1 . The region between 1000 and 1200 cm -1 is typically associated with ester groups. This group might act as a hydrogen bond acceptor, forming H-bonds with the several -OH functions present in the materials. Indeed, this region presents quite some differences in Hs samples, which is rich in polar groups and thus might influence the environment in this region of the spectra. The same might be true for carboxylic acids, as it is observed from the shift of the peak at 1700 cm -1 in Hs. Crude humins and

Hns spectra look quite similar, with Hns peaks being less intense, which might be due to a more condensed structure.

Conclusion

It was demonstrated that it is possible to successfully and easily separate two fractions by mixing humins with water at relatively low temperature (80 ℃).

A more hydrophilic and low molecular weight fraction was obtained (Hs), with high potential in applications involving interactions with hydrophilic fillers such as lignocellulosic fibres. A solid residue, mainly constituted by a more condensed structure of less polar groups and higher molecular weight, was also obtained. This fraction can be employed in application where hydrophobic properties are needed, for example as additives in bitumen.

The following Sections will describe applications involving these two fractions.

Experimental section

Sample preparation

Humins were heated in an oil bath and mixed at 80 ℃ for 20 minutes. Demineralised water, preheated at 80 ℃, was added to humins in a ratio Humins/H2O 50/50 %wt, and mixed under mechanical stirring. After 40 minutes, the mixture was taken out of the oil bath and let cooled down to room temperature. Then, two phases are observed: one solid residue and one liquid phase. The liquid phase (Hs ) was poured and divided from the solid residue (Hns). To characterise the two phases and study their properties, both samples were dried for 60 hours at 60 ℃ to remove the excess of water.

Differential scanning calorimetry (DSC)

Conventional DSC measurements were performed with a Mettler-Toledo DSC-1 heat-flux instrument, and STAR software was used for data analysis. Temperature, enthalpy, and tau lag calibrations were performed with indium and zinc standards. Crude humins and the two separated phases (5-10 mg) were placed in a 40 mL aluminum crucible and closed by a pan lid. Two consecutive runs were measured, with a scanning temperature ranging from -60 ℃ to 170 ℃. Cooling/heating rates of 30 ℃ min -1 were employed.

Thermogravimetric analysis (TGA)

Thermogravimetric measurements were carried out on a TGA 851e from Mettler-Toledo. Samples were measured at a heating rate of 10 ℃ min -1 under air flow (50 mL min -1 ). The samples were heated from 30 ℃ to 800 ℃.

Rheology

The rheological properties of the samples were registered with a Thermo Scientific HAAKE MARS rheometer. Measurements were obtained on plate-plate geometry (25 mm diameter and 1 mm gap). Samples linear viscoelastic region was defined for each temperature by a strain sweep. Viscosity was measured at 1 Hz at a strain below the critical strain at 40 ℃, 80 ℃ and 120 ℃

Infrared

A Bruker Tensor 27 FTIR spectrometer equipped with a nitrogen cooled MCT detector and single-reflection diamond ATR device was used to record IR spectra. Spectra of crude humins and the two separated phases were recorded. The spectrum of air was recorded as background before each measurement. A total of 64 scans with a resolution of 2 cm -1 were recorded for each sample.

5.2 Evaluation of cellulosic fibre/polymer matrix interaction after improvement with humin based resin

Introduction

One of the most important parameters in the field of composites is to obtain a good adhesion between the fibres and the matrix. A good interfacial adhesion is fundamental as it ensures a good stress transfer between the fibres and the matrix. Interface tailoring is an important field in composite materials, involving challenging scientific and technical problems as it influence the macroscopic composites properties. When the force transfer from the matrix to the fibres is not possible, the result is a weak fibre-matrix interaction. This would eventually lead to a reduction of the mechanical properties of the final composites [320][321][322][323].

The glass fibre reinforced polymer composites are the largest category of fibrereinforced composites. Glass fibres have a relatively high density, are obtained from non-renewable sources and are not biodegradable. With the increasing interest on health and environmental issues, this has led to many concerns over the utilisation of glass fibres in composites applications. Indeed, glass fibres are believed to cause skin irritation and lung cancer and it is becoming urgent to find an environmentally friendly counterpart [324]. One possible alternative is the use of natural fibres. Natural fibres are beginning to take hold over synthetic fibres thanks to several unquestionable advantages. Natural fibres are cheaper, biodegradable and have some unique properties such as low density, good thermal properties, reduced tool wear and non-irritation to the skin. Indeed, natural fibres are more and more considered as an environmentally friendly option to glass fibres. Much research has revealed that the mechanical properties of natural fibre composite are comparable to those of glass fibre reinforced composites [241,325]. Nonetheless, the use of natural fibres also holds some disadvantages. Natural fibres are hydrophilic and their incorporation in the polymer matrix, usually hydrophobic, leads to lack of interfacial adhesion. This leads to a weak stress transfer between the fibres and the matrix and environmental moisture absorption which eventually decreases the final mechanical properties [324]. For this reason, the surface of the fibres often needs to be modified to enhance the interfacial bonding. Alternatively, the polymeric matrix can be functionalise with functional groups grafted onto the chain by compatibiliser. A very common example is using maleic anhydride as a coupling agent for PP (MAPP). As natural fibres are largely composed of cellulose with many hydroxyl groups available, the goal is to modify these hydroxyl groups to reduce the surface polarity with-out affecting the mechanical properties of the fibres. Moreover, the surfaces of natural fibres are often polluted by pectin residues which can also decrease the interfacial properties. The processed techniques used to improve matrix/fibre adhesion depend on the type of fibre, the chemical structure of the polymer, the end application of the composites and the desired relative volume of the fibre [326,327]. Three different types of methods have been developed for this purpose: physical modification, chemical modification and biological modification. One of the most common physical techniques is plasma treatment. This method holds several advantages as, besides effectively altering the surface properties of the fibres, it also improves their mechanical properties and reduces the use of environmentally hazardous chemicals [328]. Natural fibres can also be treated by several chemical modification techniques. For example, several chemicals such as alkali, silane, water repelling agents, peroxides and permanganates have been used, as well as acetylation treatment. These chemical treatments modify the structure of natural fibres thus reducing moisture absorption and swelling, and improving their mechanical properties. These techniques can also improve the interfacial interactions between the fibres and the matrix through formation of strong covalent bonding, with consequent enhancement of the final composite properties [266,307,329,330]. Alternatively, the use of biological agents such as fungi and enzymes is also rapidly expanding. Their main advantages are the possibility to selectively remove hydrophilic pectic and hemicellulosic materials and require lower energy input [331].

We propose here a novel fibre modification method based on impregnation of the fibres by humins resin, which is a sustainable and environmentally friendly option for fibremodification. This is possible by using highli diluted Hs fraction obtained by the separation process described in Session 5.1. The goal is to obtain more hydrophobic fibres to improve their compatibility with a hydrophobic polymeric matrix. Lyocell fibres were chosen in this study as a model cellulosic fibre, to get insights on the interactions between humins and cellulose. Lyocell consists of cellulose fibre made from dissolving pulp using dry jet-wet spinning.

It is commercially used in textile applications but is also gaining interest in technical applications. These fibres exhibit considerably less variability than the natural fibres, but are usually less stiff while being comparably strong [332]. IR spectroscopy was used to determine eventual structure modification after the impregnation of humins on fibres. DMA measurements showed how the process affected the final mechanical properties and transitions. The stability of the fibres before and after impregnation was studied by TGA and SEM images were used to gain insights on variation of the fibre surface. In order to determine the interface properties of Lyocell/polyeric matrix, a micromechanical test was used.

Micromechanical test

One of the most frequently used methods for determining the interface properties at the microscale is the single fibre fragmentation test (SFFT), first described by Kelly and Tyson [333]. Many other micromechanical tests exist, such as the pull-out test, the microbond test and the microindentation test. However, compared with other tests the SFFT is relatively easy to execute and is quantitative and accurate [334,335], thus it was chosen for this work. Although this test presents some problematic aspects, it easily allows the observation of the basic phenomena that are present in multifibre composites such as fibre fracture, interfacial debonding, matrix yielding and matrix cracking [336]. The test is particularly useful for studying the effect from different fibre surface treatments or sizing [335]. In the fragmentation test a single continuous fibre is aligned axially in the matrix and subjected to axial tension. The test requires the use of a matrix with a sufficiently higher strain-to-failure than the fibre one. Load transfer from matrix to the fibre occurs through interfacial shear. When tensile load is applied, as the failure strain of the fibre is lower than that of the matrix the fibre breaks before the matrix. The first break in the fibre occurs at the weakest point along the fibre length. As the load increases, more stress is transferred to the fibre and the number of breaks increases reaching smaller and smaller fragments. This phenomenon occurs up to a certain load, when the fragments are too short to transfer enough stresses into the fibre to cause further breakage. The final length of the fragments is called the critical length [337].

The critical fibres length (L c ) can be calculated from the measured fragment length by the equation:

L c = 4 3 L (5.1)
where L is the average fragment length. If the tensile strength σ f of the fibre at the gauge length and its average diameter d are known, the interfacial shear strength (IFSS), can be derived from the following Kelly-Tyson equation:

IF SS = σ f d 2L c (5.2)
where σ f is the tensile strength determined at the gauge length, d is the fibre diameter and L c is the critical fragment length of the fibre. These equations as-TAILORED PROPERTIES sume a uniform stress distribution, a uniform fibre diameter and a homogeneous wetting of the fibre with the matrix [320,338].

Results and discussion

Infrared spectroscopy stretching vibrations of hydroxyl groups. Free hydroxyl groups show a band in the range of 3590 -3670 cm -1 , while polymeric OH. . . OH bonds give a band in the region 3200 -3400 cm -1 . This indicates the existence of strong hydrogen bonding in the sample. This band is observed to slightly decrease and to slightly shift towards higher wavenumbers after the modification of Hs, indicating that less hydrogen bonds are formed [339]. However, it is important to keep in mind that the fibers were modified with a very low quantity of Hs, around 15 %, most likely corresponding with very mild variations of the structure. The peak at 1740 cm -1 corresponds to unconjugated C=O stretching in xylan. This peak is observed to decrease and slightly shift to higher wavenumbers after modification with Hs. This group is most likely to be affected by modification of Hs and change its environment. All the other peaks, mainly corresponding to cellulose groups, do not undergo any modification.

Thermal degradation

TGA was used to study the thermal stability of virgin Lyocell and Hs modified Lyocell (Figure 5.2.2). The insertion shows a zoom for temperatures up to 180 ℃. In this region, a mass loss corresponding to 7 % is observed for virgin Lyocell, while the value decreases to 4 % in the case of modified Lyocell. This value corresponds to the moisture absorbed from the environment, thus indicating that after modification the fibres are slightly more hydrophobic and less likely to absorb moisture from the environment. Moreover, after modification, modified Lyocell seems to be more stable up to around 300 ℃. At this temperature, which corresponds to cellulose thermal degradation, mass loss is faster in modified Lyocell compared with the virgin one. This might be linked to the initial degradation of Hs, characterised by a lower thermal stability compared to cellulose. Finally, a peak corresponding to carbonisation of the material is observed around 420 ℃ in the case of modified Lyocell, and shifted towards higher temperatures in virgin Lyocell.

Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) was used to gain insights into the mechanical properties and transitions of the two fibres. Figure 5.2.3 show the variation of the storage modulus and tan δ as a function of temperature. The value of the virgin fibres is slightly higher compared with the modified one. However, these values must be considered as indicative values, considering inaccuracies when measuring a single fibre with DMA. Around 100 ℃, modified Lyocell shows a decrease of storage modulus. This temperature is associated with the beginning of Hs chain relaxation. tan δ values show a few peaks for both samples. Virgin Lyocell shows a peak at around 30 ℃, corresponding to the β-transition of cellulose and another increase in tan δ is observed for temperature higher than 180 ℃, which might be related with initial degradation of the fibre. In the case of modified Lyocell, the first peak at 25 ℃ is less intense compared with virgin Lyocell. Cellulose may have reacted with Hs and thus decreased its mobility. However, this might also be affected by the superposition with another transition, starting around 65 -75 ℃, corresponding to the relaxation of Hs chains. 

Scanning Electron Microscopy (SEM)

The fibres used in this study were observed by scanning electron microscopy (SEM), and are shown in Figure 5.2.4.

The images show that the fibres are a bundle of several smaller fibres strongly tightened together. Figures 5.2.4 a,b and c show the virgin fibres, while figure 5.2.4 d, e and f shows the modified fibres. After modification, as observed in Figure 5.2.4 d, the bundle is slightly looser, which might be linked to the process used for the modification. Indeed, the Hs phase obtained from humins separation is highly diluted in water, which might have induced swelling of the fibres. However, when observing the single fibres in Figure 5.2.4 e and f, it is possible to see that the modification did not really affect the diameter of the single fibres, as it appears as scattered deposition of the Hs resin distributed on the different fibres. This mainly affects the roughness of the surface of the fibres, which appeared to be significantly less smooth after the modification with Hs. Thus, modification with Hs might have a positive effect on adhesion thanks to several factors: (i) increased surface roughness (ii) increased hydrophobicity thanks to the presence of furanic Hs at the fibres' surface and, at the same time, (iii) does not affect the final diameter of the single fibres. TAILORED PROPERTIES These parameters are considered to be among the most important to improve adhesion of natural fibres with hydrophobic matrices and increase interfacial shear strength. For this reason, it was decided to study the possible improvement of the fibre/matrix adhesion after the Hs treatment by single fibre fragmentation test.

Single fibre fragmentation test (SFFT) Table 5.2.1 shows the mean values and standard deviations of the critical fragmentation length for virgin Lyocell and Hs modified Lyocell in a PP matrix, calculated with Eq. 5.1. Values of virgin Lyocell/PP are quite higher compared with values obtained by Hs modified Lyocell/PP. Good fibre/matrix adhesion leads to shorter fibre and fragment length, whereas poor fibre/matrix adhesion leads to longer critical fibre or fragment length [320]. Thus, these results suggest that Hs modified fibres show improved adhesion properties. The values of σ f were measured by tensile test and almost no variation of the property was observed after the impregnation. The values of the critical length and σ f were used to calculate the IFSS, using Eq. 5.2, and are displayed in Table 5.2.1. TAILORED PROPERTIES Results show a significant difference in IFSS before and after the modifications, being almost double in case of Hs modified Lyocell/PP. These values are a good indication of the adhesion between the fibres and the matrix, as higher values indicate that the interface between the fibres and the matrix is stronger. Other studies can be found in literature for similar samples. Graupner et al. [320] studied fibre/matrix adhesion of Lyocell/PP and Lyocell/MAPP by SFFT, and measured IFSS equal to respectively 3. ). These observations are in agreement with what was previously observed when evaluating the adhesion between the fibres and the matrix before and after Hs modification. Higher values of IFSS indicates a better adhesion, thus the matrix tends to better embed the fibres and can still be observed on the fibres after breakage.

Conclusion

It was demonstrated that the hydrophilicity and polarity of Hs show a good affinity with cellulose fibres. Indeed, by a simple impregnation method, it is possible to modify cellulosic fibres with Hs. After the modification, the fibres are characterised by scattered Hs residues along the fibres, thus significantly increasing its roughness. Moreover, the fibres were shown to be less sensitive to moisture absorption, as demonstrated by TGA measurements. These properties are of high interest and are promising for improving adhesion of the fibres with typical resins used in natural fibre composites applications. Interface shear strength was measured by micromechanical tests, using single fibre fractionation, and it was shown that the interface shear strength increases by almost two times after fibre modification with Hs.

Experimental section

Materials

Humins were supplied by Avantium N.V. and produced in their pilot plant in Geleen, the Netherlands, by dehydration of fructose and glucose. Lyocell fibres were purchased from Tencel T M

Resin preparation and fibre impregnation

Humins were heated in an oil bath and stirred at 80 ℃ for 20 minutes. Demineralised water, preheated at 80 ℃, was added to humins in a ratio Humins/H2O 50/50 %wt and mechanically stirred. After 40 minutes the mixture was taken out of the oil bath and allowed to cool down. Once at room temperature, the mixture gives separation in two phases: one solid residue and one liquid phase.

The liquid phase was recovered via decantation and later used to impregnate the fibre as it is, i.e. with H 2 O used for the separation. The same phase was previously characterised after drying in Section 5.1. The name "Hs" is used in this Section to indicate the separated phase together with H 2 O used for the separation, thus obtaining a highly diluted and low viscosity media. Lyocell fibres were dried under vacuum at 60 ℃ for one hour before impregnation. The sample was completely covered with the liquid phase from the humins separation. The sample was placed under vacuum at 60 ℃ for one hour to promote impregnation, and then cured in an oven for 1 hour at 150 ℃. The final weight percent gain corresponded to 15 %.

Infrared spectroscopy (IR)

A Bruker tensor 27 -FTIR spectrometer equipped with a nitrogen-cooled MCT detector, was used to characterise samples using a 1 reflection diamond ATR device. Spectra of blank Lyocell fibre and modified Lyocell fibre were measured. The spectrum of air was recorded as background before each measurement. A total of 64 scans with a resolution of 2 cm -1 were recorded for each sample.

Dynamic mechanical analysis (DMA)

The dynamic mechanical properties were studied by DMA, Mettler-Toledo DMA-1 in tensile mode. Samples were tested on temperature sweeps from -40 ℃ to 220 ℃ with a heating rate of 2 ℃ min -1 . Experiments were done in a single frequency oscillation mode with a frequency of 1 Hz, force amplitude of 0.1 N and displacement of 0.05 % in auto tension offset control. A preload of 1 N was applied. TAILORED PROPERTIES Thermogravimetric analysis (TGA)

Thermogravimetric measurements were carried out on a TGA 851e from Mettler-Toledo. Samples were analysed using a heating rate of 10 ℃ min -1 under air flow (50 mL min -1 ). The samples were heated from 30 ℃ to 800 ℃.

Scanning electron microscope (SEM)

Virgin Lyocell and impregnated Lyocell were observed via scanning electron microscopy (SEM) at the Microscopy Centre of University Nice Sophia Antipolis using a Tescan microscope equipped with a field emission gun. The electron beam voltage was fixed to 1kV.

Single fibre composite preparation for SFFT

Virgin Lyocell and Hs modified Lyocell were used for this study. Samples diameters were measured by microscopy and measured at five different places. Polypropylene (PP) was purchased by Sigma Aldrich (isotactic, average M w 12,000) Two sheets of PP, (60 x 60 x 1 mm) were prepared by compression moulding. A single fibre was placed straight between two PP sheets, and then was placed in the compression moulding at 185 ℃ to mould the test specimen. Dog bone specimens with a single fibre in the centre were cut with Charlyrobot machine.

Tensile test

Tensile test was carried out to measure the tensile strength of the fibres before and after impregnation. A Shimadzu EZ-LX testing machine with a maximum tensile load of 50 N was used. The operational length of 25 mm and a crosshead speed of 2 mm min -1 was set.

Single fibre fragmentation test setup

The single fibre fragmentation test was carried out using an Shimadzu EZ-LX testing machine with a load cell of 1kN and at cross-head speed of 3.0 mm min -1 . Gauge lengths of 25 mm were considered for the SFFT tests.

5.3

Humin based resin for wood modification and properties improvement

Introduction

There is a growing interest in developing materials from renewable resources in place of non-renewable ones. valorisation of lignocellulosic biomass is one of the most promising solutions to face climate change and the depletion of fossil feedstock worldwide [54,101]. Wood is one example of lignocellulosic biomass resource which has been used for millennia [340]. Its particular physical and mechanical properties combined with low density and low price make wood a very good candidate for building applications. For these type of applications, wood often needs to be in contact with the environment [340][341][342]. To guarantee long-life wood products very good dimensional stability and fungal and bacterial resistance are required, which is lacking in softwoods. Additionally, the combustible nature of softwoods may also play a critical factor by leading to unwanted fires. For this reason, a large effort has been made to find new solutions to improve dimensional stability, mechanical properties, durability, and fire resistance performance of softwood [340,343,344]. To protect solid wood against biodeterioration or U.V. decay, several preservation methods have been used. The traditional methods employ preservatives such as chromated copper arsenate salts (CCA) and creosote oil [345]. These toxic products have shown negative effects for the environment. Many other solutions including surface treatment, thermal treatment or chemical modification strategies have been proposed [346]. However, surface treatment showed to be less effective after splintering of the wood surface and thermal treatment often leads to a decrease in the mechanical properties [347,348]. For chemical treatment, many strategies such as acetylation [349] and impregnation with different thermosetting resins [350][351][352] have been proposed. Although the chemical modification of softwood appears to be an effective method to improve properties, most of the treatments involve harmful chemicals or solvents which may present serious environmental and health concerns during the processing and use of the modified wood [353].

For this reason, the use of biobased chemicals derived from renewable resources represent an environmentally-benign and sustainable alternative. One of the most environmentally-friendly chemical modifications of wood is furfurylation, which consists of polymerisation of furfuryl alcohol (FA) within the wood cell wall. FA is a biobased platform molecule easily obtained via hydrogenation of furfural, usually derived from agricultural residues such as rice hulls, bagasse, and corncobs. FA polymerisation to poly(furfuryl alcohol) (PFA) is catalysed by acids, leading to a strong reticulated network [132,134]. The first developments concerning wood furfurylation date back to the early 1950's, when Stamm and Goldstein proposed a process involving wood modification with furfuryl alcohol (FA) using zinc chloride as a catalyst [141,354]. The results were very promising, obtaining wood with high dimensional stability, durability and resistance towards acids, alkalis and environmental attack. The main problem with this process was that zinc chloride depolymerised the cellulose in wood, reducing its mechanical properties. In the early 1990's, alternative catalysts for the furfurylation process were suggested by Schneider and Westin. They separately and simultaneously showed the potential of using carboxylic anhydrides or carboxylic acids for FA polymerisation. The final furfurylated wood has thermomechanical properties similar to tropical wood and does not show any toxicity problems [140,355].

Humins are another example of lignocellulosic biomass derived material, and are co-products of the acid-catalyzed conversion of cellulose and hemicellulose to platform chemicals. Humins are heterogeneous and polydisperse macromolecules mainly constituted by furanic rings with aldehydes, ketones and hydroxyls as main functional groups [75,80,83,90]. Humins have many similarities with PFA, thus could be used as a possible alternative to furfuryl alcohol in modification of wood. Moreover, thanks to the growing industrial interest in green chemistry and biomass conversion, humins valorisation is becoming more and more important [101,104,106,274,299]. Many valorisation solutions toward material applications have already been proposed. The potential of humins as a thermoset resin, together with their good interaction with lignocellulosic materials, was presented in Section 3.1, 4.1 and 4.2. Moreover, the results presented in Section 5.2 suggested high potential in applications involving wood modification. Combustibility of furfurylated wood and humins modified wood are inherent to their organic nature (essentially C, H and O elements). Therefore, timely assessment of the reaction-to-fire performance is of crucial importance for innovative use in the built environment. Fire safety performance of wood has been extensively studied in the past and is by now well described, including ways for improvement [356]. Combustion of poplar wood/PFA composite was recently investigated with phosphate-based fire retardants [353]. Only very recently the first study on fire behaviour of humins as a single component has been published [274]. This Section focuses on the preparation of modified wood with humins from a biorefinery process. For this purpose, Hs (see Section 5.1) highly diluted in water was used as impregnation media. Pinewood was first impregnated under vacuum to promote penetration of the resin into the wood cell and the material was then cured. This new impregnation technique aims to improve dimensional the stability of wood, without compromising mechanical properties. Hs-modified pinewood structure is studied by infrared and Scanning Electron Microscopy (SEM), in order to evaluate the level of impregnation in the wood inner structure.

The mechanical properties and eventual mechanical transitions in both materials were determined with dynamic mechanical analysis (DMA). Thermogravimetric analysis (TGA) was used to both verify the thermal stability of the material, and to study the absorbed moisture content of the samples from the environment.

Water absorption behaviour and leaching tests were performed to obtain further insights into Hs modified wood for outdoor applications. DMA, TGA and water absorption behaviour are also compared with PFA modified wood, which is here used as a benchmark to evaluate the potential of wood modification with Hs.

Finally, the reaction-to-fire performance of these materials was studied by fire calorimetry, allowing the collection of a first set of data regarding flammability characteristics of the studied materials, in terms of ignitibility, flame spread and characterisation of thermal and potentially fire-induced impacts in a fire scenario.

Results and discussion

Infrared spectroscopy

Infrared spectroscopy IR spectra of blank wood, Hs modified wood and cured humin resin are shown in Figure 5.3.1. The latter was obtained by thermally treating Hs resin in vacuum and static oven, following the same process as for Hs modified wood. This technique was used to investigate the possible interactions between Hs resin and wood cell wall after the modification. Figure 5.3.1 a shows the spectra of the three samples. Figure 5.3.1 b shows a zoom in the region 1900 -1115 cm -1 . The assignment for the most significant peaks seen in blank wood and humin resin are reported in . More information on the IR specta of humins can be found in Section 3.1. A broad absorption band is observed in wood samples at 3000 -3600 cm -1 , which indicates the presence of -OH stretching vibrations from Iα-cellulose. This band has lower intensity in modified wood compared to blank wood. This suggests that part of the -OH groups in wood react with the humin resin which hasa penetrated inside the structure, decreasing the intensity of the band. A slight shift of the -OH peak position toward higher wavenumbers, from 3323 to 3346 cm -1 , is also observed after wood treatment. This shift to higher wavenumbers indicates changes in the H-bonded network. In particular, the bands of free -OH groups are located at higher wavenumbers than those of H-bonded -OH groups. This suggests that, after modification with Hs, the environment of -OH groups cm -1 , and in the region 805-750 cm -1 , associated with Hs resin. These peaks correspond respectively to carbonyl groups conjugated to furan rings, C=C and C-H in furan rings. This further confirms the presence of cross-linked Hs within the wood structure.

Scanning electron microscope (SEM)

The natural cellular structure of wood with irregular cell shapes is observed in Figure 5.3.2 (a and b), taken from the cross-section of the sample. Hs were very well incorporated into the wood structure. The typical honeycomb structure of wood, with voids within the lumen, is well preserved, with few scattered cells with filled lumens. The cell walls are thickened and Hs filled in the middle lamella, creating a free-void structure between the wood fibers.

Thermal stability

The thermal stability of modified wood was studied by TGA. Figure 5.3.3 a shows the TGA scan for blank wood, Hs modified wood, PFA modified wood and Hs resin with a zoom in the region between 35 ℃ and 220 ℃. A loss of 7 wt % for blank wood and 3 wt % for Hs and PFA modified wood are clearly observed around 100 ℃. This step corresponds to the release of weakly bonded water and is linked to the moisture content in the samples. This water content is significantly lower in Hs and PFA modified wood and comparable for the two samples. This indicates that wood modified with Hs becomes more hydrophobic than blank wood and equally hydrophobic as PFA modified wood. By interacting with the inner wood structure and reducing the free voids within the fibers, Hs cause a lower amount of moisture being absorbed from the environment. Three main degradation steps are observed at higher temperature in wood samples. The first and second steps occurring between 250 ℃ and 400 ℃, correspond to the degradation of hemicellulose and cellulose, respectively [282]. The maximum rate of weight loss, identified by the peak in DTG (Figure 5.3.3), occurs around 315 ℃ for all the samples. The degradation is slower in case of Hs modified wood compared with PFA modified wood and blank wood. The third and last degradation peak, corresponding to the final carbonisation of char residue, is observed at 420 ℃ in Hs modified wood and blank wood while is slightly shifted towards higher temperature in case of PFA modified wood. These results indicate that the thermal stability is improved after wood modification,in particular when using PFA. The weight loss between 180 ℃ and 250 ℃ is only observed in the modified wood and in the Hs sample. This is most probably due to the release of volatile and monomeric species, as already discussed in Section 3.1 and 4.1. TAILORED PROPERTIES 5.3.4 shows the storage modulus and tan δ variation with temperature. The results highlight an increase in storage modulus after modification with Hs for temperatures up to 140 ℃, after which the storage modulus of modified wood starts to decrease. The value of storage modulus for Hs modified wood are equal to PFA modified wood for temperature below 25 ℃, and deviate for higher temperature. This tendency is explained by considering that a temperature increase affects the mobility of the polymer chains within the wood, which, as already discussed in Session 4.2, are less rigid in case of humins compared with PFA. These phenomena can be better identified by observing tan δ variation. The tan δ curve of Hs modified wood shows a sharp increase starting from 125 ℃, which is observed at 150 ℃ in PFA modified wood but is not observed in blank wood. This behaviour might be due to the cooperative α-relaxation process of respectively Hs and PFA, which can be approximated with their glass transition temperature (T g ). For temperatures below T g , the tan δ value of modified wood is lower than that of blank wood, indicating a denser and more rigid wood structure, but, starting from 25 ℃, is higher than PFA modified wood. This is in Water stability Figure 5.3.5 shows the thickness increase as function of time after immersion in water for both untreated and modified woods. Thickness increase was calculated by measuring the thickness of the samples before and after immersion in water, according to the following equation:

T hickness increase (%) = t f -t t t i × 100 (5.3)
Where t f is the thickness after immersion in water and t i is the thickness before immersion. Hs modified wood reaches saturation after just 1 hour, with a final thickness increasing of 1 %, showing slightly improved stability in water compared with PFA modified wood, which reaches saturation after 1.5h with a final thickness increase of 1.6 %. Blank wood reaches saturation after 5 hours of immersion in water, with an increase of 5 %. The same test was done to check the increase in mass of the sample (Figure 5.3.6). Mass increase was calculated by measuring the mass of the samples before and after immersion in water, following the equation:

M ass gain (%) = W f -W t W i × 100 (5.4)
Where W f is the mass after immersion in water and W i is the mass before immersion. The three samples show a steep weight increase in the first 0.5 h after immersion in water. As also seen via SEM analyses, the voids within the wood lumen were preserved, allowing water to enter into the wood structure. The most interesting differences are observed after long times of immersion in water. After the first hour, the weight increases by around 35 %, reaching saturation after 48 hours with an increment in weight of 60 % in case of Hs modified wood. PFA modified wood increase in weight is slower in the first hours but finally reaches an higher value (73 %) of weight after 120 hours. The weight of blank wood steadily increases without reaching saturation even after 120 hours, increasing the weight up to more than 100 %. These results suggest that dimensional stability of Hs modified wood is significantly improved after the treatment. By filling the middle lamella and by protecting the cell wall, Hs decrease the hygroscopic nature of wood [353].

Leaching test

Chemical analyses of the water after immersion of modified wood was performed to measure the leachates (Figure 5.3.7). Water was changed after each measurement. HMF, MMF, HMFCA and MMFA were detected in higher concentrations, in agreement with what observed in Section 3.3 and 4.1. The results were compared with the results obtained for totally cured humins (α = 1), as studied in Section 3.3, in order to get more information on the degree of cross-linking of humins inside the modified wood. In case of Hs modified wood, the leachates concentration increases during the first hours of measurements, and stays almost constant after 48 hours. Opposite behaviour is observed in case of cured humins, which show an almost constant value in the first hours of measurements, then in-TAILORED PROPERTIES creasing reaching higher values than modified wood after 120 hours. This might be related with the fact that Hs used for the wood modification has more polar macromolecules compared with crude humins (as shown in Section 5.1), thus having higher affinity with water. However, almost the same range of values is reached after 120 hours for the two samples, indicating that high degree of cross-linking was achieved.

Fire risk assessment

Table 5.3.2 gives a summary of the results obtained by testing the materials with the fire propagation apparatus under well-ventilated fire conditions. Figure 8 shows the peak heat release rate (HRR), and cumulative energy released in the combustion tests of blank wood, Hs modified wood and PFA modified wood samples. Figure 5.3.8 shows that all materials demonstrated some initial resistance to ignition under the test conditions. The combustion tests led to a nearly complete combustion of all tested samples. This is reflected by the amount of residue remaining at the end of the combustion process i.e. 0 g, 0.5 g and Hs impregnated wood seems to present some advantages over PFA in terms of resistance to ignition. First, the ignition time is slightly longer (i.e. 60 s instead of 54 s in case of PFA). Moreover, concerning thermal impact Hs (819 kW m -2 ) looks also to be a better option than PFA (945 kW m -2 ) in terms of peak heat release rates (∼ 13 % less in Hs than PFA) for the same amount of wood in the test samples. The cumulative energy release profile from sample combustion versus time is also presented in Assessing the yields of combustion products Only the carbon-based species such as CO 2 , CO and soot (assumed to be 100 % carbon) were measured for the first fire-induced toxicity assessment. As reflected by the CO/CO 2 molar ratios (Table 5.3.2), all samples were tested under the targeted well-ventilated conditions, which generally prevail in the early stages of fires. Under these oxidative conditions, carbon was essentially converted into CO 2 , together with limited amounts of CO and soot. Irrespective of the type of impregnation, the experimental CO yields in both Hs modified wood and PFA modified wood are very low compared to the maximum theoretical yields, which is a classical behaviour observed in any cellulosic well-ventilated fire. Thus, the resultant CO yield from PFA tests does not indicate significant concerns from impregnation in terms of CO toxicity under well-ventilated conditions. In addition, we again see a slight advantage in Hs as impregnation medium as compared to PFA in terms of fire induced toxicity. CO yields 69.9 mg g -1 of CO in PFA modified wood but this is reduced to 35.5 mg g -1 of CO for Hs modified wood. This statement is also reinforced from the soot yields comparison that similarly shows some advantages for Hs.

Conclusion

This work focused on a possible alternative way to modify wood by the valorisation of humins. The good affinity with lignocellulosic biomass allowed Hs to be polymerised in situ within the wood matrix. The resulting modified wood showed enhanced dimensional and water stability after immersion in water, without compromising the mechanical properties. From the fire safety viewpoint, it was demonstrated that impregnation does not significantly impact the fire hazard of pinewood. Moreover, some advantages of Hs as compared with PFA as wood impregnation medium have been identified from both thermal and toxicity fire induced hazards. Accordingly, no restriction should be expected for marketing Hs impregnated wood, as compared to neat wood market resulting from the fire safety viewpoint. In conclusion, modification of wood with Hs is a very promising alternative for improving wood properties in a green and sustainable way.

Experimental section

Materials

Humins were supplied by Avantium N.V. and produced in their pilot plant in Geleen, the Netherlands, by dehydration of fructose and glucose. Furfuryl alcohol (FA) (purity: ≥ 98 %) as monomer and maleic anhydride (MA) (purity:

≥ 99 %) as catalyst were purchased from Sigma-Aldrich and used as received. Pinewood veneers were purchased at Amsterdamsche Fijnhouthandel, Amsterdam, the Netherlands. The veneers were not treated before purchase.

Resin preparation and wood impregnation

Humins were heated in an oil bath and mixed at 80 ℃ for 20 minutes. Demineralised water, preheated at 80 ℃, was added to humins by stirring in a ratio Humins/H2O 50/50 % in weight. After 40 minutes the mixture was taken out of the oil bath and allowed to cool down. Once at room temperature, the mixture separates in two phases: one solid residue and one liquid phase. The liquid phase was recovered via decantation and later used to impregnate wood. FA was mixed with 2 wt % of MA for 15 min at 80 ℃. Demineralised water was added to the mixture in a ratio FA/MA/H2O of 49/1/50 wt % and stirred for 5 minutes at 80 ℃ to obtain a homogenous liquid phase. Wood veneers (2 mm thick) were dried under vacuum at 60 ℃ for one hour before impregnation. The sample was completely covered with the liquid phase from the humins separation. The sample was placed under vacuum at 60 ℃ for one hour to promote impregnation.

The sample was then taken out of the solution, the surface was gently dried with a cloth and the samples were cured in an oven for 1 hour at 150 ℃. The impregnated sample was compared with wood veneers which had been through the same thermal treatments as the impregnated samples, i.e. dried in a vacuum oven for one hour at 60 ℃ and then heated for one more hour at 150 ℃. The final weight percent gain corresponded to 30 %.

Infrared spectroscopy (IR)

A Bruker tensor 27 -FTIR spectrometer equipped with a nitrogen-cooled MCT detector, was used to characterise samples using a 1 reflection diamond ATR device. Spectra of blank wood and modified wood were measured. The spectrum of air was recorded as background before each measurement. A total of 64 scans with a resolution of 2 cm -1 were recorded for each sample.

Dynamic mechanical analysis (DMA)

The dynamic mechanical properties were studied by dynamic mechanical analysis (DMA), Mettler-Toledo DMA-1 in tensile mode. Samples were tested on temperature sweeps from -40 ℃ to 180 ℃ with a heating rate of 2 ℃ min -1 . Experiments were done in a single frequency oscillation mode with a frequency of 1 Hz, force amplitude of 0.1 N and displacement of 0.05 % in auto tension offset control. A preload of 0.5 N was applied.

Thermogravimetric analysis (TGA)

Thermogravimetric measurements were carried out on a TGA 851e from Mettler-Toledo. Samples were analysed using a heating rate of 10 ℃ min -1 under air flow (50 mL min -1 ). The samples were heated from 30 ℃ to 1000 ℃.

Scanning electron microscope (SEM)

Blank pine wood and impregnated pinewood were investigated via scanning electron microscopy (SEM) at the microscopy center of University Nice Sophia Antipolis using a JEOL 6700F microscope equipped with a field emission gun. The electron beam voltage was fixed to 1kV.

Dimensional stability

Dimensional stability of pinewood and modified pinewood were studied. The weight and thickness of the samples were checked before immersion in water. The samples were then submerged for the desired period of time in the water. TAILORED PROPERTIES

The weight and thickness were checked every time the sample was taken out of the water, and the water was then replaced. Thickness was measured in three points and an average was considered. The samples were submerged in water for periods up to 120 hours.

Fire calorimetry

Fire calorimetry is the modern way to scientifically explore and assess the fire behaviour of materials and products from lab-scale to large scale. For our study, we have selected the Fire Propagation Apparatus (FPA), following the description and procedure of ISO 12136. In the current study, combustion tests of composite samples of 10 X 10 cm were carried out in well-ventilated conditions, under 35 kW m -2 of external heat flux. Ignition was ensured by the use of a pilot flame.

5.4 Humins as biobased binder to reduce the environmental impact of bitumen Saturates are characterised by a very low T g , around -70 ℃, and few crystalline linear n-alkanes. Aromatics are, together with resins, the most abundant constituent of bitumen. Aromatics have a T g around -20 ℃, and mainly determine the final T g of the parent bitumen. Aromatics are mainly constituted by nonpolar carbon chains in which the unsaturated ring systems dominate. Resins have a similar composition as asphaltenes but with lower molecular weight and less complex aromatic structure. Resins are very polar components, acting as stabilisers for the asphaltenes. Asphaltenes are highly polar, complex aromatic macromolecules with tendency to interact and associate, mainly determining the surface activity and the adhesion of bitumen onto mineral aggregates. They do not display any thermal transitions up to 200 ℃ [364,365]. As already mentioned, bitumen is mainly derived from petroleum. However, depletion of petroleum resources together with increasing construction costs and strong demand for asphal are encouraging the development of binders from renewable resources [366,367].

In addition, bitumen causes a severe negative impact on the environment and on the health of pavement workers as during the paving process vapors containing greenhouse gases and toxic volatiles are released [368]. Thus, developing a more sustainable alternative to decrease the use of bitumen is becoming urgent. Three different categories of binders can be distinguished: (i) direct alternative binder, corresponding to 100 % replacement, (ii) bitumen extender, corresponding with 25-75 % asphalt replacement, (iii) bitumen modifier, corresponding with less than 10 % replacement. Among the most promising binders to decrease the consumption of bitumen are bio-oils, vegetable oil and waste materials. Bio-oils can be extracted from organic plants and residues. Waste materials such as waste cooking oil, waste engine oil or biodiesel residues might also be a promising alternative [367,369,370]. Several oils have already been tested as a type of modifier to improve the low temperature performance of bitumen, decrease its cost and reduce the risk of environmental pollution. Waste cooking oil has been proposed to decrease the percentage of petroleum based bitumen and to counter the generation of significant amounts of waste oil that might generate problems when not disposed of properly. Results showed an improvement in the low temperature performance [371,372]. Other studies focused on the use of vegetable oils as a binder [373]. Bitumen binder containing up to 30 % castor oil was also studied, showing a variety of positive effects on different properties [374]. Systematic studies on bio-binders opportunities using different bio-oils derived from pyrolysis of different lignocellulosic biomasses was undertaken [375]. Generally, these types of bio-binder can improve the high-temperature performance of matrix asphalt whereas the low-temperature performance of matrix asphalt would be slightly reduced [375,376]. In this study, humins was used as a bioderived binder to be mixed with bitumen in order to decrease its environmental impact. The aim is to understand if large quantities of humins could be mixed with bitumen, without compromising the final rheological properties, but rather improve them. Possible interactions between the two components were studied by IR spectroscopy to get insights into the structures of the new biobased binder. Thermo-analytical techniques, such as DSC and TGA, were studied to obtain information on physical and chemical transition and degradation steps.

Results and discussion

IR spectroscopy 5.4.1 shows the infrared spectra of unmodified bitumen and bitumen mixture with humins. A peak corresponding with -OH stretching at 3383 cm -1 is observed after modification. This corresponds to -OH groups in humins, and is observed to shift towards higher wavenumbers when humins are mixed with bitumen, suggesting a decrease in H-bonded -OH groups. This might be related to a dispersion of humins chain in the bitumen media. The peaks between 2850 TAILORED PROPERTIES and 2920 cm -1 are typical of -CH stretching of aliphatic chains in bitumen. No shifts are observed in this region after modification. The peak observed around 1605 cm -1 in unmodified bitumen is attributed to C=C stretching vibrations in aromatics. This peak appears as a shoulder in modified bitumen, as it overlaps the conjugated carbonyl groups related with humins around 1615 cm -1 . This peak is slightly shifted towards lower wavenumbers after mixing with bitumen, suggesting a modification in the environment of these functional groups. Moreover, new peaks are formed in the 1700 -1750 cm -1 region, related to modification of the C=O groups conjugated to alkene, which might indicate new interactions between humins and bitumen or formation of new groups. The -CH asymmetric deforming in CH 2 and CH 3 , and -CH symmetric deforming in CH 3 vibrations were observed at 1458 cm -1 and 1375 cm -1 , respectively. Both peaks can also be found after modification. A quite significant variation in the IR spectra is observed in the region between 1100 and 1200 cm -1 . This region is usually associated with ester bonds. These types of bonds also behave like H-bond acceptor, thus the shift might be related with the modification of the humins -OH groups. Figure 5.4.2 shows the infrared spectra of unmodified bitumen and bitumen mixture with Hns. The peak corresponding with the -OH stretching around TAILORED PROPERTIES 3383 cm -1 is observed also in Hns modified bitumen, although, as showed in Section 5.1, it is less intense than humins modified bitumen. All the peaks observed in Hns modified bitumen which are not observed in unmodified bitumen can be attributed to Hns. Moreover, two peaks from bitumen are also evident in Hns modified bitumen, corresponding to with 1378 and 1455 cm -1 . Thermal properties were studied by DSC. Figure 5.4.3 shows the results for unmodified bitumen, 50B/50Humins and 50B/50Hns. Unmodified bitumen shows a sigmoidal decrease at low temperature, with inflection point at around -30 ℃. This transition is mainly linked to the T g of the aromatic fraction of bitumen, and is spread over a wide range of temperature, from -50 ℃ to around 5 ℃. However, this phenomenon is overlapped with crystallisation of the waxes fraction which begins around 5 ℃ up to 20 ℃. This transition occurs right after the T g as higher mobility is necessary to allow crystallisation. In both modified bitumen samples the T g seems to slightly increase, suggesting that Hns and Humins, which have higher T g of bitumen, partially mixed with bitumen increasing the overall T g . In the same way, the crystallisation peak is shifted, again beginning at the end of TAILORED PROPERTIES the glass transition.

Thermogravimetric analysis (TGA) range is attributed to a combination of hydrocarbon combustion which competes with thermal cracking reactions. Carbon-rich residue (coke) is formed at this stage [377]. Modified bitumen shows a quite similar behaviour in this step. Finally, a very fast degradation step is observed between 470 ℃ and 560 ℃, identified as high temperature oxidation (HTO). This region corresponds to the combustion of remaining hydrocarbons and carbon residues [378].

Rheological behaviour: frequency scan

The frequency dependency of the complex viscosity at 60 ℃ is shown in Figure 5.4.5 a. The three samples show an almost Newtonian behaviour over the entire span of frequency studied, as the viscosity is almost independent of the frequency (Figure 5.4.5 a). However, 50B/50Hns sample shows slightly higher values of viscosity, while 50B/50Humins samples display a slight decrease in viscosity. This might be explained by the fact that, at this temperature, humins viscosity is lower compared to Hns viscosity. Moreover, the presence of more polar and shorter chains might decrease the interactions between macromolecules and thus decrease viscosity. Figure 5.4.5 b shows the variation of storage modulus with frequency. Frequency susceptibility is reduced in case of 50B/50Humins as the tendency of the curve is less steep, and its elastic response is also increased for low frequencies. For 50B/50Humins the modulus is higher at low frequencies and lower at high frequencies. 50B/50Hns shows very similar trends compared with unmodified bitumen, showing slightly higher storage modulus. Different behaviours are observed when investigating rheological properties at 140 ℃. As shown in Figure 5.4.6, modified bitumen shows a shear thinning behaviour at low frequencies while unmodified bitumen shows Newtonian behaviour, followed by a shear thickening behaviour similar to unmodified bitumen. At low frequency, the increase in the viscosity is related to increased humins and Hns interactions with bitumen while increasing the frequency leads to the effect of entanglements dominating and viscosity decreasing [379]. All samples show a very non-uniform viscosity reaching high values for frequencies higher than 10 Hz. This is related with a significant increase of storage modulus at this value of frequency. Figure 5.4.6 b shows the variation of storage modulus with frequencies. At low frequencies, between 0.1 and 10 Hz, modified humins show less susceptibility to frequency variation as the value of storage modulus is almost constant. Moreover, the value of storage modulus is also higher compared with unmodified bitumen, suggesting that a new network was formed between bitumen and humins or Hns. At higher frequencies, above 10 Hz, storage modulus significantly increases. This behaviour might be linked with the formation or enhancement of transient networks of bitumen components, linked by hydrogen bonding and dipole-dipole interactions [379]. These results reveal a very similar behaviour for humins and

Hns at these specific temperatures.

Rheological behaviour: temperature scan One of the most important parameters for bitumen modification is to improve its rheological properties to avoid cracking caused by thermal shrinkage. This is a major concern for asphalt pavement in cold climate regions, as it can lead to main pavement damage. Improving the temperature performance of asphalt binder is an important focus [372].

Complex viscosity as a function of temperature is shown in Figure 5.4.7 In the low temperature span, between -20 and 35 ℃, the three samples show quite similar behaviour and viscosities. A Newtonian plateau is observed at low temperatures while, increasing the temperature, the viscosity decreases showing a shear thinning behaviour. Figure 5.4.7 a shows a higher viscosity with Hns modification and a lower decrease in viscosity with humins modification. Moreover, the first seems less susceptible to temperature changes, as viscosity is constant up to around 15 ℃ and then slowly starts decreasing. On the contrary, humins modification shows higher viscosity susceptibility as its value starts dropping starting from around -5 ℃. These results might indicate that Hns interacts with bitumen creating a stronger network, while humins act more as a plasticiser, decreasing interactions between chains promoting flowing of the chains. A different behaviour is observed at high temperature (Figure 5.4.7 b). In the temperature range between 80 and 180 ℃, both humins and Hns modifications induce an increase in viscosity, indicating a stiffening effect. Moreover, the flatter slope for

Hns modified bitumen starting from 120 ℃ shows lower temperature suscep-tibility at high temperature compared to unmodified bitumen. Both modified bitumens also show a less regular dependency with temperature, as both humins and Hns undergo loss of volatiles and condensation reactions starting from 120 ℃, which might induce abrupt changes in the viscosity value. The ideal asphalt mixture mixing and compaction viscosities have been added to Figure 5.4.7 b, corresponding respectively with 1 and 10 P a s. The temperature associated with these values are higher after modification, as observed in other polymer modified bitumen [366].

By dynamic shear rheology it is possible to determine the complex shear modulus G * and the phase angle δ. The G * is a measure of the total resistance of a material to deformation when repeatedly sheared. δ is a measure of the viscoelastic character of the material. If δ equals 90°, then the binder can be considered purely viscous in nature and, vice versa, a δ of 0°would represent an ideal elastic solid. Thus, it is an indicator of the relative amount of recoverable and nonrecoverable deformation. The phase angle is generally considered to be more sensitive to the chemical structure and, therefore, the modification of bitumen than complex modulus [380][381][382]. At low temperatures, polymer modification should lower creep stiffness of the bitumen, thus improving the resistance to thermal cracking. At high temperatures, additives should increase the stiffness and elasticity of the bitumen, as a result of an increased storage modulus and a decreased phase angle. Indeed, the increase of the storage modulus and the decrease of the phase angle improve rutting resistance of the pavement. Figure 5.4.8 a shows the variation of G * and δ with temperature between -15 and 35℃. Sample 50B/50Hns shows less temperature susceptibility as observed from the less steep G * curves both at low and high temperature, and higher values of G * . This is usually an indication of formation of a polymeric network, which might be linked with cross-linking or entanglements. At low temperature, humins and bitumen chain might physically interact, while at higher temperature chemical reactions might occur between Hns chains or Hns and bitumen chains. Indeed, at high temperature variation of G * with temperature looks more complex compared with unmodified bitumen, which might be linked with cross-linking reactions. δ is shifted towards lower values in the temperature range between -15 to 35 ℃ (Figure 5.4.8 a), indicating an increase in elasticity compared with unmodified bitumen. The same applies in the higher temperature span, between 80 ℃ and 180 ℃(Figure 5.4.8 b), when δ in 50B/50Hns is lower than δ in unmodified bitumen up to 160 ℃. Figure 5.4.8 b shows that the values of δ in 50B/50Hns reach a maximum and a minimum. This is usually observed when sufficient polymer networks are formed in the modified bitumen [382,383]. This is a positive effect as it indicates improvement in elasticity, which would result in improvement in resistance to deformation of the asphalt. For what concern 50B/50Humins sample, higher values of δ are observed at low temperature, while a decrease in δ is observed at higher temperature, again up to 160 ℃. G * is lower compared with unmodified bitumen at low temperature, and higher at high temperature. The presence of higher polar fraction in humins might indeed have negative effect on humins-bitumen network at low temperature, while cross-linking and loss of volatiles at high temperature might contribute to an increase of G * .

Conclusion

This study investigated the possibility to use crude humins or Hns (i.e. humins obtained after separation) as a biobased binder to decrease the large consumption of bitumen. Partially substituting bitumen with humins would have a positive effect on the environmental footprint of the binder and could be a new valorisation solution for humins. Results show that both crude humins and Hns can have positive impact on the final properties of the biobased binder. The utilisation of humins might increase the softness at low temperature, thus avoiding cracking. On the other hand, Hns would also have a positive effect as it would decrease the temperature susceptibility at very low temperature. Modified bitumens show an increase of the storage modulus and a decrease of the phase angle at high temperature which should improves rutting resistance of the pavement. However, both materials increase the viscosity at high temperature, thus implying to increase the mixing temperature when processing bitumen.

Experimental section

Sample preparation

Three different samples were prepared. i Humins and bitumen were heated up at 80 ℃ for 20 minutes, to decrease their viscosity. Afterwards, the two materials were mixed in a ratio 50:50 w/w and stirred for other 40 minutes at 80 ℃.

ii Hns was prepared as described in Section 4.4. Afterwards, Hns was dried in oven at 140 ℃ for 2 hours, in order to obtain a solid material which could be gournd. Hns was mixed with bitumen, preheated for 20 minutes at 80 ℃, in a ratio 50:50 w/w.

iii To exclude the effect of bitumen aging during mixing process and thus evaluate accurately the modifier (humins and Hns) effects, the base bitumen was treated under the same conditions as the modified ones and used for comparison.

Infrared spectroscopy

A Bruker tensor 27 -FTIR spectrometer equipped with a nitrogen-cooled MCT detector, was used to characterise samples using a 1 reflection diamond ATR de-vice. The spectrum of air was recorded as background before each measurement. A total of 64 scans with a resolution of 2 cm -1 were recorded for each sample.

Differential scanning calorimetry (DSC)

Conventional differential scanning calorimetry (DSC) measurements were performed on a heat flux Mettler-Toledo DSC-1 and STAR software was used for data analysis. Temperature, enthalpy and tau lag calibrations were performed using indium and zinc standards. 5 to 10 mg of samples were placed in a 40 µL aluminium crucible and closed by a pan lid. Samples were measured by regular DSC with a scanning temperature ranging from -80 ℃ to 140 ℃. The heating rate employed was 30 ℃ min -1 .

Thermogravimetric analysis

The thermo-oxidative degradation of the samples was studied on a Mettler-Toledo TGA/ SDTA 851e. Samples were measured at a heating rate of 10 ℃ min -1 under air flow (50 mL min -1 ).

Rheology

The rheological properties of the samples were registered with a Thermo Scientific HAAKE MARS rheometer. Measurements were obtained on plate-plate geometry (25 mm diameter and 1 mm gap). Samples linear viscoelastic region was defined for each temperature by a strain sweep. Then the material was characterised using a frequency sweep at a strain below the critical strain. The rheological responses were registered at decreasing angular frequency (10 to 0.1 Hz) for different temperatures (40 ℃, 60 ℃, 80 ℃, 100 ℃, 120 ℃, 140 ℃). Samples were also tested in temperature sweep mode, from -15 ℃ to 35 and from 80 ℃ to 180 ℃, with a heating rate of 1 ℃ min -1 .

The research described in this thesis aims at finding valorisation routes for industrial humins, by studying their potential as a thermoset material and by developing novel applications. In particular, the research focused on applications based on sustainable humin-based thermosets and composites, involving relatively large volumes of humins. Humins are expected to become a widely available material, based on the consensus that more and more industries will focus on development of biorefineries by using lignocellulosic biomass. Indeed, lignocellulsic biomass is the most abundant organic raw material in the world and represents the major portion of the world's annual production of renewable biomass. For this reason, it is a precious resource to move towards sustainable and renewable chemicals and face environmental issues and depletion of fossilbased resources. For this reason, this work first focused on the study of the thermoanalytical properties of humins and its behaviour under thermal treatment. It was found that humins can auto-cross-link at relative low temperature (120 -140 ℃) giving a material with different structures and properties based on the conditions used during the thermal treatment. The cross-linking behaviour was then further investigated by studying conditions adaptable for possible industrial development. Several original and innovative analytical approaches were correlated for these purposes, such as multifrequency DSC and isoconversional kinetic analysis applied on standard and modulated DSC and rheological measurements. This study was fundamental to obtain insights into the physico-chemical properties of crude humins and cross-linked humins, linking thermal treatment and final structure. The isothermal and non-isothermal cross-linking mechanism of crude humins was revealed and compared with the cross-linking mechanism after the addition of an acidic initiator. Results showed the possibility to cure at relatively low temperature (120 ℃) for a very short time. This preliminary work set the basis for the development of humin based thermoset materials and the optimal processing conditions. It would be interesting to further investigate these results by making 100 % humin thermoset at different thermal treatment conditions, and study the final mechanical properties. The same could be done after the addition of DCAs, to understand if the long chain could improve flexibility and enhance properties such as ductility. Based on the promising results obtained, the research further explored the potential of humin thermosets in composites' fabrication. The focus was set on the development of new all "green" composites applications which hold great potential as building materials or in automotive applications. It was shown that humins have great interaction with lignocellulosic fibres (such as flax or jute), enabling the production of composites with good hydrophobic properties and mechanical properties similar as other biobased thermoset resins commercially used in several applications. This study highlighted a great affinity between humins and cellulosic fibres, indicating possible physico-chemical interactions between the two phases. Indeed, thanks to the presence of a highly polar fraction due to the low molecular weight fraction and monomeric intermediates in humins, very good interaction with the hydrophilic natural fibres is obtained. This allows the production of natural fibres composites without the use of any compatibiliser. These results demonstrated that it is possible to make high-value composites by humins valorisation, making use of natural fibre which is another renewable and sustainable material with a growing academic and industrial interest. It could be interesting in the future to observe the effect of DCAs on humins used as matrix for the composites and again to observe if it is possible to achieve improved properties. An investigation on the properties of the materials under U.V. aging and biodegradation would be also of great industrial interest. Considering this unique dual polar/apolar behaviour characteristic of industrial humins, this work finally focused on the use of a new and easy-to-exploit separation method to obtain a more "hydrophilic" fraction and a more "hydrophobic" fraction from humins, intended to be used for applications where respectively hydrophilic and hydrophobic materials are needed. The hydrophilic fraction was successfully valorised as an impregnation media for modification of cellulosic fibres, to enhance their properties and interactions with common polymeric matrices such as PP. Furthermore, the same process was employed for the impregnation and modification of wood, highlighting a great potential to obtain superior properties comparable with furfurylated wood. It was demonstrated that the "hydrophilic" fraction combines with cellulose decreasing its hydrophilicity and sensitivity to environmental moisture. These results highlighted again new opportunities for obtaining high-value materials by humins valorisation, also facing common problems such as poor fibre/matrix interfaces when using cellulosic fibre or the use of toxic and non-renewable resin in wood modification for properties improvement. Of major importance would be to study resistance again fungi and bacterial decay, degradation and U.V. aging. It could be also very interesting to get more insights on the possible interaction between humins and the different components in wood. It was observed that humins have a great affinity with cellulose, thus this could be further explored to better understand which kind or reactions occur and if any interaction with lignin is happening (as PFA was demonstrated to interact with lignin, a similar behaviour could be expected by humins). Finally, humins was also investigated in high concentration with bitumen, to decrease the extensive use of bitumen also generating negative effects on the environment and end-users health. The results were again quite promising for the extensive use of humins in building applications. More in general, I think it would be of great importance to study the environmental and economic advantage of all the developed applications for example by Life Cycle Assessment to evaluate the potential and competitiveness of these materials in the market. Moreover, it would be very important also to understand the stability of these materials with aging and the variability of the properties linked to the heterogeneity of humins depending on different biorefinery conditions used. Indeed, being a co-product, it is expected to have quite significant changes based on the main process and this could affect the final properties in the different applications. Another interesting research line could be to combine humins with lignin or tannin or PFA in different percentage to obtain a synergy of properties and explore other application development opportunities for these promising materials. Finally, I think a different interesting research line could be to use humins as filler in composites. Indeed, after long thermal treatment humins becomes highly carbonaceous and powdery material which could be used in applications similar to carbon black. In conclusion, this work was intended as an exploratory study to open up new routes for humins valorisation. Many promising results were obtained, demonstrating the great potential of humins as a functional material. Humins are a precious source for valuable applications making use of their abundance of functionalities and unique furanic structure. I hope this work will help convincing more and more people of the value of humins, and the key role that humins valorisation holds in the development of biorefineries. Humins should no more be considered as a waste but as a sustainable black treasure.

Three years have passed since the first interview I had with JK, I still remember it quite well. You spoke for most of the time and I didn't get much of what the PhD was about at that time, but I was impressed by your enthusiasm and passion so I thought "it must be something great!". And indeed, three years have passed, and there is nothing I regret and nothing I would change. They were three great years and that is thanks to all the people I met during this journey. First of all, Prof. Nicolas Sbirrazzuoli, my thesis director, thanks for all the things I learned from you. Thanks for sharing with me your passion for science (most of all Kinetics, I did not expect it to be so interesting ;) ) and for being always so supportive. Thanks for all the time spent helping if I needed, and also for all the fun moments spent at RU with all the team. Nat, my thesis co-director, thank you so much for all the discussions and exchange of idea we had during my PhD, for all your support and help, for being always available for a call or a chat every time I needed. You made me feel like a colleague, always interested to know my ideas and my opinion. Thanks for trusting me and appreciating my work. Thanks a lot also to Prof. Antonio Pizzi and Prof. Luc Averous for accepting to review my thesis, and Dr. Debora Puglia, Prof. Noelle Billon, Dr. Ed de Jong and Dr. Peter Mangnus for attending my PhD defense. A special thank also to all the MAPEC team. Thanks Luc for always helping when some machine was not working, or every time something unexpected was happening in the "salle d'analyse thermique". Thanks Nicolas (Bosq) and Johnny for always being available if I needed something (Johnny, if it wasn't for you, I would be still here fixing and fighting with images and tables for the layout). Thank you very much to my interns, Melody and Corentin, it was a pleasure to work with you and thanks for the great work you have done! My deepest thanks to my très chères Charlotte et Emilie, who supported (..comforted), and encouraged me. Thanks for all the nice moments spent together at work, all the tea breaks, all the "gouter", thanks for helping me writing emails in French and every time I had problems with French bureaucracy (very often) and for all our "private" talks in the "salle d'analyse thermique". It was great to be part of such a great team of people you trust and appreciate so much. Thanks a lot also to all the "groupe indispensable" in Nice, Cptain Crab, Benjamin, Yaya, Princesse Jojo, Marie, Simon, (Charlotte and Emilie). I had a great time in Nice thanks to you, I never felt alone! Thanks for all the (dressed up) dinners, the singing, and dancing (vegetable songs?) and all the laughs. And thanks to Paddy's for making us feel at home;). Thanks also to all the people from ICN, in particular, the RHE team for the nice chats during lunch and for never complaining of the often-too-loud laughs coming from our office;). I would like to thank the European Commission for funding the HUGS project and provide me with the MarieCurie scholarship. Thanks to all the HUGS supervisors for sharing your knowledge with us. Thanks to all the time spent organising the trainings and for the great moments we had during the HUGS meetings. Thanks Erica for coordinating the project and making sure that everything would go well, you did a great job! And a special thank goes to Jan Kees, you have been fundamental in the HUGS project, you have been a mentor, a colleague, and a friend. Thanks for everything! A special thanks to the HUGS PhDs, Anitha, Layla, Fatima, and Pierluigi. You have been like a family! I will never forget all the great time we spent together at work, at home and outside. Thanks Anitha for introducing me to the spicy food, for all the great time we had living, working and going to the gym together, for all the fun during our trips and for hosting me at you home in India. Thanks for teaching me to keep calm when I get nervous and to be more patience (I still need some more training though). Thanks Layla for all the dinner talking, for motivating each other to be braver and bike in Amsterdam, for helping and supporting me most of all in the last (and hardest) months. Thanks Fatima for being my gym's buddy and for introducing me to kickboxing, it was so much fun. And last but not least, thanks Pierluigi for entertaining us with your crazy ideas and for all the fun we had when living together (and binge-watching la casa de papel). And thanks Simona who has been adopted in the HUGS family for a few months. It was so great to have you here in Amsterdam, we would never get bored when you were around. A special thanks also to Qiaona, I cannot forget all the fun we had together and thanks for the happiness you spread everywhere you go, I can't wait for you to be back!!! I also want to thank all the people in Avantium who worked with me during my time here in Amsterdam. A special thank goes to all the people who have been involved in my project and who helped and supported me during my PhD. First of all, thanks a lot Peter for believing in me and in my work since the beginning, thanks for always trusting my ideas, and for always asking my opinion first. This has meant a lot to me. Your enthusiasm had helped a lot in keeping me always motivated and eager to show that I could always do better. Thanks for all the time you dedicated to discussing with me and involving me in meetings and conferences. I learned a lot from you and it has been a pleasure working with you. Thanks a lot Jeff for all the fruitful scientific discussions we had. I really appreciated having your help and knowing your precious opinion on my work, which has been of great help for my project! Thanks Carlo, both as a friend, for all the times I needed to talk to someone here in Avantium, and as a colleague, it was a pleasure to work with you and to exchange ideas on chemistry and material science, and thank for being always available. You have been of great help. Thanks Gerard for our discussions on humins and for your scientific advices. Thanks Elizabeth for your support and help in the last few months. Per finire, grazie a tutte i miei amici e amiche di Lecco, anche se non vi vedo mai vi penso sempre. Grazie Richi per avermi accompagnato in questo lungo percorso, anche se per la prima volta da lontano. Grazie per esserci sempre. Grazie alla mia famiglia, in particolare a mio papà e mia mamma, per essermi sempre vicina nonostante la distanza. E infine grazie Teo, sai già tutto:).

  Mots clés: Humins, valorisation de la biomasse, Matériaux bio-sourcés , composites

•

  Development of new sustainable materials for catalysis • Use of catalysis for biomass conversion • Study and development of new carbon based porous materials • Development of new biobased materials and composites • Safety and toxicity aspects

Figure 2 .

 2 Figure 2.1.1: Chemical structure of cellulose.
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 2 Figure 2.1.2: Chemical structure of some of the sugar units present in hemicellulose.
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 213 Figure 2.1.3: Chemical structure of lignin, adapted from[START_REF] Zakzeski | [END_REF] 

  Figure 2.1.4 shows possible pathways and products of the acid-catalysed hydrolysis of a typical lignocellulosic material.
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 2 Figure 2.1.4: Pathways and products of the acid-catalysed hydrolysis of a typical lignocellulosic material.
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 2 Figure 2.2.1: a) Formation of 2,5-dioxo-6-hydroxyhexanal (DHH) by rehydration of HMF. b) First condensation step of HMF with DHH. c) Idealised structure of humins formed via aldol condensation reactions of HMF with DHH according to Patil et al., based on IR spectroscopy. Adapted from Patil et al.[76] 
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 222 Figure 2.2.2: Formation of humins via polymerisation reactions of HMF with glucose, adapted from Dee et al..[77] 

  .2.3) using in situ NMR and 13C labelling. The transient formation of the two intermediates (3S,4R,5R)-2-(hydroxymethylene)-tetrahydro-2H-pyran-3,4,5-triol (1) and (3R,4S)-3,4-dihydroxy-3,4-dihydro-2H-pyran-6-carbaldehyde (2), was detected. 1 was gradually converted into 2 and then to side-products such as humins. A comprehensive DFT study of acid-catalysed glucose and fructose reactions
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 223 Figure 2.2.3: Mechanism for the formation of HMF and humins as proposed by [78] based on liquid-phase NMR: intermediates in red were not detected.
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 224 Figure 2.2.4: The first proposal for a fragment of the molecular structure of humins, based on Schweizer [85].
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 225 Figure 2.2.5: Model representing the molecular structure of a humin fragment, including the most important linkages for: A. Glucose-derived humin B. Xylose-derived humin, based on [80].

Figure 2 . 2 . 6 :

 226 Figure 2.2.6: Schematic representation of the molecular structure of humic acid, adapted from [112]
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 2 2.7 shows the HTC structure proposed by Sevilla.
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 2 Figure 2.2.7: Molecular structure of HTC as proposed by Sevilla et al. [113].
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 228 Figure 2.2.8: Components of caramel.
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 229 Figure 2.2.9: FF self-condensation products intermediates[89].
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 2210 Figure 2.2.10: Macromolecular fragment possibly obtained during condensation reaction of FF [89].
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 2211 Figure 2.2.11: Formation pathway of PFA from FA.
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 22 Figure 2.2.12: 3 main lignin monolignols.
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 2213 Figure 2.2.13: Chemical species characteristic of hydrolisable tannins, adapted from [161].
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 2 Figure 2.2.14: Three-unit fragment of condensed tannins, adapted from [161].
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 3 Figure 3.1.1 and Figure3.1.2 compare the IR spectra of humins thermally treated respectively at 120 ℃ and 140 ℃, for 2 hours, 4 hours, 8 hours, 16 hours and 24 hours. Measured peak intensities were normalised to 1 with respect to the intensity of the most intense peak at 1668 cm -1 . Figure3.1.1 and 3.1.2 (a) focus on the 4000 -2500 cm -1 region i.e. the -OH and -CH stretching while Figure3.1.1 and 3.1.2 (b) rather focus on the 2000 -600 cm -1 region. The peak assignment is shown in Table3.1.1, according to literature[76,80,83, 101].It is of interest to compare the variation of the relative intensities in each spectrum. As shown in Figure3.1.1, a broad peak of -OH stretching is observed at 3383 cm -1 and a weak peak corresponding to aliphatic -CH stretch is observed at 2928 cm -1 . The relative intensity of these two peaks significantly changes after humins thermal treatment. In Figure3.1.1, the -OH peak is observed to decrease compared to the -CH peak with time of treatment. This is even more evident when the treatment is done at higher temperature(Figure 3.1.2).

Figure 3 .

 3 Figure 3.1.1: Infrared spectrocopy of humins thermally treated at 120 ℃ for different time.
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 3 Figure 3.1.2: Infrared spectrocopy of humins thermally treated at 140 ℃ for different time.
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 3 Figure 3.1.3: Standard DSC data from a crude humins sample at heating rates of 30 ℃ min -1 and 10 ℃ min -1 and a vacuum-dried humins sample at a heating rate of 10 ℃ min -1 .
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 3 Figure 3.1.4: TGA and DTG measurement of crude humins and vacuum dried humins, heating rate 1 ℃ min -1 (top). T g variation of crude humins after heating up at reference temperatures (x-axis) vs loss of mass loss studied by TGA (bottom)
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 3 Figure 3.1.5: TGA and DTG measurement of crude humins and vacuum dried humins, heating rate 1 ℃ min -1 (a). T g variation of crude humins after heating up at reference temperatures (x-axis) vs loss of mass loss studied by TGA (b)
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 3 Figure 3.1.6: Headspace GC-MS results after heating crude humins at 100 ℃ and 170 ℃. The values are normalised over the total GC area of volatiles released at 170 ℃ (left) Chemical structure of volatiles detected by headspace GC-MS measurements (right).
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 3 Figure 3.1.7: Variation of the complex viscosity as function of angular frequency at 40 ℃, 60 ℃, 80 ℃, 100 ℃, 120 ℃, 140 ℃
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 3 Figure 3.1.8: Evolution of complex viscosity (top). Storage modulus (dash line) and loss modulus (solid line) (bottom) as function of temperature. Heating rate 1 ℃ min -1
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 3 Figure 3.1.9: T g evolution in humins at different time of thermal treatment at 120 ℃ and 140 ℃.
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 3 Figure 3.1.10: GC and UPLC analysis from humins thermally treated at 120 ℃ (a) and 140 ℃ (b) for different time.

  H 2 O and an increase of C content with respect to O/H content. At sufficiently high temperature, dehydration of hydroxyl groups can also occur. These observations are in agreement with the shift towards lower O/C and H/C values.
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 3 Figure 3.1.11: A van Krevelen plot showing changes in the elemental composition of crude humins and thermally treated humins.
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 3 Figure 3.2.1 a shows the variation of viscosity as a function of the temperature.In crude humins, C 4 and C 8 , viscosity is observed to significantly decrease up to around 120 ℃, reaching very low values of viscosity (∼ 1 P a s). A plateau is then observed between 120 ℃ and 160 ℃, which may imply a change in the humins behaviour. In the absence of reactions or phase changes, the viscosity should decrease with a temperature increase. In Figure3.2.1 a this tendency seems to be counterbalanced by initial cross-linking reactions which increase the molecular weight and the viscosity, thus leading to a plateau. At around 160 ℃
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 3 Figure 3.2.1: Evolution of complex viscosity (a), storage modulus and loss modulus (b) as a function of temperature. Heating rate 2 ℃ min -1 .
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 3 Figure 3.2.1 b shows the corresponding variation of storage (G ) and loss (G ) modulus as a function of temperature. In crude humins, C 4 and C 8 , G is
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 322 Figure 3.2.2: Evolution of complex viscosity (a), storage modulus and loss modulus (b) as a function of time at 160 ℃.
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 323 Figure 3.2.3: Evolution of complex viscosity (a), storage modulus and loss modulus (b) as a function of time at 120 ℃.

Figure 3 . 2 . 4 :

 324 Figure 3.2.4: Infrared spectroscopy of samples after complete curing at 160 ℃ (crude humins, C 4 , C 8 ) and 120 ℃ (C 2 ).
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 325 Figure 3.2.5: IEvolution of complex viscosity (a), storage modulus and loss modulus (b) as a function of temperature. Heating rate 2 ℃ min -1 .

  Figure 3.2.6 shows the variation of the viscosity and of the storage and loss moduli under isothermal curing at 120 ℃. Viscosity is observed to increase very fast in both samples with H 2 SO 4 and pT SA, reaching a plateau in less than one hour (Figure3.2.6 a). Gel point is observed within the first 20 minutes (Figure43.2.6 b). These results are comparable with the effect of oxalic acid in humins, whereas a significantly lower concentration is needed in this case.
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 326 Figure 3.2.6: Evolution of complex viscosity (a), storage modulus and loss modulus (b) as a function of time at 120 ℃.

  cure kinetics by isothermal DSC measurements The curing reaction was first studied by isothermal DSC. The obtained data were used to compute the E α -dependency, according with Eq. 3.10 and 3.11. The results are shown in Figure3.3.1, and relate the viscosity changes with the extent of con-version (α). Three main steps can be identified to describe the curing reaction.

Figure 3 .

 3 Figure 3.3.1: Variation of the effective activation energy (E α ) with conversion obtained under isothermal conditions (blue circle) and evolution of the complex viscosity (solid red line).

  2 to 0.4, E α is almost constant, with a value close to 60 kJ mol -1 , indicating that the overall reaction rate is determined by a single step mechanism [204, 211]. Humins reach gelation at around α = 0.4 and from this stage the increase of viscosity is slowed (Figure 3.3.1). The high viscosity hinders chemical reactions due to restriction of molecular mobility. At this stage of the reaction, the polymerisation starts to shift from chemical to diffusion control. For α > 0.4, E α is characterised by a sharp decrease to 10 kJ mol -1 . This tendency and the low values of E α are associated with diffusion controlled mechanisms [

Figure 3 .

 3 3.2 shows the C p variation with time, at 120, 140 and 160 ℃. Heat capacity sharply decreases at the beginning of the measurements, and then slowly approaches a constant value. During thermal treatment, chain mobility is limited due to the fast increase of molecular weight during curing reactions, corresponding to a deep decrease of the heat capacity[211, 213]. At this temperature, reactions start very fast. Due to the necessary stabilisation time of the instrument (1-5 s) the very first seconds of the reactions are not measured, which explains the differences in the initial values of cp. These results are in perfect agreement with the previous E α -dependency variations computed from isothermal DSC heat flux measurements (Figure3.3.1). The initial stages of the curing are controlled by fast chemical reactions followed by a transition to diffusion control (α > 0.4) when the mobility of the reaction medium decreases due to the molecular weight increase. This decrease in mobility results in a high decrease of the specific heat capacity as measured with TOPEM.

Figure 3 . 3 . 2 :

 332 Figure 3.3.2: Left axe: Extent of conversion (α) obtained after application of Equation 3.2 as function of time. Right axe: TOPEM curves of C p during isothermal curing at 120, 140 and 160 ℃ (solid lines), and fitting data with the KWW relaxation function (dot lines).

3 .

 3 10 and 3.11. The E α -dependency is shown inFigure 3.3.3, and compared with the results obtained by standard DSC. The results obtained with the two techniques fit well, indicating the same tendencies. The same kinetics steps can be identified, and the predominance of a diffusion kinetic mechanism for α > 0.4 is confirmed. The consistency of this result is remarkable, despite that in isothermal DSC the heat flux is treated while in TOPEM the cp is treated.

Figure 3 . 3 . 3 :

 333 Figure 3.3.3: Evolution of the effective activation energy (E α ) as function of the extent of conversion (α) after treatment of DSC data (blue dots) and TOPEM data (black squares) obtained by isothermal curing.

Figure 3 . 3 . 4 :

 334 Figure 3.3.4: T g evaluation at different degree of conversion (black triangles) and fitting with the Di Benedetto equation (dotted red line).

Figure 3 . 3 . 5 :

 335 Figure 3.3.5: Amount of leached monomers in mg/L after leaching test in water from 30 min to 1 week. Humins cured at α = 0.4 (black squares) and α = 1 (blues triangles) are compared.

  Figure 3.3.7 shows the resulting E α -dependency as a function of α (Figure3.3.7 a) and temperature(Figure 3.3.7 b). In Figure3.3.7 b, this dependency is compared with the variation of viscosity. As previously observed in the isothermal investigations, the E α -dependency shows complex variations which are associated with a complex cure mechanism involving several stages. Crude humins sample shows a first steep decrease of E α for α < 0.35 that can be attributed to an autocatalytic step[134, 192]. The first value of 110 kJ mol -1 represents the activation energy for the non-catalysed curing of humins[223]. During this stage, E α goes from 110 to 65 kJ mol -1 . A second step is identified from α > 0.35. As observed in Figure3.3.7 b, at this stage the viscosity has strongly increased, hindering molecular mobility. The overall reaction is now controlled by the motion of short chains; thus, diffusion is the rate limiting process. During this step E α smoothly decreases to 25 kJ mol -1 , which

Figure 3 . 3 . 6 :

 336 Figure 3.3.6: Storage modulus (G ) variation with temperature at different heating rates (0.5, 1 and 2 ℃ min -1 ), for crude humins (solid lines) and humins/pTSA (dash lines).

Figure 3 .

 3 Figure 3.3.7: Evolution of the effective activation energy (E α ) as function of a) the extent of conversion (α) and b) the temperature, evaluated from non-isothermal data for crude humins (black squares) and Humins/pTSA (blue circles) and b) complex viscosity variation with temperature.

  .3.7. Similar tendencies have been reported for other thermosetting resins [225].

Figure 3 . 3 . 8 :

 338 Figure 3.3.8: Curing rate dα/dt versus temperature of crude humins (solid lines) and humins/pTSA (dash lines) at different heating rates. The heating rate of each experiment (in ℃ min -1 ) is indicated by each curve.

Figure 3 . 3 . 9 :

 339 Figure 3.3.9: TGA and DTG measurement of crude humins and humins/pTSA, heating rate 2 ℃ min -1 under air.

Figure 4 .

 4 Figure 4.1.1: a Young's modulus of flax fibres composites under different compression moulding conditions a) humins/PTSA resin, 40 min@140 ℃; b) humins/PTSA resin, 20 min@140 ℃; c) humins resin, 40 min@140 ℃; raw flax fibres mat. b Ultimate tensile stress of flax fibres composites under different compression moulding conditions a) humins/PTSA resin, 40 min@140 ℃; b) humins/PTSA resin, 20 min@140 ℃; c) humins resin, 40 min@140 ℃; raw flax fibres mat.

  Figure 4.1.2 shows SEM images of the fracture surface of humins/flax fibre composites (sample a). In agreement with the good tensile properties, the images reveal very good adhesion between humins matrix and the flax fibres. The matrix is homogeneously embedding the fibres, without any visible gap between the two phases. No fibre fractions or dislocations are observed, rather the fracture is coming from the matrix. The same failure profiles have been previously reported for other flax fibres composites [279].

Figure 4 .

 4 Figure 4.1.2: SEM pictures of tensile fracture surface of flax/humins composites (image a). High magnification details on the matrix/fiber interface (Images b, c, d).

Figure 4 .

 4 Figure 4.1.3: a Storage modulus and Loss modullus versus temperature of flax fibres composites under different compression moulding conditions a) humins/PTSA resin, 40 min@140 ℃; b) humins/PTSA resin, 20 min@140 ℃; c) humins resin, 40 min@140 ℃; raw flax fibres mat. b tan δ versus temperature of flax fibres composites under different compression moulding conditions a) humins/PTSA resin, 40 min@140 ℃; b) humins/PTSA resin, 20 min@140 ℃; c) humins resin, 40 min@140 ℃; raw flax fibres mat.

Figure 4 .

 4 Figure 4.1.4: TGA and DTG measurement under air (a) and under N2 flow (b) of samples prepared under different compression moulding conditions a) humins/PTSA resin, 40 min@140 ℃; b) humins/PTSA resin, 20 min@140 ℃; c) humins resin, 40 min@140 ℃; raw flax fibres mat.

Figure 4 .

 4 Figure 4.1.5: Water absorption gain for raw flax sample and for composites obtained with humins matrix with and without PTSA.

Figure 4 .

 4 Figure 4.1.6: Main compounds detected in leached water.

Figure 4 .

 4 Figure 4.1.7: Amount of leached monomers in mg mL -1 after leaching test in water from 30 minutes to 120 hours, a) composite flax / humins catalysed by pT SA and composite flax / humins; b) composite flax / humins and humins resin.
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 4 FROM HUMIN THERMOSETS TO SUSTAINABLE COMPOSITES

Figure 4 .

 4 Figure 4.2.1: Evolution of storage modulus (E ) and damping factor for Jute/PFA and jute/Humins composites with temperature.

Figure

  Figure4.2.2 shows the surface of Jute/PFA and jute/Humins composites after fracture observed by Scanning Electron Microscopy (SEM). In both cases it is clearly observed that the resin is homogenously distributed over the fibres. Fibres are totally embedded by the matrix, and no gap or lack of cohesion is observed between the two phases. Differences are observed when studying the type of fracture of jute/Humins (images a, b, c) and Jute/PFA (images d, e, f). The fracture surface of humins composites shows several pulled out fibres. Resin fracture has occurred, followed by fibre rupture. This indicates a good interfacial bonding between humins and the fibres, allowing stress transfer between the two phases. The type of fracture seems rather ductile than brittle. Different behaviour is observed on the PFA composites fracture surface. Fibres do not show fracture or dislocation. The fracture is very neat, and seems to originate only from the matrix. This is typical of brittle behaviour, characteristic of PFA matrix[101].

Figure 4 . 2 . 2 :

 422 Figure 4.2.2: SEM images of surface of jute/Humins (images a, b, c) and Jute/PFA composites (images d, e, f) after fracture.

Figure 4 . 2 . 3 :

 423 Figure 4.2.3: TGA and DTG curves of Jute/PFA and jute/Humins composites. Neat Jute is given as reference. 3b. Zoom of T g curves of Jute/PFA and jute/Humins composites in the low temperature region. Neat Jute is given as reference.

Figure 4 .

 4 Figure 4.2.4: a) Percentage of water gain with time for Jute/PFA and jute/Humins composites. Raw jute mat is given as reference. b) Percentage of thickness increase as function of time after immersion in water for Jute/PFA and jute/Humins composites. Raw jute mat is given as reference.

Figure 4 .

 4 Figure 4.2.5: a) Heat Release rate (solid lines) and cumulative heat release (dash lines) profiles of jute mat, jute/Humins composite and jute/PFA composite under fire conditions. b) jute mat, jute/Humins composite and jute/PFA composite before and after the FPA tests.

Figure 4 . 3 .

 43 Figure4.3.1 shows the variation of the storage and loss moduli and tan δ as a function of the temperature. The moduli show significantly higher values compares with those previously observed for natural fibres composites, in Figure4.1.3. This is due to the high modulus of glass fibres. As the mechanical properties of composites highly depend on the origin of the fibres used and on the size and type of rowing, it is quite difficult to make a fair comparison with results obtained in the previous sections. Indeed, here we are using biaxial 45/45 glass fibres while investigations with natural fibres' composites were done with anisotropic fibre mats. However, it is interesting to note that the step between the elastic and viscous plateau is quite comparable with what was previously observed (slightly more than one decade). Glass fibres composite also show quite high values of the tan δ peak with a very broad distribution, comparable with what observed in sample b in Figure4.1.3. Relaxation phenomena associated with the tan δ peak might be linked to the molecular weight distribution of the resin and are strongly influenced by the adhesion of the fibres with the matrix. In this case, a fair contribution for the broad peak might be due to lack of adhesion between the fibres and the matrix, together with a heterogeneous distribution of cross-links in the resin. Indeed, as discussed before humins are not completely hydrophobic, and this might have a negative effect in the interaction with highly

Figure 4 .

 4 Figure 4.3.1: Storage (black solid line) and loss (black dash line) modulus and tan δ (red solid line) of glass fibres composite with humin resin.

Figure 4 . 3 . 2 :

 432 Figure 4.3.2: SEM images of fracture surface of humins/glass fibers.

Figure 5 .

 5 Figure 5.1.1: DSC data from Hs and Hns, compared with crude humins sample at heating rates of 30 ℃ min -1 . The first heating scan is indicated by dash lines and the second heating scan by solid lines.

Figure 5 .

 5 Figure 5.1.2: TGA and DTG measurements under air of Hs and Hns, compared with crude humins sample.

2 :

 2 Viscosity value of crude humins Hs and Hns at 40 ℃, 80 ℃ and 120 ℃ Humin fractions structure

Figure 5 .

 5 Figure 5.1.3: IR spectra of Hs and Hns, compared with crude humins. Peak are normalised with respect to the band at 1018 cm -1.

Figure 5 .

 5 Figure 5.2.1 shows the infrared spectra of virgin Lyocell, virgin Lyocell modified with Hs and Hs resin. The latter was obtained by treating Hs under the same thermal treatment as virgin Lyocell modified with humins, i.e. dried under vacuum at 60 ℃ for one hour, and then cured in an oven for 1 hour at 150 ℃. The intense peak appearing at 3306 cm -1 in virgin Lyocell corresponds with the

Figure 5 .

 5 Figure 5.2.1: Infrared spectroscopy of virgin Lyocell, Hs modified Lyocell and Hs resin.

  Figure 5.2.2: TGA and DTG measurement under air of virgin Lyocell and Hs modified Lyocell.

Figure 5 . 2 . 3 :

 523 Figure 5.2.3: Storage modulus and tan δ of virgin Lyocell and Hs modified Lyocell.

Figure 5 . 2 . 4 :

 524 Figure 5.2.4: SEM images of the surface of virgin Lyocell (a, b, c) and modified Lyocell (d, e, f).

Figure 5 . 2 .

 52 Figure 5.2.5 shows the images at the fracture surface after SFFT of virgin Lyocell/PP (Figure5.2.5 a, b, c) and Hs impregnated Lyocell /PP(Figure 4.5.7 d, e, f). The images show different behaviour after the breakage. In case of Hs modified fibres, the single fibres of the bundles still appeat embedded by the PP matrix (Figure5.2.5 e), and the matrix itself is distributed all around the bundle (Figure5.2.5 f). On the other side, considering virgin fibres/PP, a clear gap is observed between the fibres and the matrix (Figure5.2.5 b), which is not well distributed around the bundle (Figure5.2.5 C). These observations are in agreement with what was previously observed when evaluating the adhesion between the fibres and the matrix before and after Hs modification. Higher values of IFSS indicates a better adhesion, thus the matrix tends to better embed the fibres and can still be observed on the fibres after breakage.

Figure 5 . 2 . 5 :

 525 Figure 5.2.5: SEM images of virgin Lyocell (a, b, c) and Hs modified Lyocell (d, e, f) embedded in PP.

Figure 5 .

 5 Figure 5.3.1: IR spectra of blank wood (black line), Hs modified wood (blue line) and Hs resins (red line) a) in the range 3800 cm -1 -700 cm -1 and b) zoom on the region 1900 cm -1 -1100 cm -1 .

Figure 5 .

 5 3.2 (c and d), shows the sample after modification with Hs. The images show that

Figure 5 . 3 . 2 :

 532 Figure 5.3.2: SEM pictures taken from the cross-section of blank wood (a and b) and Hs modified wood (c and d). Middle lamella and cell wall are indicated by the arrows.

  Figure

Figure 5 .

 5 Figure 5.3.3: a) TGA and b) DTG measurement under air of blank wood (black line), Hs modified wood (blue line), PFA modified wood (Green line) and Hs resins (red line)

Figure 5 . 3 . 4 :

 534 Figure 5.3.4: Storage modulus (solid lines) and tan δ (dash lines) variation with temperature for blank wood (black lines), Hs modified wood (blue lines) and PFA modified wood (Green line).

Figure 5 . 3 . 5 :

 535 Figure 5.3.5: Thickness increase blank wood, Hs modified wood and PFA modified wood after immersion in water.

Figure 5 . 3 . 6 :

 536 Figure 5.3.6: Water absorption gain for blank wood and humin modified wood after immersion in water.

Figure 5 .

 5 Figure 5.3.7: Amount of leached monomers in mg/L after leaching test in water from 30 min to 120 hours. Hs modified wood (black squares) and humins cured at α = 1 (blues triangles) are compared.

Figure 5 . 3 . 8 .Figure 5 . 3 . 8 :

 538538 Figure 5.3.8: Heat release rate (solid lines) and cumulative heat release (dash lines) profiles of blank wood, Hs modified wood and PFA modified wood under fire conditions.

Figure

  Figure 5.4.1 shows the infrared spectra of unmodified bitumen and bitumen mixture with humins. A peak corresponding with -OH stretching at 3383 cm -1 is observed after modification. This corresponds to -OH groups in humins, and is observed to shift towards higher wavenumbers when humins are mixed with bitumen, suggesting a decrease in H-bonded -OH groups. This might be related to a dispersion of humins chain in the bitumen media. The peaks between 2850

Figure 5 .

 5 Figure 5.4.1: IR spectra of bitumen, modified bitumen with humins and crude humins.

Figure 5 . 4 . 2 :

 542 Figure 5.4.2: IR spectra of bitumen, modified bitumen with Hns and Hns.

Figure 5 . 4 . 3 :

 543 Figure 5.4.3: DSC data from bitumen and modified bitumen with humins and Hns.

Figure 5 .

 5 Figure 5.4.4 shows the thermogravimetric curves obtained by TGA of unmodified and modified bitumen. 50B/50humins sample shows a first degradation step from 120 ℃ to 200 ℃, corresponding with loss of volatiles and water from condensation reactions in humins. The same step is observed in 50B/50Hns for slightly higher temperatures, in agreement with what previously observed in Section 5.1. The value of T 10% for modified bitumen is significantly decreased in comparison with crude bitumen which does not show mass loss up to around 300 ℃. A first degradation step in unmodified bitumen is observed between 25 to 380 ℃, with the maximum decomposition rate observed around 370 ℃. The same step is also observed in modified bitumen, with a peak at lower temperature. This step is attributed to low temperature oxidation (LTO)[377]. In this temperature range, lightweight hydrocarbons evolved during the thermal decomposition are oxidised. Humins and Hns might interfere with these chemical reactions inducing faster oxidation. A second region is identified between 380 and 470 ℃ in unmodified bitumen, related with fuel decomposition (FD). The mass loss in this temperature

Figure 5 . 4 . 5 :

 545 Figure 5.4.5: Variation of the complex viscosity (a) and storage modulus (b) as a function of angular at 60 ℃.

Figure 5 . 4 . 6 :

 546 Figure 5.4.6: Variation of the complex viscosity (a) and storage modulus (b) as a function of angular at 140 ℃.

Figure 5 .

 5 Figure 5.4.7: Variation of the complex viscosity between -15 and 35 ℃ (a) and between 80 to 180 ℃ (b) for crude humins (black line) 50B/50Humins (red line) and 50B/50Hns (red line).

Figure 5 .

 5 Figure 5.4.8: (a) G * and δ variation with temperature between -15 and 35℃. (b) G * and δ variation with temperature between 80 ℃ and 180 ℃.
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1.1: Assignment of major peaks of crude humins

Table 3

 3 

.1.2: T g of crude and vacuum dried humins at different heating rate, obtained during the 1st and 2nd DSC scan.

Table 3 .

 3 1.3: Elemental analysis of crude humins and long-time thermal treated humins.

	Parameter	Crude humins humins 24h @	humins 64h @	humins 24h @
			120 ℃	120 ℃	140 ℃
	C (wt%)	56.53	57.99	58.60	59.65
	H (wt%)	5.49	5.05	4.93	4.94
	O(wt%)	37.5	35.8	35.4	35.1
	H/C (wt%)	1.17	1.05	1.01	0.99
	O/C (wt%)	0.50	0.46	0.45	0.44

Table 3 . 2

 32 

		2	190
	Succinic acid (C 4 )	4.21 4	184
	Suberic acid (C 8 )	4.53 8	142

.1: Properties of the DCAs used in this study

3.2.2 Results and discussion

Table 3 .

 3 .2.2 presents the gelation temperature for all the studied samples, and their respectivel pH.

		T gel	pH
	Crude humins	193 ℃	3.4
	(C 2 )	142 ℃	1.3
	(C 4 )	184 ℃	3.0
	(C 8 )	191 ℃	3.3

2.2: Gel temperature and pH of crude humins, C 2 , C 4 , C 8 on a temperature scan at 2 ℃ min -1 .

Table 3 .

 3 2.3: Gel time of crude humins, C 2 , C 4 , C 8 on an isothermal scan at 160 ℃ and 120℃

		T gel (min) -iso 160 ℃	T gel (min) -iso 120 ℃
	Crude humins	67	715
	(C 2 )	/	25
	(C 4 )	44	/
	(C 8 )	49	/

Table 3 .

 3 

	3.1: Relaxation time (τ ) and relaxation distribution parameter (β) obtained from Eq.
	3.13 for isothermal curing at 120, 140 and 160 ℃.

  The water absorption gain as function of time is shown in Figure 4.2.4 a. The raw jute mat increases by more than 100 % of its mass only after half an hour, and keeps on increasing up to 150 %. The values are strongly scattered since the mat started to split up after 2 hours. The jute/Humins composite increases its mass by 25 % after the first half an hour, reaching saturation. Different behaviour is observed for the jute/PFA sample. No mass increase is observed for the first 8 hours. Saturation is then reached after 48 hours getting

Table 4 .

 4 .2.1. 2.1: Burning behaviour of jute mat, jute/Humins composites and jute/PFA composites under well-ventilated fire conditions.

		Jute mat	Jute/humins composite	Jute/PFA com-posite
	Sample mass (g)	12	32	29.4
	Mass loss (%)	98.3	70	74.5
	Time for Ignition (s)	48	53	60
	Average mass loss rate (g m -2 s -1 )	14.6	41.6	34.6
	Max mass loss rate (g m -2 s -1 )	27.4	73.2	78.7
	Peak Heat Release Rate (kW m -2 )	294.7	698	979
	Carbon mass balance (%)	85.8	86.6	97
	Residue (g)	0.2	9.6	7.5
	CO/CO 2	0.03	0.02	0.03
		Yields of major combustion products	
	CO 2 (mg g -1 )	1432	1270	1430
	CO(mg g -1 )	40	26.1	45.3
	Soot(mg g -1 )	7.8	5.2	36.5
	T HC(mg g -1 )	0.6	2.7	9.1
	CH 4 (mg g -1 )	0.5	0.3	1.5

Table 4 .

 4 3.1 shows the comparison of typical properties of E, S and C-glass fibres [316].

		Density (g cm -3 )	Tensile strength (MPa)	Young's modulus (GPa)
	E-Glass	2.58	3445	72.3
	S-Glass	2.46	4890	68.9
	C-Glass	2.52	3310	86.9

Table 4 .

 4 3.1: Comparison of typical properties of common glass fibres Density (g cm -3 ) Tensile strength (MPa) Young's modulus (GPa).

Table 4 .

 4 3.2: Flexural modulus and strength values of Humins/glass fibres and their respective standard deviations (St. Dev.).

		Flexural modulus (MPa)	St.Dev	Flexural strength (MPa)	St.Dev.
	Humins/Glass fibres	2142	507	74	15

Table 5 .

 5 1.1: T g value of crude humins Hs and Hns at 30 ℃ min -1 obtained from the 1st and the 2nd run.

	TAILORED PROPERTIES
		1st scan	2nd scan
	Crude humins	-14 ℃	2 ℃
	Hs	-17 ℃	-6 ℃
	Hns	0 ℃	10 ℃

Table 5 .

 5 8 MPa and 5 MPa. IFSS in Lyocell/PP and Lyocell/MAPP was also measured with microbond technique, another micromechanical test used to evaluate the adhesion of fibres and matrix. Similar values as were observed in our study were obtained, achieving IFSS equal to 5.3 MPa in case of Lyocell/PP and 8.3 MPa in case of Lyocell/MAPP [332]. These results confirm that Hs impregnation of Lyocell can be of great help in improving the interfacial properties with hydrophobic polymers such as PP, achieving similar results as after adding a coupling agent such as MA in PP. 2.1: Mean values and standard deviation of σ f , L c and τ measured by tensile test and single fibre fragmentation test.

			σ f (MPa)		L c (mm)	IF SS (MPa)
		Value	St.Dev.	Value	St.Dev.	Value
	Lyocell /PP	118	15	2.14	0.13	4.6
	Hs Lyocell /PP modified	121	40	1.5	0.34	8.3
	Microscopy observations				

  CHAPTER 5. HUMINS FRACTIONATION INTO TWO VALUABLE PHASES WITH TAILORED PROPERTIES of wood goes from more H-bonded to fewer H-bonded. The humin treatment contributes to increasing the hydrophobicity of wood, thus less water is absorbed from the environment and less H-bonded functional groups are observed. The peak observed in blank wood at 1735 cm -1 is associated with unconjugated C=O stretching in xylan. This peak is observed to significantly increase and slightly shift towards higher wavenumber in Hs modified wood, indicating that new C=O bonds are formed. The same is observed for the peaks at 1372 and 1243 cm -1 , corresponding respectively with -CH deformation in holocellulose and -CO stretching and C=O deformation in lignin and xylene. These peaks are more intense and shifted, again suggesting that new bonds are formed. The same phenomena are observed after modification of wood by acetylation [357, 360]. -CH deformation and aromatic skeletal vibrations of lignin are observed in blank wood respectively at 1595, 1500, and 1422 cm -1 [359]. These peaks are not subjected to any variation after modification with Hs. This might indicate that Hs mainly interacts with the cellulose and hemicellulose structures, as also discussed in Section 5.2. Modified wood shows new peaks at 1665 cm -1 , 1520

Table 5 .

 5 

	TAILORED PROPERTIES	
	Blank wood Assignment	Wavenumber ( cm -1 )
	O-H stretching vibrations from cellulose	3325
	unconjugated C = O stretching of xylan	1735
	Aromatic skeleton vibrations in lignin	1595, 1500, 1422
	C-H deformation combined with aromatic ring vibration	1460
	C-H deformation in cellulose and hemicellulose	1372
	C-O stretching and C=O deformation in lignin and xylene	1243
	-CH aliphatic stretching	2928
	Humins assignment	Wavenumber ( cm -1 )
	-CH aliphatic streatching	2928
	-OH streatching	3383
	C+O conjugated to alkene	1700
	Carbonyl group in HMF and humins	1668
	C=C in furan ring	1515
	-CH out of plane deformation in furan ring	803
	-CH wagging furan ring	755

3.1: Assignment of major peaks of crude humins

Table 5 .

 5 3.2: Burning behaviour of blank wood, Hs modified wood and PFA modified wood under well-ventilated fire conditions. Hs modified wood and PFA modified wood.

			TAILORED PROPERTIES
			Blank wood	Hs Wood	modified	PFA modified Wood
	Sample mass (g)	10.2	13		13.3
	Mass loss (%)	100	96.2		97.7
	Time for Igni-tion (s)	76	60		54
	Average	mass			
	loss	rate	34	43.3		47.5
	(g m -2 s -1 )			
	Max	mass			
	loss	rate	58.2	69.8		184.5
	(g m -2 s -1 )			
	Carbon balance (%) mass	100.5	99.8		101.4
	Peak (kW m -2 )	HRR	643	819		945
	Residue (g)	0	0.5		0.3
	CO/CO 2		0.02	0.02		0.05
			Yields of major combustion products
	CO 2 (mg g -1 )	1527	1573		1549
	CO(mg g -1 )	37.7	35.5		69.9
	Soot(mg g -1 )	13	12.2		18.6
	T HC(mg g -1 )	0.8	2.2		7.3
	CH 4 (mg g -1 )	0.1	0.3		1.1
	0.3 g (table 5.3.2), corresponding to 0 %, 3.8 % and 2.3 % of initial sample
	mass respectively for blank wood,		

  Nowadays, paving-grade bitumen is almost exclusively obtained as the vacuum residue of petroleum distillation. 95 % of the produced bitumen is employed as binder for mineral aggregates to form asphalt mixes, used in the paving industry. The most critical properties required to obtain suitable bitumen are mainly rheological. Bitumen viscosity at high temperature (around 160 ℃) should be low enough to be able to easily mix it with the aggregates. Bitumen should also be stiff enough at the highest pavement temperatures (around 60 ℃) to resist rutting and soft enough at the lowest temperature (around -20 ℃) to avoid cracking. However, it is quite complicated to obtain these properties, thus the use of additives and modifiers are more and more common[363]. Bitumen structure and chemistry is very complicated as many different chemicals are present. Conventionally, bitumen can be considered as being composed of four different fractions, called saturates, asphaltenes, resins and aromatics (identified as the "SARA" fractions). Saturates are mainly aliphatic with a H/C ratio close to 2.

	5.4.1 Introduction

Acknowledgements

Infrared spectroscopy

A Bruker tensor 27 -FTIR spectrometer equipped with a nitrogen-cooled MCT detector was used to characterise samples using a 1-reflection diamond ATR device. The structures of the samples after isothermal curing by rheology were registered. The spectrum of air was recorded as background before each measurement. A total of 64 scans with a resolution of 2 cm -1 were recorded for each sample. period of pulses was ranging from 15 to 30 s.

Rheology

Viscosity, storage (G ) and loss (G ) moduli of crude humins and humins/pTSA were registered with a Thermo Scientific HAAKE MARS rheometer. Measurements were obtained on oscillatory mode with plate-plate geometry (25 mm diameter and 1 mm gap). Experiments were carried out at non-isothermal conditions with a heating rate of 0.5, 1, 2 ℃ min -1 on crude humins and humins/pTSA. Isothermal measurements were carried out on crude humins at the same temperatures as DSC and TOPEM®experiments (120, 140 and 160 ℃). For all measurements, a constant frequency of 1 Hz and amplitude equal to 0.05% was used to ensure being in the linear viscoelastic domain. Gelation time was evaluated as the crossing point of storage (G ) and loss (G ) moduli.
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