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INTRODUCTION

The increase in population and economic development has been accompanied by a constant rise in primary energy demand worldwide. The primary energy supply in 2019 came mainly from three fossil sources (Figure 1.1): oil (30.9 %), coal (26.8 %), and natural gas (23.2 %) [START_REF]Global Energy Review 2019[END_REF]. The consumption of fossil fuels is increasing, and their use is environmentally damaging, causing global warming by releasing Greenhouse Gases (GHG) [START_REF] Pörtner | Climate Change 2022: Impacts, Adaptation, and Vulnerability. Contribution of Working Group II to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change[END_REF]. Continued dependence on fossil fuels will contribute to the rapid run out of their reserves [START_REF] Raj | Global Trends of Fossil Fuel Reserves and Climate Change in the 21st Century[END_REF] and make it challenging to reduce GHG emissions [START_REF] Popp | The effect of bioenergy expansion: Food, energy, and environment[END_REF]. Therefore, oil, coal, and natural gas must be substituted using renewable energies [START_REF] Hailemariam | Does R&D investment in renewable energy technologies reduce greenhouse gas emissions?[END_REF]. That is why the contribution of renewable energies increased from one year to the following and eventually accounted for about 11.9 % of the world's total primary energy supply in 2019 (Figure 1.1). In 2020, air pollution levels decreased during the COVID-19 outbreak due to lockdowns [START_REF] Eroğlu | Effects of Covid-19 outbreak on environment and renewable energy sector[END_REF][START_REF] Sahoo | Pre-to-post lockdown impact on air quality and the role of environmental factors in spreading the COVID-19 casesa study from a worst-hit state of India[END_REF][START_REF] Lian | Assessing the Effectiveness of an Urban CO2 Monitoring Network over the Paris Region through the COVID-19 Lockdown Natural Experiment[END_REF]. However, it was temporary. The post-lockdown relaxation quickly increased air pollution [START_REF] Sahoo | Pre-to-post lockdown impact on air quality and the role of environmental factors in spreading the COVID-19 casesa study from a worst-hit state of India[END_REF] due to the massive rise in transport and industrial activities to catch up with the economic gap and the use of more fossil fuel sources. Also, the Russian-Ukrainian armed conflict that started in February 2022 has caused significant damage to the biodiversity locally and to the economy and society with both local and global implications, particularly in energy and food [START_REF] Pereira | The Russian-Ukrainian armed conflict will push back the sustainable development goals[END_REF]. All these sudden changes have prompted a reconsideration of the sustainable development goals. The world's renewable energy uses mainly biomass and wastes, with more than half comprising traditional biomass use, including biomass-burning methods commonly used for heating and cooking [START_REF]Global Energy Review 2019[END_REF]. Modern bioenergy, which refers to biomass use alongside modern heating technologies, power generation, and transport fuels, constitutes a lower but still very significant contribution, and this share is growing [START_REF]Global Energy Review 2019[END_REF]. The growing use of bioenergy due to the availability of biomass as a renewable source can help to minimize our dependence on fossil fuels. It is also justified from a climate standpoint. Indeed, bioenergy generation is generally considered "carbon neutral" over its life cycle because the plant will capture during its growth the carbon Chapter 1:

State of the art released during its conversion [START_REF] Cherubini | Energy-and greenhouse gas-based LCA of biofuel and bioenergy systems: Key issues, ranges and recommendations[END_REF]. The term "neutral" is ambiguous because bioenergy includes GHG emissions in its cycle related to the production, processing, and transport of biomass and final products and the use of bioenergy [START_REF] Cherubini | Energy-and greenhouse gas-based LCA of biofuel and bioenergy systems: Key issues, ranges and recommendations[END_REF]. Even when including the emissions from each stage of the system life, the global warming emissions associated with biomass are minimal compared to fossil fuels [START_REF] Sathaye | Renewable Energy in the Context of Sustainable Development[END_REF].

Biomass is used to produce bioenergy in various forms: electricity, heat, combined heat and power, and biofuels, and to be used in the production units of food, feed, chemicals, and materials. Sustainable biomass processing into an extensive range of bio-based products and bioenergy is defined under the term "biorefinery" [START_REF] Cherubini | The biorefinery concept: Using biomass instead of oil for producing energy and chemicals[END_REF].

Following various international climate change summits (Kyoto 1997, Johannesburg 2002, Rio 2012) and the development of the CO2 markets (GHG emissions trading systems), several countries have committed to adopting various measures to reduce greenhouse gas emissions.

In this context, biorefinery presents the most promising route for multiple countries to develop a sustainable and circular bio-economy at the service of society, the environment, and the economy. The first-generation biofuels have been derived from animal fats, sugar, starch, and vegetable oil [START_REF] Lian | Assessing the Effectiveness of an Urban CO2 Monitoring Network over the Paris Region through the COVID-19 Lockdown Natural Experiment[END_REF]. They have some benefits in reducing the environmental impact, but they are unsustainable because of their direct effect on the food chain, the conflict between food and fuels, and the limitation of the product range (bioethanol or biodiesel) [START_REF] Naik | Production of first and second generation biofuels: A comprehensive review[END_REF]. Second-generation biofuels are from non-food feedstocks (biomass and wastes) and are converted into liquids using "advanced" technologies. Indeed, second-generation biorefineries need to integrate the production of various products, such as valuable chemical commodities, materials, and transport fuels, that can remain a promising alternative to replace conventional liquid fuels [START_REF] Naik | Production of first and second generation biofuels: A comprehensive review[END_REF].

Turning solid biomass into liquid biofuel, including hydrolysis and thermochemical processes, sounds like an attractive biorefinery concept due to the ease of their transport. The biomass can be hydrolyzed to isolate sugars and lignin, which will be further processed by biological or chemical routes [START_REF] Verardi | Hydrolysis of Lignocellulosic Biomass: Current Status of Processes and Technologies and Future Perspectives[END_REF]. However, biomass hydrolysis must be adapted to specific feedstocks to achieve high efficiency and require high capital costs [START_REF] Alonso | Catalytic conversion of biomass to biofuels[END_REF]. The biomass can be gasified to syngas (mainly composed of CO, CO2, H2, and H2O) in air or steam at a very high temperature of more than 700 °C [START_REF] Spivey | Heterogeneous catalytic synthesis of ethanol from biomassderived syngas[END_REF]. The gasification is followed by the Fisher-Tropsch (FT) step, Chapter 1: State of the art which involves catalytic reactions of the gas mixture to produce liquid hydrocarbon fuels [START_REF] Tijmensen | Exploration of the possibilities for production of Fischer Tropsch liquids and power via biomass gasification[END_REF]. The FT can produce high-quality fuels [START_REF] Dry | High quality diesel via the Fischer-Tropsch processa review[END_REF].

Figure 1.1. The different sources of Worldwide primary energy supply in 2019 adapted from the International energy agency [START_REF]Global Energy Review 2019[END_REF].

However, it requires highly purified syngas and high capital cost [START_REF] Dry | High quality diesel via the Fischer-Tropsch processa review[END_REF]. In addition, the existing FT processes operate at a vast scale and are not yet suitable for biomass [START_REF] Zhang | Liquefaction of Biomass and Upgrading of Bio-Oil: A Review[END_REF]. Pyrolysis is used to convert biomass into liquid pyrolytic oil (bio-oil), solid biochar, and light gases similar to syngas at intermediate temperatures (400 to 500 °C) and in the absence of oxygen [START_REF] Bridgwater | An overview of fast pyrolysis of biomass[END_REF]. Hydrothermal liquefaction (HL) consists of the thermal decomposition of biomass into liquid in a pressurized hot water environment and the presence of a suitable catalyst [START_REF] Demirbaş | Biomass resource facilities and biomass conversion processing for fuels and chemicals[END_REF]. HL and pyrolysis directly produce liquid biofuels, but they have many differences. HL occurs at a lower temperature of around 300 °C and higher pressures than pyrolysis: 5 to 20 and 0.1 to 0.5 MPa for HL and pyrolysis, respectively. Drying biomass is not required for HL, unlike pyrolysis [START_REF] Zhang | Liquefaction of Biomass and Upgrading of Bio-Oil: A Review[END_REF]. However, the oil yield (20-55 wt.%) typically obtained in HL is lower than in pyrolysis (60 to 80 wt.% ). Bio-oils from pyrolysis and HL cannot be used directly because of the high oxygen content and require additional refining and processing steps similar to fossil crude oil in petroleum refineries [START_REF] Butler | A review of recent laboratory research and commercial developments in fast pyrolysis and upgrading[END_REF]. So, turning biomass into liquid is generally based on two stages. The first step partially removes
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Chapter 1: State of the art oxygen by converting biomass into a liquid or gaseous platform. The second step is the catalytic upgrading of the resulting chemical platform to produce hydrocarbon fuels by controlled C-C coupling reactions and removal of the remaining oxygen functionality [START_REF] Alonso | Catalytic conversion of biomass to biofuels[END_REF]. In general, thermochemical conversions are crucial to a significant part of the practical and sustainable solution because of their advantages in higher productivity and easier compatibility with existing infrastructures [START_REF] Verma | Biofuels Production from Biomass by Thermochemical Conversion Technologies[END_REF].

The pyrolysis process has received more attention because of its inexpensive processing, suitability for a broad range of feedstock with diverse compositions, and various product advantages [START_REF] Pereira | The Russian-Ukrainian armed conflict will push back the sustainable development goals[END_REF]. Historically, pyrolysis of wood was the first human chemical process [START_REF] Antal | The Art, Science, and Technology of Charcoal Production †[END_REF]. Initially, char production for fuel and iron melting was the main objective [START_REF] Reilly | The Technology of Wood Distillation: with Special Reference to the Methods of obtaining the Intermediate and Finished Products from the Primary Distillate[END_REF]. When pyrolysis is used to make biochar, it is called 'slow' pyrolysis, typically achieved by the slow heating of wood until the final temperature (400 °C) without oxygen. Indeed, the time required to heat biomass is considerably slower than the pyrolysis reaction characteristic time; therefore, enormous quantities of biochar are typically produced [START_REF] Bridgwater | Renewable fuels and chemicals by thermal processing of biomass[END_REF]. Slow pyrolysis is also called carbonization, destructive distillation, and dry distillation [START_REF] Tiilikkala | History and Use of Wood Pyrolysis Liquids as Biocide and Plant Protection Product[END_REF]. By slow pyrolysis, the Egyptians made biochar from wood and collected condensable volatiles [START_REF] Tiilikkala | History and Use of Wood Pyrolysis Liquids as Biocide and Plant Protection Product[END_REF]. The more viscous part of the condensates, named tar, was separated by sedimentation and then used for embalming dead [START_REF] Tiilikkala | History and Use of Wood Pyrolysis Liquids as Biocide and Plant Protection Product[END_REF]. In 1658, the use of condensable products from slow pyrolysis received significant attention due to the identification, by J.R Glauber, of acetic acid as an essential component in condensates [START_REF] Pecha | Chapter 29 -Pyrolysis of lignocellulosic biomass: oil, char, and gas[END_REF]. After that, new byproducts (e.g., methanol and acetone) were obtained from wood slow pyrolysis [START_REF] De Wild | Biomass pyrolysis for chemicals[END_REF]. However, the predominant use of wood as the primary raw material for producing biochar and organic chemicals was short-lived [START_REF] Tiilikkala | History and Use of Wood Pyrolysis Liquids as Biocide and Plant Protection Product[END_REF]. The significant development of the petroleum industries at the beginning of the 20th century, with more economical products, caused the decline of biomass pyrolysis ambitions [START_REF] Garcia-Nunez | Historical Developments of Pyrolysis Reactors: A Review[END_REF]. However, some researchers continued to study the pyrolysis process. They have focused on increasing the liquid yield, a source of chemical compounds and energy. In 1960, they developed fluidized bed reactors to achieve high bio-oil yields with fast heat and mass transfers. The oil price crisis during the 1970s revived the development of liquid fuel production from biomass and wood.

The process that promotes the production of the liquid is known as 'fast' pyrolysis.

During fast pyrolysis, biomass is rapidly heated (500 °C/s) to around 500 °C for a Chapter 1: State of the art brief vapor residence time (< 2 s). The vapors are quickly cooled down to give a dark brown liquid called bio-oil or pyrolytic oil.

In recent years, much effort has been made to investigate biomass fast pyrolysis.

Despite the advantage of a fast pyrolysis process, its commercialization is interspersed with challenges [START_REF] Hu | Biomass pyrolysis: A review of the process development and challenges from initial researches up to the commercialisation stage[END_REF]. Although many technologies for biomass fast pyrolysis exist, they are still not well optimized [START_REF] Bridgwater | Review of fast pyrolysis of biomass and product upgrading[END_REF].

Despite these achievements in biomass pyrolysis techniques, bio-oil from fast pyrolysis remains high in oxygen, contributing to instability, low calorific values, high viscosities, and high acidity [START_REF] Mettler | Top ten fundamental challenges of biomass pyrolysis for biofuels[END_REF]. Therefore, the bio-oil needs further upgraded using catalysts to reduce its oxygen content [START_REF] Lehto | Review of fuel oil quality and combustion of fast pyrolysis bio-oils from lignocellulosic biomass[END_REF]. An alternative approach to control the yield of the bio-oil and its composition without using catalysts is to study and understand the essential pyrolysis reactions and the transport effects to act on the selectivity of the desired products. Considering the wide variety in the chemical composition of lignocellulosic biomasses and reactor types, it is not surprising that the control of pyrolysis products yields and quality remains a difficult task. For many years, the scientific community has intended to rationalize biomass pyrolysis by providing several empirical and mathematical models adopting different approaches.

Recently, White et al. [START_REF] White | Biomass pyrolysis kinetics: A comparative critical review with relevant agricultural residue case studies[END_REF] compiled the kinetics of biomass pyrolysis and concluded on the inability of the existing models to predict the kinetic behavior of biomass and pointed out the obvious fact that "the exact mechanism for biomass pyrolysis remains a mystery," which is mainly explained by our inability to describe the mechanisms involved in biomass pyrolysis, which directly affects the validity of pyrolysis kinetics. The absence of suitable experimental methods and techniques is the main problem in determining fast pyrolysis kinetics and reaction chemistry [START_REF] Mettler | Top ten fundamental challenges of biomass pyrolysis for biofuels[END_REF].

Mainly based on experimental evidence, there is no question that existing models constitute the first step toward developing a comprehensive kinetic model, which is imperative for the design and operation of industrial biomass conversion systems.

More effort is required to master the experimental types of equipment, control the pyrolysis conditions and provide suitable methods to evaluate the pyrolysis chemistry.

This chapter will emphasize advances in rationalizing and controlling biomass fast pyrolysis. The first and second sections describe general considerations and the complex nature of the biomass fast pyrolysis process. In the second section, kinetic

Chapter 1: State of the art modelling approaches are discussed. The shortcomings of experimental techniques for measuring biomass pyrolysis kinetics are also discussed. At the end of this chapter, state-of-the-art conclusions are presented. The objectives and structure of this thesis are also drawn up.

FAST PYROLYSIS OF LIGNOCELLULOSIC BIOMASS: GENERAL CONSIDERATIONS

As mentioned before, pyrolysis leads to forming three lumped products: biochar, gas, and liquid (bio-oils). Bio-oils remain an interesting source for producing several chemical products, renewable materials, heat, and electricity [START_REF] Bridgwater | Review of fast pyrolysis of biomass and product upgrading[END_REF][START_REF] Balat | Main routes for the thermo-conversion of biomass into fuels and chemicals. Part 1: Pyrolysis systems[END_REF]. It also can be upgraded and used as liquid biofuel [START_REF] Bridgwater | Review of fast pyrolysis of biomass and product upgrading[END_REF][START_REF] Bridgwater | Review of fast pyrolysis of biomass and product upgrading[END_REF]. The noncondensable gas (CO, CO2 H2, CH4, etc.) can be recovered for energy. The biochar contains virtually all the ash and is a very efficient catalyst for vapor-cracking reactions. Quick and efficient separation of vapors from the hot reactor is, thus, essential to avoid cracking reactions. Biochar can provide heat for pyrolysis reactions [START_REF] Bridgwater | An overview of fast pyrolysis of biomass[END_REF] or be used as activated carbon for several industrial applications [START_REF] Sharma | Biomass pyrolysis-A review of modelling, process parameters and catalytic studies[END_REF].

Depending on the biomass types and operating conditions (temperature, heat transfer rates, the residence time of products, biomass particle size, pressure, and humidity), different product yields and compositions can be obtained during pyrolysis [START_REF] Bridgwater | Renewable fuels and chemicals by thermal processing of biomass[END_REF].

Figure 1.2 shows the different proportions of pyrolysis lumped products using several types of biomass and several operating conditions, which mainly depict the significant effect of changing final temperature and heating rate. The maximum liquid yields are obtained at around 480 °C under fast heating conditions (Figure 1.2.a). Under slow heating conditions, liquid formation reaches its maximum at a higher temperature (520 °C), which then decreases (Figure 1.2.a), while gas yields increase (Figure 1.2.b) due to the predominance of the cracking reactions at high temperatures [START_REF] Arbeláez | Fast pyrolysis of biomass: A review of relevant aspects. Part I: Parametric study[END_REF]. Solid residue yields are high, around 300 to 350 °C, probably due to unreactive biomass [START_REF] Van De Velden | Fundamentals, kinetics and endothermicity of the biomass pyrolysis reaction[END_REF]. As fragmentation and depolymerization reactions become more dominant at higher temperatures, the char yields decrease [START_REF] Van De Velden | Fundamentals, kinetics and endothermicity of the biomass pyrolysis reaction[END_REF]. The biochar formation is favored under slow pyrolysis conditions with low heating rates (Figure 1.2.c) and long residence time that allows vapors to be cracked or recombined to form secondary biochar [START_REF] Milosavljevic | Thermal Effects in Cellulose Pyrolysis: Relationship to Char Formation Processes[END_REF].

Chapter 1: State of the art Figure 1.2. Liquid (a), gas (b), and solid residue (c) yields were obtained under slow (orange symbols) and fast pyrolysis (blue symbols) conditions. Continuous lines correspond to tendency curves obtained with two-order polynomials. The presented yields are obtained from several studies available in the literature [START_REF] Garcia-Perez | Characterization of biooils in chemical families[END_REF][START_REF] Ahmad | Biochar as a sorbent for contaminant management in soil and water: A review[END_REF][START_REF] Ahmad | Effects of pyrolysis temperature on soybean stover-and peanut shell-derived biochar properties and TCE adsorption in water[END_REF][START_REF] Kloss | Characterization of Slow Pyrolysis Biochars: Effects of Feedstocks and Pyrolysis Temperature on Biochar Properties[END_REF][START_REF] Luik | Parallels between slow pyrolysis of Estonian oil shale and forest biomass residues[END_REF][START_REF] Tong | Adsorption of Cu(II) by biochars generated from three crop straws[END_REF][START_REF] Karaosmanoglu | Rapeseed Charcoal: Production and Characterization[END_REF][START_REF] Stamatov | Combustion properties of slow pyrolysis bio-oil produced from indigenous Australian species[END_REF][START_REF] Butler | A review of recent laboratory research and commercial developments in fast pyrolysis and upgrading[END_REF][START_REF] Carrier | Quantitative Insights into the Fast Pyrolysis of Extracted Cellulose, Hemicelluloses, and Lignin[END_REF][START_REF] Kim | Pyrolysis reaction characteristics of Korean pine (Pinus Koraiensis) nut shell[END_REF]. In slow pyrolysis, the heating rate ranges from 7 to 50°C/min, and the residence time spans from minutes to hours. In fast pyrolysis, the heating rate varies from 100 to 10,000°C/min, with residence times of seconds.

The operating conditions boundaries between slow and fast pyrolysis are rather vague. Table 1.1 represents some typical operating conditions for these two types of pyrolysis. Fast pyrolysis is generally defined as the process where biomass devolatilization is maximum, and the secondary reactions are minimal. During fast pyrolysis, biomass is converted to some small vaporizable molecules (primary products). If these products remain in the hot reactor or are trapped inside the solid particles for too long, they will be cracked to form gases and smaller molecules or recombined to form biochar (secondary products). Therefore, fast pyrolysis aims to State of the art maximize the production of primary products. The essential features of fast pyrolysis are [START_REF] Bridgwater | Review of fast pyrolysis of biomass and product upgrading[END_REF]: (1) efficient heat transfer, (2) which requires particles size of biomass less than 1 mm, (3) temperature of around 500 °C to maximize the liquid yield, (4) and vapor residence time less than 2 s to avoid secondary reactions.

Table 1.1. Typical operating parameters of fast and slow pyrolysis (by [START_REF] Sribala | Measuring biomass fast pyrolysis kinetics: State of the art[END_REF]).

Operating parameters Slow pyrolysis

Fast pyrolysis Temperature (°C) [START_REF] Urban | Study of the kinetics of sewage sludge pyrolysis using DSC and TGA[END_REF]-700 400-750 Heating rate (°C/s) 0.1-1 ~500 Residence time (s) 600-3600 ~1 The variable lignocellulosic compositions of feedstock can affect the distribution of the pyrolysis products, as shown by varying liquid yields in Figure 1.3. Indeed, the organic matter of lignocellulosic biomass is composed of three primary polymeric materials, cellulose, hemicelluloses, and lignins, with variable content depending on the nature of biomass [START_REF] Wang | Lignocellulosic biomass pyrolysis mechanism: A state-of-the-art review[END_REF] (Table 1.2).

Biomass also contains inorganic (oxides, hydroxides, sulfates, sulfites, sulfides, phosphates, carbonate, chlorides, nitrates, etc.) and organic mineral materials (silicates oxalates, Ca oxalate, K oxalate, etc.) [START_REF] Wang | Lignocellulosic biomass pyrolysis mechanism: A state-of-the-art review[END_REF], and extractives which include fats, resins, tannins, pectin, etc., soluble in hot water and organic solvents.

Cellulose is a homopolymer made up of glucose units linked β-1,4 glycosidic bonds.

It has a formula of (C6H10O5)n, where n represents the degree of polymerization (n is about 10,000 for woody cellulose) [START_REF] Wang | Lignocellulosic biomass pyrolysis mechanism: A state-of-the-art review[END_REF]. Hemicelluloses are branched short-chain polymers of glucose, mannose, galactose, xylose, arabinose, and other units linked together by various glycosidic bonds. Their degree of polymerization is only approximately 200 on average. It is impossible to describe hemicellulose exhaustively because of the wide variability of its structure between diverse plant types and within the various parts of one plant. Unlike hemicelluloses and cellulose, which have a carbohydrate structure, lignin has an aromatic matrix that increases its strength and rigidity. It is an amorphous material that surrounds cellulose and hemicelluloses and cements them together.

Chapter 1:

State of the art It is composed of three basic units: guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H) units, which are variable depending on the biomass nature: 0 to 1 % of syringyl units, 90 to 95 % of guaiacyl units, and 0.5 to 3.4 % of p-hydroxyphenyl unit for softwood lignins, 50 to 75 % of syringy units, 25-50 % of guaiacyl units, and traces of p-hydroxyphenyl unit for hardwood lignins, and 25 to 50 % of syringy units, 25 to 50 % of guaiacyl units, and 10 to 25 % of p-hydroxyphenyl unit for grass lignins [START_REF] Wang | Lignocellulosic biomass pyrolysis mechanism: A state-of-the-art review[END_REF].

This general chemical overview of lignocellulosic materials indicates the intricacy of lignocellulose thermal degradation.

Considering this heterogeneous structure, we may expect that those structures collapse and undergo a certain number of complex phenomena to give rise to volatile products. However, what are the different stages of these transformations? To understand this, a closer look at each physical and chemical event occurring during the pyrolysis process is required, which is the goal of the next section.

Chapter 1: State of the art Table 1.2. Chemical composition of different types of biomass (adapted from [START_REF] Wang | Lignocellulosic biomass pyrolysis mechanism: A state-of-the-art review[END_REF]). 

Biomass type

INTERTWINED PHYSICAL AND CHEMICAL EVENTS

Pyrolysis involves several chemical (Figure 1.4.a) and physical events (Figure 1.4.b). No unanimous consensus exists when naming and listing the number of stages, which is the direct consequence of the complex pyrolysis multiphase character and biomass structure [START_REF] Mettler | Top ten fundamental challenges of biomass pyrolysis for biofuels[END_REF]. However, researchers tend to agree that the thermal degradation of lignocellulose occurs through a series of primary and secondary events and is transformed into stable organic vapors and aerosols, biochar, and permanent gas [START_REF] Diblasi | Modeling chemical and physical processes of wood and biomass pyrolysis[END_REF].

Figure 1.4. Primary chemical (a) and physical (a) events during fast pyrolysis of a single biomass particle. Primary physical events include heat and mass transfer and the softening of biomass to form a liquid. Once created, liquid can be evaporated and ejected. Primary chemical events include depolymerization, fragmentation, and charforming reactions.

Primary process

Primary chemical reactions

When biomass is exposed to heat, the chemical bonds constituting their three biopolymers are broken, releasing volatile compounds and leading to rearrangement reactions within the solid residue [START_REF] Collard | Fractionation of Lignocellulosic Material With Pyrolysis Processing[END_REF]. However, due to the complex structure of biomass, biopolymers have different reactivity.

Thermogravimetric analysis of biomass pyrolysis shows that the decomposition of hemicelluloses starts at about 200 °C and is completed around 300 °C, cellulose decomposes between 280 °C and 500 °C and lignin degrades 'slowly' in a broader temperature range from 160 °C up to 800 °C [START_REF] Demirbas | An Overview of Biomass Pyrolysis[END_REF]. It should be noted that thermogravimetric analysis uses low heating rates. High heating rates affect the shape of the peaks formed in thermal analysis.

In contrast, several peaks can occur individually with low heating rates. Some overlaps lead to a prominent peak in the case of high heating rates [START_REF] Haykiri-Acma | Effect of heating rate on the pyrolysis yields of rapeseed[END_REF]. Primary chemical reactions include depolymerization, fragmentation, and char-forming reactions (Figure 1.4.a). Table 1.3 summarizes the main specific products derived from these three primary chemical events. The depolymerization process includes reactions that reduce the degree of polymerization of biomass biopolymers until the produced products become volatile. The depolymerization reactions of cellulose occur between 300 °C and 390 °C and mainly produce anhydrosugars and levoglucosan, which account for more than 60 % of the formed products [START_REF] Collard | A review on pyrolysis of biomass constituents: Mechanisms and composition of the products obtained from the conversion of cellulose, hemicelluloses and lignin[END_REF].

The cellulose crystallinity considerably influences the depolymerization process; several authors have found that levoglucosan yield decreased as the crystallinity decreased [START_REF] Zhang | The dependence of pyrolysis behavior on the crystal state of cellulose[END_REF][START_REF] Mukarakate | Influence of Crystal Allomorph and Crystallinity on the Products and Behavior of Cellulose during Fast Pyrolysis[END_REF][START_REF] Leng | Experimental and Kinetic Modelling Investigation on the Effects of Crystallinity on Cellulose Pyrolysis[END_REF]. Cellulose depolymerization occurs through a transglycosylation reaction, whose chemical mechanism is still debated; there is controversy as to whether the reaction proceeds via heterolytic (leading to ionic intermediates) or homolytic (leading to radical intermediates) cleavage of the glycosidic bond [START_REF] Mettler | Top ten fundamental challenges of biomass pyrolysis for biofuels[END_REF][START_REF] Mayes | Unraveling the Reactions that Unravel Cellulose[END_REF].

Contrary to atmospheric pyrolysis, where levoglucosan is the main formed compound, in vacuum pyrolysis, the primary products are made up of anhydrosugars with a degree of polymerization > 2, such as Cellobiosan [START_REF] Westerhof | The interplay between chemistry and heat/mass transfer during the fast pyrolysis of cellulose[END_REF]. The pressure impacts the residence time of the pyrolysis products in the molten phase by improving their evaporation.

Hemicelluloses depolymerization occurs between 250 °C and 350 °C [START_REF] Collard | A review on pyrolysis of biomass constituents: Mechanisms and composition of the products obtained from the conversion of cellulose, hemicelluloses and lignin[END_REF]. Xylans and glucomannans are studied as representatives of hemicelluloses because of their abundance and the variable composition of hemicelluloses.

Depolymerization of glucomannans leads to products similar to the depolymerization of cellulose, while xylans depolymerization is different; example, levoglucosan is not produced [START_REF] Collard | A review on pyrolysis of biomass constituents: Mechanisms and composition of the products obtained from the conversion of cellulose, hemicelluloses and lignin[END_REF]. The depolymerization products of lignin mainly comprise phenol, guaiacol, cresol, and catechol [START_REF] Collard | A review on pyrolysis of biomass constituents: Mechanisms and composition of the products obtained from the conversion of cellulose, hemicelluloses and lignin[END_REF].

Fragmentation (ring scission reactions) refers to the set of reactions that cause the rupture of covalent bonds of polymers, even within monomers. Fragmentation products are incondensable gas and short-chain molecules with carboxylic acid, aldehydes, alcohols, and ketones groups [START_REF] Butler | A review of recent laboratory research and commercial developments in fast pyrolysis and upgrading[END_REF]. Char-forming reactions refer to biomass conversion into an aromatic pyrolytic structure named biochar. They are intermolecular rearrangement reactions, generally accompanied by the release of water (dehydration) [START_REF] Diblasi | Modeling chemical and physical processes of wood and biomass pyrolysis[END_REF]. High char yields can be obtained with biomass rich in lignins and extractives associated with a high carbon content [START_REF] Blasi | Combustion and gasification rates of lignocellulosic chars[END_REF].

Inorganic elements such as potassium, sodium, calcium, and magnesium within the biomass significantly influence the pyrolysis mechanisms and the product distribution [START_REF] Alonso | Catalytic conversion of biomass to biofuels[END_REF][START_REF] Akhtar | A review on operating parameters for optimum liquid oil yield in biomass pyrolysis[END_REF][START_REF] Alonso | Bimetallic catalysts for upgrading of biomass to fuels and chemicals[END_REF]. Biomass conversion begins at a lower temperature when inorganic elements are present [START_REF] Moya | Thermogravimetric and devolatilisation analysis for five plantation species: Effect of extractives, ash compositions, chemical compositions and energy parameters[END_REF]. In the case of cellulose, levoglucosan yield is considerably reduced, and the char and gas formation and furan compounds are favored [START_REF] Wang | Review on the catalytic effects of alkali and alkaline earth metals (AAEMs) including sodium, potassium, calcium and magnesium on the pyrolysis of lignocellulosic biomass and on the co-pyrolysis of coal with biomass[END_REF]. Alkali and alkaline metals promote demethoxylation, demethylation, and dehydration of lignins [START_REF] Kleen | Influence of inorganic species on the formation of polysaccharide and lignin degradation products in the analytical pyrolysis of pulps[END_REF]. They are also known as inhibitors of the transglycosylation mechanism and promoters of dehydration and fragmentation reactions in carbohydrates decomposition [START_REF] Wang | Review on the catalytic effects of alkali and alkaline earth metals (AAEMs) including sodium, potassium, calcium and magnesium on the pyrolysis of lignocellulosic biomass and on the co-pyrolysis of coal with biomass[END_REF][START_REF] Brech | Effect of Potassium on the Mechanisms of Biomass Pyrolysis Studied using Complementary Analytical Techniques[END_REF][START_REF] Trendewicz | Evaluating the effect of potassium on cellulose pyrolysis reaction kinetics[END_REF]. Contrariwise, anions such as chloride, nitrates, and sulfates promote levoglucosan formation and decrease char yields [START_REF] Mayer | Effect of sample preparation on the thermal degradation of metal-added biomass[END_REF].

Primary physical process

From the physical point of view, many primary and poorly known physical phenomena occur during biomass fast pyrolysis. These phenomena include intra-and extra-particle heat transfer from the heat source leading to an increase in temperature inside the biomass, intra-and extra-particle mass transport of released volatiles, liquid formation, bubbles formation, and bursting and aerosols ejections [START_REF] Mettler | Top ten fundamental challenges of biomass pyrolysis for biofuels[END_REF][START_REF] Diblasi | Modeling chemical and physical processes of wood and biomass pyrolysis[END_REF][START_REF] Kersten | Recent developments in fast pyrolysis of ligno-cellulosic materials[END_REF][START_REF] Zhou | Effect of particle size on the composition of lignin derived oligomers obtained by fast pyrolysis of beech wood[END_REF] as it has been illustrated in Figure 1.4.b.

Regardless of the type of biomass, it typically presents a low thermal heat conductivity, and it is, therefore, a poor conductor of heat [START_REF] Pecha | Progress in understanding the four dominant intra-particle phenomena of lignocellulose pyrolysis: chemical reactions, heat transfer, mass transfer, and phase change[END_REF]. This poor thermal conductivity leads to significant thermal gradients across the solid particles. Product distribution is, therefore, affected; in particular, the liquid product yield is reduced.

Researchers have succeeded in developing fast pyrolysis reactors, which are reviewed by Bridgewater [START_REF] Bridgwater | Review of fast pyrolysis of biomass and product upgrading[END_REF], capable of establishing fast biomass heating. The objective is maintaining the pyrolysis rate limited by kinetic reaction rather than heat transfers. That is why particle internal heat transfer needs to be as fast as possible by using small particles size (< 1 mm) [START_REF] Bridgwater | Review of fast pyrolysis of biomass and product upgrading[END_REF].

The heat transfer to the particle surface strongly depends on the transfer mechanism within the reactor. The contribution of each transfer mode (conduction, convection, and radiation) depends on the reactor configuration, as shown in Figure 1.5. The conduction mechanism is favored in a fast pyrolysis reactor, such as the fluidized bed reactor, because it is faster than the convection. In contrast, convection is typically considered the second heating method, and it is often found prominent in configurations of slow pyrolysis reactors such as the fixed-bed reactor. Radiation is regarded as the most efficient mode of heat transfer, and its contribution becomes higher in large-scale reactors and higher pyrolysis temperatures. Ablative reactor technologies, which include conduction and radiation as the main transfer mechanism, lead to flash pyrolysis and high liquid yields [START_REF] Peacocke | Ablative plate pyrolysis of biomass for liquids[END_REF].

To optimize pyrolysis processes, it is essential to consider the balance between heat transfer and the heat of the pyrolysis reaction. Effective heat transfer mechanisms ensure a sufficient energy supply to drive the endothermic reactions while minimizing heat losses from the system. Understanding and controlling heat transfer processes can help enhance pyrolysis efficiency, improve product yields, and optimize energy utilization in biomass conversion systems. However, pyrolysis can simultaneously involve endothermic and exothermic reactions. It is important to note that the endothermic or exothermic nature of pyrolysis can vary depending on several factors, including the composition of the feedstock, reaction conditions (such as temperature and heating rate), and the presence of catalysts or additives [START_REF] Park | Experimental and theoretical investigation of heat and mass transfer processes during wood pyrolysis[END_REF].

Different reaction pathways and temperature ranges within pyrolysis can exhibit varying degrees of endothermic and exothermic behavior [START_REF] Park | Experimental and theoretical investigation of heat and mass transfer processes during wood pyrolysis[END_REF]. In their comprehensive review, Antal and Grønli provided insightful analysis and chronology of the exothermic effects observed in biomass pyrolysis. They highlighted the earliest evidence of exothermic wood pyrolysis dating back to 1892. Mok and Antal [START_REF] Mok | Effects of pressure on biomass pyrolysis. II. Heats of reaction of cellulose pyrolysis[END_REF] made a significant contribution by demonstrating that an increase in pressure shifts the total heat of cellulose pyrolysis from endothermic to exothermic values.

They also observed that in a sealed crucible without gas flow, the exothermic heat of cellulose pyrolysis reached a very high value of approximately 600 J/g, accompanied by a high biochar yield of 40 wt%. Similar qualitative behavior was observed for xylan, lignin, and wood. These findings suggest that biochar and water presence facilitate the exothermic formation of secondary char from vapors. The authors also noted that high pressures affect molecular diffusivities, diffusive transport, and the equilibrium of liquid water with steam, which in turn influences lignin stability and may initiate the hydrolysis of holocellulose, often in the presence of acids generated from pyrolysis reactions. Di Blasi et al. [START_REF] Blasi | On the Experimental Evidence of Exothermicity in Wood and Biomass Pyrolysis[END_REF] reviewed studies have been conducted on thick samples or packed beds, where the pyrolysis conversion is influenced by substantial interactions between transport phenomena and chemical reactions to highlight the key factors that govern the extent of exothermic behavior. They concluded that at the microscopic level, the intraparticle activity of homogeneous and heterogeneous vapor phase reactions is the leading cause of the strong exothermicity. Studies [START_REF] Milosavljevic | Cellulose Thermal Decomposition Kinetics: Global Mass Loss Kinetics[END_REF][START_REF] Rath | Heat of wood pyrolysis[END_REF] conducted on a small scale showed a linear relationship between the pyrolytic heat of the reaction and the observed char yield. The endothermic heat of pyrolysis decreases linearly as the char yield increases, indicating the exothermic nature of char formation.

Understanding the thermodynamic characteristics of pyrolysis is crucial for process optimization, energy management, and the design of pyrolysis systems. By controlling the heat input and understanding the energy requirements of the pyrolysis process, it is possible to achieve desired product yields, energy efficiency, and overall process performance.

How do primary products escape the particles? To explain this, we must initially apprehend the multiphase character of pyrolysis. Upon heating, lignocellulosic materials display plastic properties experimentally, evidenced by the formation of 'intermediate liquids' during their degradation. This phenomenon has been reported several times during cellulose pyrolysis [START_REF] Mettler | Top ten fundamental challenges of biomass pyrolysis for biofuels[END_REF] and lignin decomposition [START_REF] Zhou | Slow and fast pyrolysis of Douglas-fir lignin: Importance of liquid-intermediate formation on the distribution of products[END_REF].

Experiments with an ablative pyrolysis reactor make it possible to assimilate the formation of the liquid intermediate to a fusion stage [START_REF] Lédé | Fusion-like behaviour of wood pyrolysis[END_REF]. Oligomers (heavy depolymerization products) of the native biopolymers constitute the initial chemical makeup of the liquid intermediate compound, which in the case of cellulose, is termed molten cellulose [START_REF] Lédé | Radiant flash pyrolysis of cellulose pellets: products and mechanisms involved in transient and steady state conditions[END_REF]. The term "molten cellulose" or "intermediary liquid compound" was used to describe the liquid phase above 300°C, resulting from forming anhydrous oligomers with a low vapor pressure at this temperature. These heavy oligomer compounds cannot evaporate directly due to their higher boiling temperatures than the pyrolysis operating temperature. Instead, they continue to react and form volatile products that diffuse within the liquid phase towards the liquid/gas interface, where evaporation occurs. On the other hand, the term "active cellulose" refers to an intermediate formed between 250 and 370°C through endothermic reactions. During this process, the amorphous parts of the cellulose degrade, exposing the reducing ends of cellulose chains. This intermediate state is considered active because it undergoes further reactions and transformations, leading to the production of volatile compounds. In summary, while "molten cellulose" refers to the liquid phase where heavy oligomers react and produce volatiles, "active cellulose" describes the intermediate state where the degradation of cellulose exposes reactive sites for subsequent reactions and volatile compound generation.

Pyrolysis bio-oils contain many heavy and nonvolatile products [START_REF] Zhou | Slow and fast pyrolysis of Douglas-fir lignin: Importance of liquid-intermediate formation on the distribution of products[END_REF][START_REF] Pouwels | Evidence for oligomers in pyrolysates of microcrystalline cellulose[END_REF] and nonvolatile inorganic matter [START_REF] Reid | A review of biomass burning emissions part II: intensive physical properties of biomass burning particles[END_REF]. Therefore, a "reactive boiling ejection" mechanism is proposed to explain the transportation of these compounds to the gas phase [START_REF] Teixeira | Aerosol generation by reactive boiling ejection of molten cellulose[END_REF]. This mechanism includes a set of steps starting with the nucleation of the vapor bubbles in the molten liquid (Figure 1.4). Then, these bubbles move toward the liquid/gas interface [START_REF] Teixeira | Aerosol generation by reactive boiling ejection of molten cellulose[END_REF]. Finally, the liquid film separates the vapor bubbles, and the surrounding external gas tears up [START_REF] Teixeira | Aerosol generation by reactive boiling ejection of molten cellulose[END_REF]. The collapse of the vapor cavity produces liquid aerosol particles, which have the same chemical composition as the liquid intermediate [START_REF] Teixeira | Aerosol generation by reactive boiling ejection of molten cellulose[END_REF][START_REF] Pecha | Progress in understanding the four dominant intra-particle phenomena of lignocellulose pyrolysis: chemical reactions, heat transfer, mass transfer, and phase change[END_REF].

Internal and external mass transfers are essential during fast pyrolysis [START_REF] Suuberg | Two-regime global kinetics of cellulose pyrolysis: The role of tar evaporation[END_REF]. Internal mass transfer depends on the mechanical structural persistence of biomass during pyrolysis. The external mass transfer involves the transport of products between the particle surface and the surrounding gas, which depends on the reactor technology and whether the particle is motionless concerning the surrounding gas or carried along with the gas flow.

Generally, the study of external mass transfer is envisaged with the hypothesis of a motionless particle [START_REF] Suuberg | Mass Transfer Effects in Pyrolysis of Coals: A Review of Experimental Evidence and Models[END_REF], which implies the diffusion of species out of the particle, their transport in a convective flow, and their ejection leaving the particle surface [START_REF] Pecha | Progress in understanding the four dominant intra-particle phenomena of lignocellulose pyrolysis: chemical reactions, heat transfer, mass transfer, and phase change[END_REF]. Increasing the carrier gas flow rates can help to reduce diffusion limitations, and operating under vacuum pressure can facilitate the evaporation and ejection process [START_REF] Pecha | Effect of a Vacuum on the Fast Pyrolysis of Cellulose: Nature of Secondary Reactions in a Liquid Intermediate[END_REF].

Unger and Suuberg [START_REF] Unger | Modeling the devolatilization behavior of a softening bituminous coal[END_REF] have developed a reaction-transport model for coal pyrolysis in which external mass transfer has been introduced as the analogy with liquid droplet evaporation; volatile compounds are a condensed phase within the coal particle and must evaporate and diffuse away from the surface. Montoya et al. [START_REF] Montoya | Single particle model for biomass pyrolysis with bubble formation dynamics inside the liquid intermediate and its contribution to aerosol formation by thermal ejection[END_REF] introduced, for the first time, the transport of volatile matter by ejection in a onedimensional particle model. The approach was developed according to (1) the hypothesis that biomass first transforms into a metaplast where the condensed phase is trapped in the solid; (2) by coupling mass and energy balances with chemical reactions and with a statistical model for bubbling frequency and growth in the liquid intermediate. The model results indicate that the aerosol ejection decreases with increasing particle size due to the raised interstitial surface of the particle, while it increases with the external heat transfer coefficient.

If biomass mainly breaks into a liquid, volatiles must pass through this condensed phase. However, if biomass conserves some solid structure, volatiles must pass through the condensed phase and the pores of the solid. In the condensed phase, volatiles could diffuse either to the particle surface or to the bubbles dispersed throughout the condensed phase. Volatiles also could be transported by bubbles to the surface. For large particles, volatiles, which are formed in the condensed phase, are much more likely to be conveyed to the particle surface through bubbles rather than to diffuse within the liquid phase, while the diffusion process into the liquid to the particle surface could be a limiting step for smaller particles and high external heat transfer [START_REF] Dufour | Modelling intra-particle phenomena of biomass pyrolysis[END_REF]. Concerning the transport of vapors through the pores, it is always admitted that advection transfer is favored over diffusion [START_REF] Diblasi | Modeling chemical and physical processes of wood and biomass pyrolysis[END_REF]. The formation of the condensed phase can block pores [START_REF] Oh | An experimental and modeling study of softening coal pyrolysis[END_REF]. Particle sizes can also affect the release of vapors; for small particles (~ 1mm), the wall structure is completely broken down into fragments during pyrolysis, and volatiles can be easily escaped. However, large particles remain intact, and vapors cannot be instantly evacuated [START_REF] Haas | Real-Time and Post-reaction Microscopic Structural Analysis of Biomass Undergoing Pyrolysis[END_REF].

Secondary process

If primary pyrolysis products remain in the reaction zone for a long time, they can undergo consecutive or competitive secondary reactions. Secondary reactions can occur in the homogenous phase (gas or liquid) or between the gas and solid phase. Their presence influences the pyrolysis product yields and composition [START_REF] Patwardhan | Distinguishing primary and secondary reactions of cellulose pyrolysis[END_REF][START_REF] Zhang | Investigation of Primary Reactions and Secondary Effects from the Pyrolysis of Different Celluloses[END_REF]. Cracking and recombination reactions are the typical secondary reactions [START_REF] Collard | A review on pyrolysis of biomass constituents: Mechanisms and composition of the products obtained from the conversion of cellulose, hemicelluloses and lignin[END_REF], which can occur both in the liquid and gas phases. Cracking reactions refer to the breaking of chemical bonds within volatile compounds. Therefore, primary products are transformed into smaller oxygenates and incondensable gas. It is difficult to distinguish between products resulting from fragmentation during the primary process and those resulting from the cracking of primary volatiles [START_REF] Collard | A review on pyrolysis of biomass constituents: Mechanisms and composition of the products obtained from the conversion of cellulose, hemicelluloses and lignin[END_REF].

Levoglucosan, for example, can undergo secondary reactions in the condensed phase to form pyrans and light oxygenates, which are also produced during cellulose primary fragmentation reactions [START_REF] Mettler | Pyrolytic conversion of cellulose to fuels: levoglucosan deoxygenation via elimination and cyclization within molten biomass[END_REF]. Recombination of volatile compounds to give a higher molecular weight molecule consists of the repolymerization of species derived from depolymerization and recondensation of species obtained by fragmentation. For example, primary phenolic monomers (syringol and guaiacol) which are derived from the depolymerization of lignin, are highly reactive and tend to be repolymerized into phenolic oligomers [START_REF] Nanayakkara | Chemical depolymerization of lignin involving the redistribution mechanism with phenols and repolymerization of depolymerized products[END_REF]. Heterogonous secondary reactions regroup reactions that happen inside the biomass pores, leading to the formation of secondary char and processes catalyzed at the surface of formed char or catalysts [START_REF] Collard | A review on pyrolysis of biomass constituents: Mechanisms and composition of the products obtained from the conversion of cellulose, hemicelluloses and lignin[END_REF].

With secondary reactions, some physical phenomena can occur, such as the nucleation of primary vapors to secondary aerosols when they remain for a long time in the reaction zone [START_REF] Teixeira | Aerosol generation by reactive boiling ejection of molten cellulose[END_REF] or the coalescence phenomenon of primary liquid particles or aerosols [START_REF] Tiarks | Visualization of physicochemical phenomena during biomass pyrolysis in an optically accessible reactor[END_REF].

Few chemical and physical events were reported and suggested to explain experimental observations and current analytical characterization of primary lumped products. The deconvolution of those events remains rather difficult, and a judicious methodology must be established to propose further explanations.

PYROLYSIS KINETICS MODELLING

Studying kinetics is essential for designing reactors and optimizing the global process. Kinetic models can help unravel the fundamental underlying and controlling chemistry and improve the selectivity of the desired products [START_REF] Susnow | Rate-Based Construction of Kinetic Models for Complex Systems[END_REF]. Traditionally kinetic studying of solid-state decompositions is described by Eq.1.1.

𝑑𝛼 𝑑𝑡 = 𝑘 𝐸 (𝑇)𝑓(𝛼) Eq.1.1 𝛼 = 𝑚 0 -𝑚 𝑡 𝑚 0 -𝑚 𝑓 Eq.1.2 where t (s) is time, T (K) is the temperature, α (kg.kg -1
) is the extent of the conversion, f(α) is the reaction model form (first order, power law, diffusion, etc.), m0 (kg) is the initial mass of the solid, mt (kg) and mf (kg) are its mass at a specific time, and its final mass, respectively.

The rate constant, kE (s -1 ), is generally described using the Arrhenius equation:

𝑘 𝐸 (𝑇) = A 𝑒𝑥𝑝 ( -E 𝑅𝑇 ) Eq.1.3
where A (s -1 ) is the pre-exponential factor, R (J.mol -1 .K -1 ) is the gas constant, and E (J.mol -1 ) is the activation energy.

Several methods have been used to determine the kinetic parameters of reactions.

Vyazvokin et al. [START_REF] Vyazovkin | ICTAC Kinetics Committee recommendations for performing kinetic computations on thermal analysis data[END_REF] have classified them into two types of approaches: modelfitting methods and model-free methods. In model-fitting methods, Arrhenius parameters are determined using assumed degradation schema and the 'mathematical form' of f(α). However, isoconversional methods do not consider any model to calculate the kinetic parameters. These two approaches will be detailed in the following subsections. 

Reaction model f(α) expression Power law 4α 3 4 ⁄

Power law 3α 2 3 ⁄

Power law 2α 1 2 ⁄

Power law
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Model-fitting methods

Ideally, kinetic models need to be fundamental and involve 'quantum' and 'statistical' mechanisms to describe the rate at which chemical structure changes [START_REF] Sendt | Pyrolysis of Furan: Ab Initio Quantum Chemical and Kinetic Modeling Studies[END_REF]. However, developing a detailed kinetic model based on real chemistry structure is still challenging, especially for the pyrolysis of complex fuels [START_REF] Mettler | Top ten fundamental challenges of biomass pyrolysis for biofuels[END_REF].

Therefore, most of the published models for complex systems are global kinetic models, also called kinetic engineering models [START_REF] Jacob | A lumping and reaction scheme for catalytic cracking[END_REF][START_REF] Stagni | Lumping and Reduction of Detailed Kinetic Schemes: an Effective Coupling[END_REF][START_REF] Ranzi | Lumping procedures in detailed kinetic modeling of gasification, pyrolysis, partial oxidation and combustion of hydrocarbon mixtures[END_REF].

These models assume that the reaction system is too complex to be described mechanistically, consisting of lumping product and reactant molecules into lumped species and organized according to degradation schema with one or more global chemical reactions with different kinetics parameters. A variety of global kinetics models, including single-step and finite and infinite multi-step reactions, are reviewed by Burnham et al. [START_REF] Burnham | Global Kinetic Analysis of Complex Materials[END_REF].

The simplest model to describe biomass pyrolysis is the one-step kinetic model with a single reaction representing the unimolecular irreversible transformation of solid biomass into volatiles and biochar. It is limited by the assumption of a fixed mass ratio between pyrolysis products [START_REF] White | Biomass pyrolysis kinetics: A comparative critical review with relevant agricultural residue case studies[END_REF]. In addition, the pyrolysis process is too complex to be simplified in a simple reaction [START_REF] White | Biomass pyrolysis kinetics: A comparative critical review with relevant agricultural residue case studies[END_REF].

The application of the lumped kinetic model was first started with cellulose [START_REF] Lédé | Radiant flash pyrolysis of cellulose pellets: products and mechanisms involved in transient and steady state conditions[END_REF][START_REF] Bradbury | A kinetic model for pyrolysis of cellulose[END_REF][START_REF] Diebold | A unified, global model for the pyrolysis of cellulose[END_REF][START_REF] Piskorz | Liquid Products from the Fast Pyrolysis of Wood and Cellulose[END_REF][START_REF] Cai | Logistic distributed activation energy model -Part 2: Application to cellulose pyrolysis[END_REF][START_REF] Mamleev | Kinetic analysis of the thermal decomposition of cellulose: The change of the rate limitation[END_REF][START_REF] Burnham | Critical Review of the Global Chemical Kinetics of Cellulose Thermal Decomposition[END_REF][START_REF] Mjjr | Cellulose Pyrolysis Kinetics: The Current State of Knowledge[END_REF][START_REF] Kilzer | Speculations on the nature of cellulose pyrolysis[END_REF], often considered a model compound for biomass and wood. This assumption is based on the fact that cellulose is the most abundant natural polymer, varying between 40-60 % according to the type of biomass [START_REF] Wang | Lignocellulosic biomass pyrolysis mechanism: A state-of-the-art review[END_REF]. The first attempts at the kinetic study of cellulose pyrolysis were summarized in the so-called "Broido-Shafizadeh" model (model (a) in Figure 1.6) [START_REF] Bradbury | A kinetic model for pyrolysis of cellulose[END_REF]. This kinetic pattern results from two previous studies, that of Kilzer et al. [START_REF] Kilzer | Speculations on the nature of cellulose pyrolysis[END_REF] and that of Shafizadeh et al. [START_REF] Shafizadeh | Pyrolysis and Combustion of Cellulosic Materials[END_REF]. It is the first reaction scheme that considers the decomposition of cellulose into an active intermediate, "active cellulose," through the depolymerization process with an activation energy of 242.8 kJ/mol. Then, this "active cellulose" undergoes two competitive reactions to produce char and gas, with an activation energy of 153.1 kJ/mol, or primary volatiles, with an activation energy of 197.9 kJ/mol. Many other models have been developed for cellulose pyrolysis based on the modification of the 'Broido-Shafizadeh' model, such as models (b) [START_REF] Miller | A Generalized Biomass Pyrolysis Model Based on Superimposed Cellulose, Hemicelluloseand Liqnin Kinetics[END_REF], (c) [START_REF] Diebold | A unified, global model for the pyrolysis of cellulose[END_REF], (d) [START_REF] Koufopanos | Kinetic modelling of the pyrolysis of biomass and biomass components[END_REF], (e) [START_REF] Agrawal | Kinetics of reactions involved in pvrolvsis of cellulose II. The modified kilzer-bioid model[END_REF] in Figure 1.6. Although the formation of the intermediate liquid compound, 'active cellulose,' has been confirmed by experimental observations [START_REF] Lédé | Fusion-like behaviour of wood pyrolysis[END_REF][START_REF] Boutin | Radiant flash pyrolysis of cellulose-Evidence for the formation of short life time intermediate liquid species[END_REF][START_REF] Dauenhauer | Reactive boiling of cellulose for integrated catalysis through an intermediate liquid[END_REF],

particularly under fast pyrolysis conditions, some cellulose pyrolysis models do not include its formation, such as model (f) [START_REF] Agrawal | Kinetics of reactions involved in pyrolysis of cellulose I. The three reaction model[END_REF] in Figure 1.6. The intermediate formed during the pyrolysis of cellulose is sometimes called 'active cellulose' (models (b) [START_REF] Miller | A Generalized Biomass Pyrolysis Model Based on Superimposed Cellulose, Hemicelluloseand Liqnin Kinetics[END_REF], (c) [START_REF] Diebold | A unified, global model for the pyrolysis of cellulose[END_REF], and (d) [START_REF] Koufopanos | Kinetic modelling of the pyrolysis of biomass and biomass components[END_REF] in Figure 1.6) or 'anhydrocellulose' (model (e) [START_REF] Agrawal | Kinetics of reactions involved in pvrolvsis of cellulose II. The modified kilzer-bioid model[END_REF]).

The term 'active cellulose' generally designates an intermediate resulting from partial depolymerization of cellulose [START_REF] Wang | Mechanism research on cellulose pyrolysis by Py-GC/MS and subsequent density functional theory studies[END_REF][START_REF] Wooten | Observation and Characterization of Cellulose Pyrolysis Intermediates by 13C CPMAS NMR. A New Mechanistic Model[END_REF], while 'anhydrocellulose' designates an intermediate by dehydration reactions [START_REF] Scheirs | Overview of water evolution during the thermal degradation of cellulose[END_REF]. So, whatever the name of the intermediate formed, it results from the two reactions, with a preponderance that depends on the pyrolysis heating rate. Lignins and hemicelluloses have more complex structures than cellulose, so there are fewer lumped kinetic models for their pyrolysis. Most of these lumped models are developed based on the classical 'Broido-Shafizadeh's model (models (g) [START_REF] Miller | A Generalized Biomass Pyrolysis Model Based on Superimposed Cellulose, Hemicelluloseand Liqnin Kinetics[END_REF], (h) [START_REF] Koufopanos | Kinetic modelling of the pyrolysis of biomass and biomass components[END_REF], (i) [START_REF] Miller | A Generalized Biomass Pyrolysis Model Based on Superimposed Cellulose, Hemicelluloseand Liqnin Kinetics[END_REF], and (j) [START_REF] Koufopanos | Kinetic modelling of the pyrolysis of biomass and biomass components[END_REF] in Another kind of kinetic model is the distributed activation energy model (DAEM), which represents complex kinetic processes by a set of independent parallel firstorder (Eq.1.4) or n th -order (Eq.1.5) reactions with activation energy distribution, D(E) [START_REF] Burnham | Global Kinetic Analysis of Complex Materials[END_REF].

𝑑𝛼 𝑑𝑡 = ∫ 𝑘 𝐸 (𝑇) exp [-∫ 𝑘 𝐸 (𝑇) 𝑑𝑡 𝑡 0 ] +∞ 0 𝐷(𝐸)𝑑𝐸 𝑛 = 1 Eq.1.4 𝑑𝛼 𝑑𝑡 = ∫ 𝑘 𝐸 exp [1 -(1 -𝑛) ∫ 𝑘 𝐸 (𝑇) 𝑑𝑡 𝑡 0 ] 𝑛 1-𝑛 +∞ 0 𝐷(𝐸)𝑑𝐸 𝑛 ≠ 1
Eq.1.5

where the global extent of conversion, α (kg.kg -1 ), is described as follows:

𝛼 = 𝑉 𝑉 *
Eq.1.6 here V (kg) and V * (kg) represent the quantity of volatile at a given time, t, and the maximum volatile, respectively.

The discrete form of the DAEM is easier to understand and described by a simple summation [START_REF] Vyazovkin | ICTAC Kinetics Committee recommendations for analysis of multi-step kinetics[END_REF]: where ωi is the weight factor of the individual reaction.

𝑑𝛼 𝑑𝑡 = ∑
The pre-exponential factor is usually assumed to be constant for all reactions. It can also be considered to depend on temperature [START_REF] Zhang | A novel Gaussian-DAEM-reaction model for the pyrolysis of cellulose, hemicellulose and lignin[END_REF]:

𝐴 = 𝐴 0 𝑇 𝑚 Eq.1.9
where 𝐴 0 is a constant, and m is an exponent (-1.5 to 2.5).

The distribution energy function can be determined experimentally using differential and integral Miura-Maki methods [START_REF] Miura | A New and Simple Method to Estimate f(E) and k0(E) in the Distributed Activation Energy Model from Three Sets of Experimental Data[END_REF][START_REF] Miura | A Simple Method for Estimating f (E) and k 0 ( E ) in the Distributed Activation Energy Model[END_REF]. The E vs. α dependency is determined using integral or differential isoconversional methods. Then the distribution curve is obtained by differentiating the α versus E relationship. Mathematical forms such as the Gaussian can also be assumed (E q.1.10).

𝐷(𝐸) = 1 𝜎√2𝜋 𝑒𝑥𝑝 [- (𝐸-𝐸 0 ) 2 2𝜎 2 ] E q.1.10 E0 (J.mol -1
) is the mean activation energy, and σ (J.mol -1 ) is the standard deviation.

For some complex processes, such as pyrolysis, the reactivity distribution tends to be asymmetric; therefore, using Gaussian distribution represents a limitation [START_REF] Cai | An overview of distributed activation energy model and its application in the pyrolysis of lignocellulosic biomass[END_REF].

However, the asymmetry can be satisfied using other distributions like the Weibull distribution [START_REF] Cai | Logistic distributed activation energy model -Part 2: Application to cellulose pyrolysis[END_REF][START_REF] Cai | Parametric study of the nonisothermal n th-order distributed activation energy model involved the Weibull distribution for biomass pyrolysis[END_REF]. DAEM has been used in several applications, such as coal and biomass decomposition [START_REF] Zhang | A novel Gaussian-DAEM-reaction model for the pyrolysis of cellulose, hemicellulose and lignin[END_REF][START_REF] Miura | A New and Simple Method to Estimate f(E) and k0(E) in the Distributed Activation Energy Model from Three Sets of Experimental Data[END_REF][START_REF] Güneş | The influences of various parameters on the numerical solution of nonisothermal DAEM equation[END_REF][START_REF] Cai | Nonisothermal nth-order DAEM equation and its parametric study use in the kinetic analysis of biomass pyrolysis[END_REF][START_REF] Perré | A robust and frugal model of biomass pyrolysis in the range 100-800 °C: Inverse analysis of DAEM parameters, validation on static tests and determination of heats of reaction[END_REF][START_REF] Tian | Multiple-distribution DAEM modelling of spruce pyrolysis: An investigation of the best trade-off regarding the number and shape of distributions[END_REF], desorption of gases from heterogeneous solid surfaces [START_REF] Carter | The precise deduction of desorption activation energy distributions from thermal evolution spectra[END_REF][START_REF] Wittkopf | Calculation of desorption energy distribution applied to temperature programmed H2O desorption from silicate glass surface[END_REF], and sintering [START_REF] Burnham | An nth-order Gaussian energy distribution model for sintering[END_REF]. It is considered a model-fitting method as kinetics parameters are determined by inverse analysis that minimizes the gap between experimental data and calculated data. Calculating kinetic parameters requires iterative loops of double integral functions, leading to significant numerical complications [START_REF] Cai | An overview of distributed activation energy model and its application in the pyrolysis of lignocellulosic biomass[END_REF]. Several numerical techniques have been proposed to tackle this problem of double integration, such as Simpson's 1/3 [START_REF] Güneş | The influences of various parameters on the numerical solution of nonisothermal DAEM equation[END_REF] and trapezial [START_REF] Gašparovič | Calculation of Kinetic Parameters of the Thermal Decomposition of Wood by Distributed Activation Energy Model (DAEM)[END_REF] rules by changing the limits of the activation energy integral and Gauss-Hermite integration [START_REF] Huang | An innovative evaluation method for kinetic parameters in distributed activation energy model and its application in thermochemical process of solid fuels[END_REF][START_REF] Várhegyi | Kinetics of Charcoal Devolatilization[END_REF][START_REF] Donskoi | Optimization of coal pyrolysis modeling[END_REF]. The double exponential term in the DAEM, which disappears in the isothermal process, is one of the primary sources of numerical challenges.

Please et al. [START_REF] Please | Approximations to the distributed activation energy model for the pyrolysis of coal[END_REF] have reviewed the existing approaches to simplify the double exponential term in the non-isothermal pyrolysis of coal.

The complex structure of biomass and reactional schemes of pyrolysis lead to difficulties in the process modeling. Biomass comprises three main biopolymers: cellulose, hemicelluloses, and lignins. The thermal degradation of each polymeric material involves a lot of reactions. Therefore, DAEM with a single Gaussian distribution function is not suitable for describing the pyrolysis of the whole biomass.

Thus, models which assumed the pyrolysis behavior of entire biomass as a sum of the decomposition of three major components (cellulose, hemicelluloses, and lignins) were usually proposed. In these models, the pyrolysis of each component was described by using a single Gaussian DAEM, as shown in Eq.1.11. The meaning of using two Gaussian distributions is different [START_REF] Wang | Lignocellulosic biomass pyrolysis mechanism: A state-of-the-art review[END_REF]. Pyrolysis parallel reactions are divided into two types with significant spacing between the values of the activation energies: the degradation reactions to form volatiles and the condensation reactions to form gases and char (Eq.1.12).

𝑓(𝐸) = 𝐶

𝑓(𝐸) = 𝐶 1 𝑓 1 (𝐸) + 𝐶 2 𝑓 2 (𝐸) Eq.1.12 where C1 and C2 are the corresponding contributions of the degradation and condensation reactions.

The presence of the condensation reaction is neglected due to the small amount of char formed during cellulose pyrolysis. While hemicelluloses and lignins structures are more complex than cellulose, multiple fragments are produced and randomly polymerized to form char during their pyrolysis [START_REF] Wang | Lignocellulosic biomass pyrolysis mechanism: A state-of-the-art review[END_REF]. Hence, the DAEM with double Gaussian distributions (2G-DAEM) is required for the kinetic studies of hemicelluloses and lignins to consider the condensation reaction, which plays an essential role in their decomposition.

Taking into account the ideas of the different authors, the reactions that can take place during pyrolysis are the direct formation of char (carbonization) from biomass, the formation of short-lived intermediate species (active cellulose, ILC, etc.) [START_REF] Lédé | Radiant flash pyrolysis of cellulose pellets: products and mechanisms involved in transient and steady state conditions[END_REF][START_REF] Bradbury | A kinetic model for pyrolysis of cellulose[END_REF][START_REF] Piskorz | Liquid Products from the Fast Pyrolysis of Wood and Cellulose[END_REF][START_REF] Boutin | Flash pyrolysis of cellulose pellets submitted to a concentrated radiation: experiments and modelling[END_REF], which can undergo different reactions: at high temperature, the formation of primary volatiles (levoglucosan, glyoxal, etc.) by depolymerization and fragmentation reactions (primary reactions) then the formed species can crack to form gas and lighter volatiles and at low temperature, the formation of char by repolymerization and recondensation reactions (secondary reactions).

For global models, determining the correct number of individual steps and identifying the proper reaction model for each reaction is challenging [START_REF] Vyazovkin | ICTAC Kinetics Committee recommendations for performing kinetic computations on thermal analysis data[END_REF]. The model-fitting methods have been widely criticized for their validity [START_REF] Vyazovkin | ICTAC Kinetics Committee recommendations for performing kinetic computations on thermal analysis data[END_REF][START_REF] Burnham | Global Kinetic Analysis of Complex Materials[END_REF],

especially when they are based on one experience with only one heating program.

However, the kinetic committee of the International Confederation for Thermal Analysis and Calorimetry (ICTAC) has approved their use when multiple heating programs are used [START_REF] Vyazovkin | ICTAC Kinetics Committee recommendations for performing kinetic computations on thermal analysis data[END_REF]. The other disadvantage of the model-fitting method is that different sets of kinetic parameters could provide an approximately equally good fit to experimental data [START_REF] Burnham | A comparison of isoconversional and model-fitting approaches to kinetic parameter estimation and application predictions[END_REF][START_REF] Vyazovkin | Model-free and model-fitting approaches to kinetic analysis of isothermal and nonisothermal data[END_REF]. Starting simulation with parameters obtained using the isoconversional methods is largely recommended to avoid this problem.

Model-free methods

Model-free methods determine the reaction activation energy without prior assumptions of the reaction model, f(α). Thus, isoconversional methods lead to more reliable insights into the kinetics and mechanism of a complex process such the pyrolysis [START_REF] Vyazovkin | ICTAC Kinetics Committee recommendations for performing kinetic computations on thermal analysis data[END_REF]. These methods consist of grouping terms such as the pre-exponential factor and the model reaction into the intercept of the linear equation and then using the slope of Eq.1.12 to calculate the activation energy. The pre-exponential factor can be determined from the intercept only with assumptions of the reaction model, f(α). Therefore, model-free methods provide only activation energies.

Isoconversional methods take their origin from the single-reaction kinetic equation (Eq.1.13) and use the principle which stipulates that at a constant extent of conversion, α, the reaction rate depends only on temperature [START_REF] Vyazovkin | ICTAC Kinetics Committee recommendations for performing kinetic computations on thermal analysis data[END_REF][START_REF] Vyazovkin | ICTAC Kinetics Committee recommendations for performing kinetic computations on thermal analysis data[END_REF][START_REF] Šimon | Isoconversional methods[END_REF], as shown in Eq.1.14. Thus, isoconversional methods describe the pyrolysis process using several singlereaction kinetic equations, each associated with a certain extent of conversion [START_REF] Vyazovkin | Isoconversional Kinetic Analysis of Thermally Stimulated Processes in Polymers[END_REF].

𝑙𝑛 (

Many methods have been developed based on the isoconversional principle and can be divided into differential and integral. Freidman's method is the most common differential method [START_REF] Cai | An overview of distributed activation energy model and its application in the pyrolysis of lignocellulosic biomass[END_REF] (Eq.1.12). Experiences must be carried out at different temperature programs to determine the activation energy.

Integral methods take their origin in the integration of Eq.1.1, which for the isothermal conditions, leads to Eq.1.13. For non-isothermal conditions (using the linear heating rate, for example), integration of Eq. Eq.1.17

where β = dT/dt (K.s -1 ) is the linear heating rate, and B and C are the parameters determined by the type of approximations of the temperature integral. Among these approximations of temperature integral, there are Doyle [START_REF] Doyle | Estimating isothermal life from thermogravimetric data[END_REF], Coats-Redfern [START_REF] Coats | Kinetic Parameters from Thermogravimetric Data[END_REF],

Flynn-Wall-Ozawa (FWO) [START_REF] Flynn | A quick, direct method for the determination of activation energy from thermogravimetric data[END_REF], and Kissinger-Akahira-Sunose (KAS) [START_REF] Lim | Kinetic Analysis of Rice Husk Pyrolysis Using Kissinger-Akahira-Sunose (KAS) Method[END_REF] approximations. Since differential isoconversional methods do not use approximations, they are potentially more accurate than integral methods [START_REF] Šimon | Isoconversional methods[END_REF].

However, the practical use of differential forms is inevitably associated with some errors. Indeed, applying differential methods to integral data (e.g., TGA data) requires numerical differentiation that introduces noise and can also introduce inaccuracy when the data are smoothed [START_REF] Šimon | Isoconversional methods[END_REF]. Given these problems, differential methods should not be considered to be necessarily more precise than integral methods.

Eα vs. α makes it possible to quantitatively capture the intricacy of the energy profile for biomass degradation and to unravel some mechanistic features. If Eα is constant over the entire conversion range, the process can be described by a single reaction model. However, a significant variation of Eα with conversion degree indicates a multi-step consecutive/parallel reactions schema [START_REF] Vyazovkin | ICTAC Kinetics Committee recommendations for performing kinetic computations on thermal analysis data[END_REF]. Moreover, Vyazovkin et al. [START_REF] Vyazovkin | An approach to the solution of the inverse kinetic problem in the case of complex processes: Part 1. Methods employing a series of thermoanalytical curves[END_REF] show that an increasing dependence of Eα on the conversion would suggest the presence of parallel reactions. In contrast, a decreasing dependence of Eα on α indicates a reversible intermediate stage or change in the determining step. It is usually proved that the activation energies of the cellulose remain constant over the wide conversion range [START_REF] Carrier | Using Apparent Activation Energy as a Reactivity Criterion for Biomass Pyrolysis[END_REF][START_REF] Suriapparao | Kinetic analysis of co-pyrolysis of cellulose and polypropylene[END_REF][START_REF] Sánchez-Jiménez | An improved model for the kinetic description of the thermal degradation of cellulose[END_REF]. However, an increase in activation energies with conversion was detected for hemicelluloses and lignin [START_REF] Abdelouahed | Comparative investigation for the determination of kinetic parameters for biomass pyrolysis by thermogravimetric analysis[END_REF][START_REF] Radojević | Comparative pyrolysis kinetics of various biomasses based on model-free and DAEM approaches improved with numerical optimization procedure[END_REF], indicating that their respective degradation process involves several parallel reactions. The changing trend of the activation energies with the conversion makes it possible to divide the global process into stages [START_REF] Moriana | Thermal degradation behavior and kinetic analysis of spruce glucomannan and its methylated derivatives[END_REF][START_REF] Wang | Kinetic modeling of biomass components pyrolysis using a sequential and coupling method[END_REF]. Recently, Gabor et al. [START_REF] Dufour | Modelling intra-particle phenomena of biomass pyrolysis[END_REF] used polynomial functions for the Eα and Aα.f(α) of the isoconversional methods. Thus, the resulting empirical model would contain some parameters determined by the least-squares method.

Method coupling allows taking advantage of each kinetic approach to better describe the complex biomass fast pyrolysis process and determine more reliable kinetic parameters. Moriana et al. [START_REF] Moriana | Thermal degradation behavior and kinetic analysis of spruce glucomannan and its methylated derivatives[END_REF] used Freidman and FWO's methods to evaluate apparent Eα as a function of α for the thermal degradation of spruce glucomannans.

The obtained results led to dividing the process into several regions: the first region occurred at 0.12 < α < 0.35 with small variations of the activation energy, a second region with constant activation energy (0.35 < α < 0.75), and a third region with a significant variation (α > 0.75). This division approach was also used by Wang et al. [START_REF] Wang | Kinetic modeling of biomass components pyrolysis using a sequential and coupling method[END_REF]. They combined both the use of isoconversional methods with model-fitting methods to determine a comprehensive kinetic model.

GAPS IN REACTIONS KINETICS MEASUREMENTS

A wide variety of values of kinetic parameters is observed, and their validity under other conditions may be questioned. Even with the simplified approaches discussed in the previous section, huge discrepancies exist between the different values of the biomass fast pyrolysis kinetic parameters [START_REF] White | Biomass pyrolysis kinetics: A comparative critical review with relevant agricultural residue case studies[END_REF]. The absence of suitable experimental methods and techniques is the main problem in determining biomass fast pyrolysis kinetics and revealing reaction chemistry [START_REF] Mettler | Top ten fundamental challenges of biomass pyrolysis for biofuels[END_REF]. Studying the chemical kinetics of biomass pyrolysis requires isolating the primary reactions from both undesirable secondary reactions and transport phenomena [START_REF] Mettler | Top ten fundamental challenges of biomass pyrolysis for biofuels[END_REF]. This task is challenging because of the complex structure of biomass and the multiphasic character of the fast pyrolysis process, as previously stated. Indeed, solid and liquidphase chemistries can be convoluted with intertwined transport phenomena that lead to heat and mass transfer limitations. Therefore, researchers must master the experimental equipment, control the pyrolysis conditions and provide suitable methods to evaluate the pyrolysis chemistry.

Actual biomass heating rate/temperature

There are several analytical micro-reactors to study pyrolysis kinetics (Table 1.5). Reviews have been produced by SriBala et al. [START_REF] Sribala | Measuring biomass fast pyrolysis kinetics: State of the art[END_REF] and Bahng et al. [START_REF] Bahng | Current technologies for analysis of biomass thermochemical processing: A review[END_REF] to

give more details about the operating principle of each analytical reactor. The heating rate undergone by a particle during its temperature increase to the final temperature is a critical parameter for carrying out a kinetic study [START_REF] Mettler | Top ten fundamental challenges of biomass pyrolysis for biofuels[END_REF]. The thermogravimetric analyzer is the most common equipment for studying pyrolysis kinetics. However, the typical heating rates of TG analysis (0.01 to 1.66 °C/s) are unsuitable for studying fast pyrolysis and primary reactions. Indeed, slow heating rates promote exothermic char-forming reactions rather than endothermic reactions, favoring high heating rates and leading to high liquid yields [START_REF] Pecha | Progress in understanding the four dominant intra-particle phenomena of lignocellulose pyrolysis: chemical reactions, heat transfer, mass transfer, and phase change[END_REF]. Other reactors, such as the PHASR reactor [START_REF] Maduskar | Five Rules for Measuring Biomass Pyrolysis Rates: Pulse-Heated Analysis of Solid Reaction Kinetics of Lignocellulosic Biomass[END_REF] and wire mesh reactor [START_REF] Hoekstra | Fast pyrolysis in a novel wire-mesh reactor: Decomposition of pine wood and model compounds[END_REF][START_REF] Hoekstra | Fast pyrolysis in a novel wire-mesh reactor: Design and initial results[END_REF], can reach controlled and high heating rates, up to 12,000 and 7,000 °C/s, respectively. Most of the published studies of biomass fast pyrolysis involve commercial micro-reactors such as the micro-furnace pyrolyzer [START_REF] Patwardhan | Product distribution from fast pyrolysis of glucose-based carbohydrates[END_REF][START_REF] Patwardhan | Product Distribution from the Fast Pyrolysis of Hemicellulose[END_REF][START_REF] Liu | Catalytic fast pyrolysis of duckweed: Effects of pyrolysis parameters and optimization of aromatic production[END_REF][START_REF] Akalın | Analytical pyrolysis of biomass using gas chromatography coupled to mass spectrometry[END_REF][START_REF] Han | Nonisothermal pyrolysis properties of Laminaria japonica[END_REF][START_REF] Nardella | Evolved gas analysis-mass spectrometry and isoconversional methods for the estimation of component-specific kinetic data in wood pyrolysis[END_REF], the curie-point pyrolyzer [START_REF] Lin | Rapid pyrolysis of rice hull in a curie-point pyrolyzer[END_REF][START_REF] Lee | Different pyrolysis kinetics and product distribution of municipal and livestock manure sewage sludge[END_REF][START_REF] Hu | Investigation on the kinetic behavior, thermodynamic and volatile products analysis of chili straw waste pyrolysis[END_REF], and the pyroprobe [START_REF] Ojha | Fast pyrolysis kinetics of lignocellulosic biomass of varying compositions[END_REF][START_REF] Biagini | Characterization of a lab-scale platinum filament pyrolyzer for studying the fast devolatilization of solid fuels[END_REF]. The heating rates displayed in Table 1.5. for these reactors are those claimed by manufacturers and probably correspond to the heating element, not that of the biomass sample.

The determination of the actual heating rate of the biomass sample remains ambiguous. Some researchers indicate the heating rate of the heating element rather than the sample [START_REF] Alves | Analytical pyrolysis as a direct method to determine the lignin content in wood[END_REF][START_REF] Scholze | Characterization of the water-insoluble fraction from pyrolysis oil (pyrolytic lignin). Part I. PY-GC/MS, FTIR, and functional groups[END_REF][START_REF] Lu | Catalytic Upgrading of Biomass Fast Pyrolysis Vapors with Nano Metal Oxides: An Analytical Py-GC/MS Study[END_REF]. Some authors assume that pyrolysis occurs under a linear heating rate [START_REF] Biagini | Characterization of a lab-scale platinum filament pyrolyzer for studying the fast devolatilization of solid fuels[END_REF][START_REF] Proano-Aviles | Heat and Mass Transfer Effects in a Furnace-Based Micropyrolyzer[END_REF], and when using isothermal conditions, some researchers assume biomass temperature equals the temperature of the heating source [START_REF] Guo | Pyrolysis kinetics of biomass (herb residue) under isothermal condition in a micro fluidized bed[END_REF][START_REF] Janković | Identification of the effective distribution function for determination of the distributed activation energy models using Bayesian statistics: Application of isothermal thermogravimetric data[END_REF].

In contrast, strictly isothermal experiments are impossible because of a nonisothermal heat-up time that is always present [START_REF] Vyazovkin | ICTAC Kinetics Committee recommendations for performing kinetic computations on thermal analysis data[END_REF] and could be comparable to the characteristic time of the pyrolysis process occurring in a few seconds [START_REF] Vinu | A mechanistic model of fast pyrolysis of glucose-based carbohydrates to predict bio-oil composition[END_REF].

Chapter 1: State of the art For slow pyrolysis, assuming the use of small biomass particles (< 1 mm), the hypothesis that the sample temperature is equal to that of the reactor could be valid due to the prolonged heating time that can allow a thermal equilibrium between the biomass particle and its surrounding environment [START_REF] Montoya Arbeláez | Fast pyrolysis of biomass: A review of relevant aspects. Part I: Parametric study[END_REF]. However, thermal lag higher than 100 °C can be reached for fast pyrolysis conditions, especially with elevated heating rates or temperatures [START_REF] Montoya | Fast pyrolysis of biomass: A review of relevant aspects.: Part I: Parametric study[END_REF]. This thermal lag leads to drastic errors in kinetic parameter predictions [START_REF] Narayan | Thermal Lag, Fusion, and the Compensation Effect during Biomass Pyrolysis[END_REF].

Some researchers have successfully minimized this thermal lag by using an appropriate technique, such as the Fourier Transform Infrared spectroscopy, to measure biomass temperature in the pilot-entrained-flow reactor [START_REF] Solomon | Very rapid coal pyrolysis[END_REF]. However, for commercial microreactors, it is challenging to make accurate measurements of the sample temperature, which certainly differs from the heating element temperature due to external heating transfer and the low thermal conductivity of biomass.

A model to establish the sample temperature becomes essential for this reactor to reduce the uncertainties in kinetic parameter predictions. Sample temperature modelling must use appropriate sample configurations and proprieties to avoid affecting biased results.

Reaching higher heating rates while remaining in a pure kinetic regime is challenging. The dimensionless numbers can be analyzed to examine the regime during the pyrolysis experiments. This analysis indicates the rate-controlling process.

Thermal Biot number relates the internal heat transfer through conduction to the external heat transfer:

𝐵𝑖𝑜𝑡 = 𝜏 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝜏 𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 ℎ𝑒𝑎𝑡 = 𝑈 𝐿 𝜆 Eq.1.18
The two other dimensionless numbers, called pyrolysis numbers, are defined as follows. Py where τ (s) represents the time scale of the reaction, conduction, or external heat, U (W.m -2 .K - 1 ) is the overall external heat transfer coefficient, and k (s -1 )is the apparent kinetic rate constant. λ (W.m -1 .K -1 ), cp (J.kg -1 ), L (m -1 ), and ρ (kg.m -3 ) are the thermal conductivity, the heat capacity, the characteristic length, and the density of the biomass sample, respectively.

Four regimes are specified based on these dimensionless numbers [START_REF] Mettler | Top ten fundamental challenges of biomass pyrolysis for biofuels[END_REF][START_REF] Maduskar | Five Rules for Measuring Biomass Pyrolysis Rates: Pulse-Heated Analysis of Solid Reaction Kinetics of Lignocellulosic Biomass[END_REF][START_REF] Pyle | Heat transfer and kinetics in the low temperature pyrolysis of solids[END_REF][START_REF] Paulsen | The Role of Sample Dimension and Temperature in Cellulose Pyrolysis[END_REF], as shown in Figure 1.8. In the pure kinetic regime, heat transfers to and within the biomass sample are faster than the reaction rate. As follows, biomass samples are considered homogenous in temperature. This condition is obtained with a Biot number lower than 0.1, meaning that the conduction within the biomass sample is faster than the external heat transfer to the biomass sample, and Py' number higher than 10, which means that external heat transfer to the biomass sample is faster than the pyrolysis chemical reactions.

The external heat transfer coefficient is one of the most critical and hard-to-evaluate parameters used to calculate the values of dimensionless numbers. There is no information about the actual heat transfer coefficient in commercial pyrolyzers in the literature due to the challenges of measuring it. In addition, users do not fully understand the heat transfer performances in commercial micro-reactors because of the complexity and non-availability of their exact characteristics and configurations. Carrier et al. [START_REF] Carrier | Quantitative Insights into the Fast Pyrolysis of Extracted Cellulose, Hemicelluloses, and Lignin[END_REF] used the value of 500 W.m - 2 .K -1 for the heat transfer coefficient, usually used for spherical biomass particles in the fluidized bed reactor, to estimate the reaction-transport regime for resistively heated filament micropyrolyzer. To assess the heat transfer coefficient for particles in a micropyrolyzer, Paulsen et al. [START_REF] Paulsen | The Role of Sample Dimension and Temperature in Cellulose Pyrolysis[END_REF] proposed an average value of 2000 W.m -2 .K -1 based on the work of Dauenhauer et al. [START_REF] Dauenhauer | Reactive boiling of cellulose for integrated catalysis through an intermediate liquid[END_REF] and Papadikis and Bridgwater [START_REF] Papadikis | CFD modelling of the fast pyrolysis of biomass in fluidised bed reactors: Modelling the impact of biomass shrinkage[END_REF], who respectively used an ablative reactor (U = 10 4 to 10 5 W.m -2 .K -1 ) and a fluidized bed reactor (U = 500 W.m -2 .K -1 ).

Focusing on the wide variety of these values, it becomes essential to determine the value of the heat transfer coefficient at the interface of the biomass sample in the considered experimental device.

Zhang et al. [START_REF] Zhang | Investigation of Primary Reactions and Secondary Effects from the Pyrolysis of Different Celluloses[END_REF] used empirical correlations for forced convection to calculate the convective heat transfer for the cup and the sample in a pyroprobe. Proano et al. [START_REF] Proano-Aviles | Heat and Mass Transfer Effects in a Furnace-Based Micropyrolyzer[END_REF] have also used similar correlations to simulate heat transfer in the micropyrolyzer. Empirical correlations only apply to regular geometric shapes like plates, cylinders, and spheres. In addition, there are still doubts about the applicability of conventional macro-scale correlations to micro-scale systems [START_REF] Mielke | Local and overall heat transfer of exothermic reactions in microreactor systems[END_REF]. Moreover, radiative heat transfer may become significant at higher temperatures and is not included in such correlations. Instead, the heat transfer coefficients can be determined by simulations that combine the fluid flow dynamics with the heat transfer phenomena [START_REF] Wang | A lattice Boltzmann algorithm for fluid-solid conjugate heat transfer[END_REF][START_REF] Dorfman | Conjugate Problems in Convective Heat Transfer: Review[END_REF]. However, this technique is demanding in terms of calculation [START_REF] Wang | A lattice Boltzmann algorithm for fluid-solid conjugate heat transfer[END_REF]. On the other hand, Dauenhauer et al. demonstrated in a few studies [START_REF] Mettler | Top ten fundamental challenges of biomass pyrolysis for biofuels[END_REF][START_REF] Maduskar | Five Rules for Measuring Biomass Pyrolysis Rates: Pulse-Heated Analysis of Solid Reaction Kinetics of Lignocellulosic Biomass[END_REF][START_REF] Paulsen | The Role of Sample Dimension and Temperature in Cellulose Pyrolysis[END_REF][START_REF] Zhu | Energetics of cellulose and cyclodextrin glycosidic bond cleavage[END_REF] by analyzing the product distribution and the dimensionless numbers that pyrolysis of thin-film (<10 μm) is required to ensure an isothermal kinetically-controlled regime. The thin-film technique involves the preparation of a sample suspension in the water, which is subsequently removed by evaporation, leaving behind a micro-scale film corresponding to 50 μg of biomass sample. It is unknown whether this preparation step can influence chemical kinetics.

Challenges associated with recording reaction progress along the time

The measurement of pyrolysis reaction kinetics is based on following its progress over time. There are two main experimental approaches to characterize the pyrolysis progress temporally [START_REF] Maduskar | Five Rules for Measuring Biomass Pyrolysis Rates: Pulse-Heated Analysis of Solid Reaction Kinetics of Lignocellulosic Biomass[END_REF]:

 Online detection, whereby the reactor is coupled to an analyzer such as the mass spectrometer, making it possible to track the evolution of the produced species with time;



The method stops the reaction at several progress times by fast cooling the reactive biomass.

For the online detection method, produced species must therefore be quickly transported to the detector to avoid time lags related to the transport of species and changes in the detector response due to molecular diffusion phenomena [START_REF] Maduskar | Five Rules for Measuring Biomass Pyrolysis Rates: Pulse-Heated Analysis of Solid Reaction Kinetics of Lignocellulosic Biomass[END_REF]. It is possible to reduce this time lag by decreasing the length of the transfer line connecting the reactor and the detector. Another approach consists in correcting the detector responses [START_REF] Wintoko | Analysis Method of Black Liquor Pyrolysis and Gasification Using Deconvolution Technique to Obtain the Real Time Gas Production Profile[END_REF][START_REF] Liliedahl | Analysis method of pyrolysis kinetics using modern signal processing techniques[END_REF][START_REF] Abad | Flow analysis deconvolution for kinetic information reconstruction[END_REF]. Evolved gas analysis using Py-MS systems has been used recently in many studies [START_REF] Nardella | Evolved gas analysis-mass spectrometry and isoconversional methods for the estimation of component-specific kinetic data in wood pyrolysis[END_REF][START_REF] Kim | New approach for the kinetic analysis of cellulose using EGA-MS[END_REF][START_REF] Mattonai | Degradation of wood by UV light: A study by EGA-MS and Py-GC/MS with on line irradiation system[END_REF]. However, they have some limitations: They cannot analyze compounds with boiling points above 300°C [START_REF] Sobeih | Recent trends and developments in pyrolysis-gas chromatography[END_REF] or collect samples for further analysis using High-performance liquid chromatography, gel permeation chromatography, etc.

Alternatively, in the experimental method based on stopping the reaction several times, the reactive solid must be quenched sufficiently fast to avoid reproducing low-temperature reactions during cooling [START_REF] Maduskar | Five Rules for Measuring Biomass Pyrolysis Rates: Pulse-Heated Analysis of Solid Reaction Kinetics of Lignocellulosic Biomass[END_REF].

CONCLUSIONS

The conclusions that can be drawn from this state-of-the-art are as follows:

 Fast pyrolysis is one of the most promising technologies to convert biomass into liquid. Pyrolytic oil has the advantage of being easily stored and transported and being a source of several valuable chemicals. The potential of bio-oil is increasingly recognized, with a growing number of research on the pyrolysis process and technologies of bio-oil upgrading.



Fast pyrolysis of biomass is a complex process that involves many physical and chemical transformations. The complex structure of biomass and its variable composition remains critical for achieving high liquid yields. In most cases, cellulose and hemicelluloses produce large quantities of volatiles, while lignin is difficult to decompose and is associated with char production.



Operating parameters (heating rate, final temperature, particle size, residence time of vapors) affect reactions and heat and mass transfers inside the particles. At high heating rates, the formation of intermediate liquid is clearly evidenced. Once formed, it can react, evaporate, or be ejected. Thus, the evolution of the intermediate phase impacts product yields.



Research on pyrolysis aims to rationalize the fast pyrolysis of biomass by providing several empirical and mathematical models adopting different approaches. A chemical view of the problem provides a detailed description of chemical degradation pathways. Currently, most of these suggested degradation schemes are based on the thermal degradation of model compounds, which conduct oversimplified degradation kinetic schemes unable to predict optimal conditions of the overall biomass pyrolysis.



The vast diversity of kinetic models with different kinetic parameters in the literature makes it difficult to use these models. The dispersion of kinetic parameters can be related to uncontrolled heat and mass transfer limitations. The effect of transport phenomena must be suppressed/corrected to evaluate intrinsic reaction kinetics.



Most kinetic parameters are obtained using a thermogravimetric analyzer that cannot ensure high heating rates. Therefore, obtained parameters cannot be used to predict fast pyrolysis.



Process analysis contributes to an in-depth understanding of biomass pyrolysis, while the complexity of biomass-derived products and the diversity of influencing factors such as heat and mass transfers and instrument lag challenge it.

THESIS STRUCTURE

As previously mentioned, measuring and modelling the kinetics of biomass fast pyrolysis is essential to control yields and product composition. However, the experiments are complicated due to the convolution of solid and liquid phase chemistries with heat and mass transfer phenomena. The work presented in this thesis aims at advancing controlling, measuring, and modelling the biomass fast pyrolysis process kinetics.

Chapter 1: State of the art

The experimental devices used in the present thesis will be exposed in Chapter 2. The results of the current work are given starting from Chapter 3, having the following objectives:

Develop a methodology capable of correcting the heat and mass transfer limitations using a conventional analytical tool, a micro-pyrolyzer coupled to a mass spectrometer (Py-MS), and produce experimental datasets describing the reactivity of biomass under the kinetically controlled regime (Chapter 3);

Associate measured kinetic parameters with kinetic models called "constant activation energy," "variable activation energy," and "distributed activation energies" to simulate the devolatilization stage of biomass fast pyrolysis (Chapter 4).

And evaluate the interdependence of kinetics to reactor design by confronting those 'corrected' intrinsic kinetics to a new primary kinetic dataset (Chapter 5).

Present the main conclusions of this thesis with further works (Chapter 6). 
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Chapter 2: Materials and experimental methods

This thesis used two experimental systems: A micropyrolyzer coupled directly to a mass spectrometer is used to evaluate the kinetic of two kinds of biomass devolatilization (Beechwood and Zea Mays leaves). The screen heater is used to obtain a complete mass balance under fast pyrolysis conditions and assess the kinetics of primary product formation from wood pyrolysis. Both technologies are described in this chapter.

FEEDSTOCK MATERIALS AND CHARACTERIZATION

Corn (Zea Mays) leaves (IsoLife, Wageningen, Netherlands) and Beechwood (SoWood, Saint-Herblain, France) were used in this study. The size of samples was reduced to < 150 μm using cryogenic grinding (SPEX 6775 model). Before analysis, biomass samples were dried for 24h at 104 °C. Proximate analysis based on the ASTM E1131 standard using TGA/DSC 111 Setaram and ultimate analysis using an elemental analyzer (Flash 2000 Thermo) were performed, and the results are presented in Table 2.1.

The lignocellulosic composition (e.i., the weight percentage of cellulose, hemicelluloses, and lignin) of feedstocks (Table 2.1) was estimated using the thermogravimetric method proposed by Carrier et al. [START_REF] Carrier | Thermogravimetric analysis as a new method to determine the lignocellulosic composition of biomass[END_REF]. The cellulose, hemicellulose, and lignin contents obtained with this method were comparable to literature for beechwood (cellulose: 40-50 wt.%, hemicelluloses: 24-40 wt.%, and lignins: 18-25 wt.%) [START_REF] Wang | Lignocellulosic biomass pyrolysis mechanism: A state-of-the-art review[END_REF][START_REF] Dhyani | A comprehensive review on the pyrolysis of lignocellulosic biomass[END_REF] and Corn stover (cellulose: 20-40 wt.%, hemicelluloses: 23-46 wt.%, and lignins: 16-26 wt.%) [START_REF] Wang | Lignocellulosic biomass pyrolysis mechanism: A state-of-the-art review[END_REF][START_REF] Dhyani | A comprehensive review on the pyrolysis of lignocellulosic biomass[END_REF]. Beechwood sample contains high volatile matter content, which generally contributes to high bio-oil yields, while Zea Mays leaves with high fixed carbon may lead to high biochar yield [START_REF] Dhyani | A comprehensive review on the pyrolysis of lignocellulosic biomass[END_REF]. Zea Mays leaves show higher content of ash than beechwood. The inorganic fraction of biomass samples mainly consists of potassium and calcium (Table 2.2). Hemicelluloses [b] 39.12 27.66 Cellulose [b] 41.50 47.87 Lignins [b] 19. 38 24.47 db: dry basis, [a]: obtained by difference, [b]: dry and ash and extractive free basis. 

EXPERIMENTAL SETUPS

Detailed description of the Py-MS apparatus

Sample preparation

The sample weight and shape affect results as well as the reproducibility [START_REF] Zhang | Investigation of Primary Reactions and Secondary Effects from the Pyrolysis of Different Celluloses[END_REF].

Frontier Lab recommends using less than 100 μg to avoid reproducibility problems.

In this study, approximately 50 μg of biomass sample was carefully introduced to the 50 μL deactivated stainless-steel cup (Eco cup, Frontier Labs, Japan) to spread out as well as possible at the bottom of the cup and get as close as possible to the thin film configuration, which ensures a kinetically controlled regime (as will be discussed in

Chapter 3). The exact amount of sample was determined by weighing the cup before and after adding the biomass sample using an analytical microbalance (SE2 Sartorious, readability interval of 0.0001 mg). As the sample mass was relatively small, the mass measurement was performed three times. The difference between the three measurements was slight, ensuring minor measurement fluctuation. The sample mass reported is the average of the three measurements.

Evolved gas analysis set-up

A schematic of the evolved gas analysis (EGA) used in this study is shown in The micropyrolyzer (Figure 2.2) consists of a sampler that holds the sample, the reactor made in Quartz, a heating sleeve, a ceramic support, a Porex insulator, and a heated interface zone to keep the pyrolysis products in the gaseous state until they reach the GC injection port. The main dimensions of the micropyrolyzer elements are presented in Table 2.3.

Run procedure

"Single-shot" mode (also called flash pyrolysis) was used in the pyrolyzer. In this mode, a stainless-steel stick (Eco stick, Frontier Labs, Japan) suspends the deactivated stainless-steel cup containing a biomass sample at the top of the reactor tube during the preheating stage.

The experimental instrument controls the furnace temperature precisely, so it is preheated from ambient temperature to the desired pyrolysis temperature in less than one second [START_REF] Picó | Pyrolysis gas chromatography-mass spectrometry in environmental analysis: Focus on organic matter and microplastics[END_REF]. Once the furnace has reached the desired temperature (400, 420, 430, and 450 °C), the stick and the cup containing the biomass are liberated in the preheated zone by pressing a button on the top of the sampler (Figure 2.2). Working with a temperature < 450 °C is essential to avoid heat transfer limitations (This will be proved in Chapter 3).

The change in Quartz tube diameter (from 4.8 to 1.9 mm) supports the cup (I.D = 3.6 mm, O.D = 4 mm, and length = 5 mm) and keeps it in the center of the hot zone.

Before introducing the sample, the microreactor was purged for 2 min to remove oxygen. Pyrolytic products were conducted using Helium (Scientific grade 6.0, Linde France) at a flow rate of 100 mL/min and left the microreactor through a needle attached to the bottom of the interface zone, which directs them to the transfer line.

Temperatures of the interface zone and the GC injection port (where the injection needle was) were set to 280 °C. At the end of the experiment, the heating zone is cooled using nitrogen.

The released products were injected using a split ratio of 100:1, so only 1.0 mL/min of carrier gas flow rate crosses the deactivated column. The mass spectrometer was operated under electron impact (EI) mode at an ionization energy of 70 eV, scanning from 32 to 300 m/z. Two experiments were conducted for each set of experimental conditions, with a cleaning run performed in between. The minimal difference observed between the two tests ensures reliable and reproducible results. A primary limitation of the experimental setup is the discrimination of detecting high molecular weight compounds with higher-boiling points due to the constraint of the GC injection port that cannot exceed 300°C [START_REF] Sobeih | Recent trends and developments in pyrolysis-gas chromatography[END_REF]. 

Measurement of the cup temperature

The system indicates only the temperature of the heating sleeve; the actual cup temperature has been measured by other means. A direct thermocouple (type K and 0.25 mm in diameter; TC S.A.) was connected to the Agilent 34970A acquisition unit. When the pyrolyzer furnace temperature had stabilized at 500°C, the thermocouple, and the cup were manually introduced inside the micro-reactor. It should be noted that this measurement remains approximate because the introduction of the thermocouple with the cup during measurement is done manually with an open reactor which can cause heat loss.

Residence Time Distribution (RTD) measurements

Molecular and convective transport phenomena of volatile matter elapsed of the particle to the detection system compromise the collection of intrinsic kinetic data [START_REF] Maduskar | Five Rules for Measuring Biomass Pyrolysis Rates: Pulse-Heated Analysis of Solid Reaction Kinetics of Lignocellulosic Biomass[END_REF]. Developing a deconvolution technique to obtain real-time devolatilization profiles (or gas species release profiles) to clear the intrinsic kinetic data from any bias is required. Cumulative residence time distribution, F(t), is obtained from a step injection of gas mixture (10 mol % of propene, 10 mol % of butene-1, 10 mol % of cis-butene-2, and 10 mol % of trans-butene-2 in azote) at a flow rate of 2 mL/min.

The syringe driver pushed the gas mixture through a PTFE tube (Figure 2.3). The end of the tube was connected to a long needle, which was inserted into the rector allowing the gas mixture to be injected at the cup location. The gas tracer was conducted using helium (Scientific grade 6.0, Linde France) at a flow rate of 100 mL/min while only 1 mL/ min crosses the empty column, which is maintained at 300 °C. Temperatures of the interface zone and the GC injection port were set to 280 °C.

The mass spectrometer operating under electron impact (EI) mode at ionization energy of 70 eV, and scanning from 32 to 300 m/z ensures the continuous recording of tracer gas evolution. Two tracer injections for each set of experimental conditions were conducted. The minimal difference observed between the two tests ensures reliable and reproducible results.

Devolatilization profiles of biomass components

The main representative fragments of holocellulose and lignins (Table 2.4)

were extracted from the devolatilization profiles using the OpenChrom® data analysis software to investigate the contribution of biomass biopolymers. These signals were selected based on their relative intensities and because they are markers of the corresponding lignocellulosic fractions.

Detailed description of the screen-heater reactor

Sample preparation

50 to 60 mg of dry beech wood sample was distributed over a stainless-steel screen while maintaining 0.5 cm free from the sample to clamp the sieve between the electrodes. A second screen was pressed on top of it with a hydraulic press (Rodac RQPPS30 30t, 450 kg.cm -2 ). The amount of sample between the screens was determined by weighing the pressed screens containing the biomass sample using an analytical balance (Mettler Toledo AX205, readability interval of 0.01 mg) and subtracting it from the weight of the initial screen. The electrodes and bolts were covered with Teflon tape before being placed in the reactor. The mass measurement was carried out in triplicate. The slight variation observed among the three measures confirms minimal fluctuations in the measurement process. The reported sample mass represents the average value obtained from the three measurements.

Screen-heater setup

The screen-heater reactor ( The vacuum inside the vessel (< 0.5 mbar) is created using an online vacuum pump [START_REF] Pereira | The Russian-Ukrainian armed conflict will push back the sustainable development goals[END_REF]. A 20 mL syringe was introduced from connection (7) to take a gas sample at the end of the experiment.

The pressure was monitored during the experiment using two high-speed pressure sensors ((8), Heise DXD3765 and Druck PTX 520), and a pyrometer ((11), Keiber KGA 730) was used to monitor the temperature.

The optical beam of the pyrometer was focused at the center of the screens (3) via a glass tube [START_REF] Cherubini | The biorefinery concept: Using biomass instead of oil for producing energy and chemicals[END_REF] with silicon sealing [START_REF] Naik | Production of first and second generation biofuels: A comprehensive review[END_REF] to avoid disturbance in measuring by the liquid nitrogen.

During the experiment, the temperature measured at the pyrometer spot was termed the final temperature of the screens (TFS). To reach TFS, the screens should be heated at a rate of 6000 °C s -1 , approaching as close as possible to isothermal measurements [START_REF] Westerhof | The interplay between chemistry and heat/mass transfer during the fast pyrolysis of cellulose[END_REF]. The temperature is maintained at TFS for a specified time called the holding time, and after that, screens are cooled at a rate of ∼ 60 °C s -1 . The screens-heater enables [START_REF] Westerhof | The interplay between chemistry and heat/mass transfer during the fast pyrolysis of cellulose[END_REF]:

• The minimization of non-isothermality;

• The minimization of the evaporation time by using vacuum conditions (the levoglucosan sample, for example, is completely evaporated within 30 ms at 5 mbar vs. 300 ms at 1,000 mbar) [START_REF] Westerhof | The interplay between chemistry and heat/mass transfer during the fast pyrolysis of cellulose[END_REF];

• And the minimization of extra-particle reactions by minimizing hot vapor residence time and fast quenching of the products.

Run procedure

Before each experiment, screens loaded with the biomass sample, copper electrodes, bolts, vessel, and Teflon tape were weighed. The electrodes were covered by Teflon tape to quantify the products condensed on this part. The air was removed from the vessel by creating a vacuum (< 5 mbar). The reactor is then flushed with nitrogen twice to eliminate the oxygen.

After rinsing with nitrogen, the vacuum was created again. The bath surrounding the reactor vessel was filled with liquid nitrogen. Once everything was in place, the pyrolysis cycle was started following a pre-programmed procedure using the Labview program (with the set 

Products recovery and mass balance determination

Once the reactor was at room temperature, the pressure inside the vessel was increased to approximately 900 mbar by adding nitrogen gas, which allowed a gas sample to be taken using the 20 mL syringe. The gas sample was then analyzed using a micro-GC (Varian MicroGC CP4900, 2 analytical columns: 10 m Molsieve 5Å and a 10 m PPQ, respectively) for N2, O2, CO, CO2, CH4, C2H6, C2H4, C3H6, and C3H8. The gas yield is calculated by the following equation: where YGas (kg kg -1 ) is the gas yield, Psample (Pa) is the pressure at which the gas sample was taken, Vvessel (m 3 ) is the volume of the vessel, mfeedstock (kg) is the mass of biomass sample, MW,i (kg mol -1 ) is the molecular weight of component i in the gas sample, fv,i (-) is the volume fraction of component i in the gas sample, R (J mol -1 K -1 ) is the gas constant, Tambient (K) is the temperature at which the gas sample was taken.

The solid residue was defined as the material remaining between the screens after an experiment, and its yield was calculated using Eq.2.2. The bio-oil formed condensed mainly on the vessel interior walls, and a small quantity condensed on the electrodes and bolts. The weights of the Teflon tape, electrodes, bolts, and vessel were recorded before and after the experiment and used to calculate the bio-oil yield (Eq.2.3). The independently determined bio-oil, solid residue, and gas yields were summed to check the closure of the mass balance (Eq.2.4).

𝑌 𝑆𝑜𝑙𝑖𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 (𝑤𝑡. %) = 100 𝑚 𝑠𝑐𝑟𝑒𝑒𝑛𝑠 +𝑠𝑜𝑙𝑖𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 -𝑚 𝑠𝑐𝑟𝑒𝑒𝑛𝑠 𝑚 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 Eq.2.2 𝑌 𝑂𝑖𝑙 (𝑤𝑡. %) = 100 (𝑚 𝑉𝑒𝑠𝑠𝑒𝑙 +𝑂𝑖𝑙 -𝑚 𝑉𝑒𝑠𝑠𝑒𝑙 +𝑂𝑖𝑙 )+( 𝑚 𝑒 +𝑏 +𝑡 +𝑜𝑖𝑙 -𝑚 𝑒 +𝑏 +𝑡 ) 𝑚 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 Eq.2.3 𝑀𝑎𝑠𝑠 𝑏𝑎𝑙𝑎𝑛𝑐𝑒 ∶ 𝑌 𝑂𝑖𝑙 + 𝑌 𝑆𝑜𝑙𝑖𝑑 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 + 𝑌 𝐺𝑎𝑠 = 100
Eq.2.4

where YOil (kg kg -1 ), and Ysolid residue (kg kg -1 ) are the bio-oil and biochar yields. mvessel (kg), mscreens (kg), and me+b+t (kg) are the mass of the vessel, the mass of screens, the mass of the electrodes (c), bolts (b), and tape (t) weighted before each experiment. mvessel+oil (kg), mscreens+ solid residue (kg), me+b+t+oil (kg), are the mass of the vessel with oil, the mass of screens with solid residue, the mass of the electrodes (c), bolts (b) and tape (t) with oil, weighted at the end of each experiment.

Cellobiosan and levoglucosan yields

The levoglucosan and cellobiosan content in bio-oil were analyzed using HPLC (Agilent 1200 series 

INTRODUCTION

Studying the chemical kinetics of biomass pyrolysis is essential for designing reactors and optimizing the global process [START_REF] Lédé | Cellulose pyrolysis kinetics: An historical review on the existence and role of intermediate active cellulose[END_REF]. These studies can help to improve the selectivity of desired products. Studying the chemical kinetics of pyrolysis requires isolating both undesirable reactions and transport phenomena [START_REF] Mettler | Top ten fundamental challenges of biomass pyrolysis for biofuels[END_REF]. This task is challenging because of the complex nature of biomass fast pyrolysis: the solid biomass softens and is fragmented and depolymerized to form a reactive intermediate (composed of oligomers) that bubbles when volatile products are created via secondary reactions [START_REF] Pecha | Progress in understanding the four dominant intra-particle phenomena of lignocellulose pyrolysis: chemical reactions, heat transfer, mass transfer, and phase change[END_REF][START_REF] Mettler | Revealing pyrolysis chemistry for biofuels production: Conversion of cellulose to furans and small oxygenates[END_REF][START_REF] Montoya | Micro-explosion of liquid intermediates during the fast pyrolysis of sucrose and organosolv lignin[END_REF]. Commercial analytical pyrolysis systems have become increasingly used in biomass fast pyrolysis research. Recently, Kim et al.

[207] and Nardella et al. [START_REF] Nardella | Evolved gas analysis-mass spectrometry and isoconversional methods for the estimation of component-specific kinetic data in wood pyrolysis[END_REF] have applied isoconversional methods to the microfurnace pyrolyzer coupled with mass spectrometry. They showed that this technique could provide more information than thermogravimetric analysis (TGA).

Unfortunately, they failed to provide a comprehensive methodology to discharge any heat and mass transfer limitations that could corrupt the detector response and provide unreliable kinetics. Establishing experimental conditions free from heat transfer limitations using these micropyrolyzers has yet to be verified. Recently, Proano et al. [START_REF] Proano-Aviles | Heat and Mass Transfer Effects in a Furnace-Based Micropyrolyzer[END_REF] used experimentation combined with CFD simulations to investigate the heat transfer in the micro-furnace micropyrolyzer. They estimated the heating rate of the cup containing the biomass sample of 494 K/s to reach the temperature of 1268 K, which is modest compared to that of 1000 K/s claimed by manufacturers. Except if the biomass sample heating is much faster than chemical reactions, a non-isothermal effect will be included in the temporal evolution of chemical products. Since accurate measurement of biomass sample temperature with these devices is impossible, the isothermal character of experiments has never been verified. In addition, tracking the progression of the reaction with time requires the ability to measure the time-resolved composition of evolving product species efficiently. Whatever the system (Reactor-Detector), the challenge associated with the online detection of the produced species is represented in the time lag related to the transport of species and the mixing phenomena between the reactor and the detector. In other words, mass transfer limitations can influence chemical kinetic measurements in a way presented by a delay in response to the chemical species evolution if these are swept too slowly from the reactor to the detector. In addition, the slow transport of species can create different zones with different concentrations inside the transfer line and lead to their diffusion, which can modify the kinetic information by changing their time-evolved profiles. Also, volatile organic compounds must rapidly be transferred from the sample cup to the detector to avoid secondary reactions [START_REF] Hoekstra | Heterogeneous and homogeneous reactions of pyrolysis vapors from pine wood[END_REF]. Alternatively, the detector response needs to be corrected.

In this chapter, different numerical, theoretical, and experimental approaches are carried out to correct the heat and mass transport limitations in the micropyrolyzermass spectrometer system (Py-MS), which is described in Chapter 3: The impact of the initial mass of the biomass sample on thermal conversion was also discussed at the end of this chapter.

NUMERICAL THERMAL MODEL AND SIMULATION

COMSOL Multiphysics ® v5.5, based on the finite element method, has been used for this study with a consideration of the following hypotheses: Solutions were determined using the fully coupled approach, which means that dependent variables were solved simultaneously. Parallel Direct Solver (PARADIS)

was used with the automatic Newton's method. Simulations were converged with an absolute tolerance of 10 -4 . In addition, a mesh sensitivity study was carried out. A triangular mesh with a maximum element size of 8 mm and a minimum element size of 0.02 mm was first used, and the solution was stored. Then the mesh was gradually refined as the new solution differed from the previous one. Finally, results were kept the same when the maximum element size was further reduced to 0.05 mm.

Therefore, this element size was retained.

Geometry

The model considered all the components of the pyrolysis system, including the air layers between the heating sleeve and the reactor and between the heating sleeve and the insulator, as shown in Figure 3.1.

All dimensions can be found in Chapter 2, section 2.2.1. In the model implementation, the cup was slightly raised to allow the passage of helium. A flat bottom also replaced the curved bottom part of the cup. As the actual arrangement of powdered biomass samples at the bottom of the cup is rather challenging to describe, the actual arrangement was bounded between extreme configurations, as it is shown in Figure 3.2. The thin-film biomass corresponds to the best configuration for heat transfer as it has a larger surface area in contact with the cup. The sphere refers to the most pessimistic case. 

Heat transfer and fluid flow

The model involves conjugate heat transfer coupled with fluid dynamics. The pressure and the velocity field of helium were obtained by resolving mass and momentum equations for a compressible fluid (Eq.3.2 and Eq.3.3). where Cp (J.K -1 .kg -1 ) and ρ (kg.m -3 ) are the heat capacity and the mass density, respectively, T (K) is the temperature, and Q (W.m -2 ) is the heat source term, q (W.m -2 ), Qp (W.m -2 ), and Qvd (W.m -2 ) are, respectively, the energy source due to conductive (Eq.3.5), pressure (Eq.3.6), and viscous dissipation (Eq.3.7). The thermophysical proprieties of reactor materials were temperature-dependent as defined in the Comsol databases, except the heating sleeve and the cup, which were considered to have properties of stainless steel with a density of 7960 kg.m -3 , the heat capacity of 502 J.kg -1 .K -1 , and thermal conductivity of 16.3 W.m -1 .K -1 . The thermophysical properties of the biomass used in this work were temperaturedependent, as described by Siddiqi et al. [START_REF] Siddiqi | A synergistic study of reaction kinetics and heat transfer with multi-component modelling approach for the pyrolysis of biomass waste[END_REF]. Simulations were carried out in two steps. First, it consisted of determining the temperature fields in the empty microreactor at the steady-state before introducing the cup and biomass (see Appendix A section A.1). The obtained temperature fields were then used as an initial condition for the transient study when both the cup and the biomass sample were added to the problem.

Boundary and initial conditions (transient study)

The continuity of temperature and energy flux at the internal surfaces was ensured by including heat transfer in all simulated geometries. In contrast, the external surfaces of the reactor were supposed to be thermally insulated. For the transient study, the initial temperatures of the cup, biomass, and helium were set to ambient temperature (293 K). In contrast, the temperature fields obtained from the steady-state study were used for the rest of the geometries. The helium flow was considered to be laminar. The positions of the inlet and outlet to the system are presented in Figure 3.1. The helium inlet velocity was 0.12 m/s at 293 K calculated at the top section of the Quartz tube (I.D = 4.8 mm) for a 125 mL/min fluid flow rate.

The outlet pressure was 2.9 bar.

Lumped system analysis

The experimental temperature history of the cup was also fitted to the simple model (lumped system analysis, Eq.3.8) based on the approximation of the spatial uniformity of the object temperature during its heating [START_REF] Raju | Fluid Mechanics, Heat Transfer, and Mass Transfer: Chemical Engineering Practice[END_REF]:

𝑇 𝐶𝑢𝑝 (𝑡)-𝑇 𝐹𝑢𝑟𝑛𝑎𝑐𝑒 𝑇 0 -𝑇 𝐹𝑢𝑟𝑛𝑎𝑐𝑒 = 𝑒 -𝑡 𝜏 Eq.3.8
where τ is the time constant:

𝜏 = 𝜌 𝑉 𝐶 𝑝 𝑈 𝐴 𝑆
Eq.3.9

where Tfurnace (K) is the temperature of the furnace, T0 (K) is the initial temperature of the cup, U (W.m -2 .K -1 ) is the overall heat transfer coefficient at its surface, As (m 2 ) is the surface area of the cup, V (m 3 ) is the volume of the cup, ρ (kg.m -3 ) is its density, and Cp (J.K -1 .kg -1 ) is its specific heat.

DIMENSIONLESS NUMBERS

The Eq.3.12 where τ (s) represents the time scale of the reaction, conduction, or external heat, U (W.m -2 .K -1 ) is the overall external heat transfer coefficient, and k is the apparent kinetic rate constant. λ (W.m -1 .K -1 ), Cp (J.K -1 .kg -1 ), L (m), and ρ (kg.m -3 ) are the thermal conductivity, the heat capacity, the characteristic length, and the density of the biomass samples, respectively. External heat transfer coefficients at the surfaces of different samples were determined using numerical simulations, as described in 3.1).

When comparing studies, a considerable variation in activation energy (66 to 224.7 kJ.mol -1 ) and pre-exponential factor (2×10 3 to 2.4×10 16 s -1 ) was observed. Those disparities are usually due to the heterogeneity of biomass, the different operating conditions, and the heating conditions established in diverse reactors [START_REF] Anca-Couce | Reaction mechanisms and multi-scale modelling of lignocellulosic biomass pyrolysis[END_REF]. Of particular interest here is Zhu et al. [START_REF] Zhu | Energetics of cellulose and cyclodextrin glycosidic bond cleavage[END_REF],

who measured the isothermal kinetics of cellulose conversion using a PHASR reactor.

According to the authors, cellulose undergoes two distinct kinetic regimes: a low activation energy regime (97.1 ± 1.9 kJ.mol -1 ) below the reactive melting point of cellulose at 467 °C and high activation energy regime (224.7 ± 1.1 kJ.mol -1 ) above 467 °C.

The Arrhenius plot (Figure 3.3) represents those diverse conditions for biomass pyrolysis and confirms that the kinetic parameters determined using the PHASR reactor provide the fastest conversion at a low-temperature range. The high reaction rates derived with the PHASR make intrinsic kinetics harder to obtain, and place studies carried out using this reactor in realistic conditions compared to the other studies. In addition, a slight temperature change of 10 °C increases the kinetic constant by 12 % for the study carried out by Pyle, and Zaror [START_REF] Pyle | Heat transfer and kinetics in the low temperature pyrolysis of solids[END_REF] and up to 36 % for that carried out by Zhu et al. [START_REF] Zhu | Energetics of cellulose and cyclodextrin glycosidic bond cleavage[END_REF].

This demonstration indicates two facts:

 It is difficult to judge the isothermal nature of the sample without fixing the limit of temperature difference within the sample that does not significantly impact the kinetics;

 And it is critical to use suitable and intrinsic kinetic parameters for pyrolysis to ensure the best indications for the rate-controlling process.

As a result, in this work, the spatial inhomogeneity of sample temperature of 10 °C is considered significant, and kinetic parameters obtained using the PHASR reactor were used, as the faster kinetics is likely to be the closest to intrinsic kinetics. A sample mass of 50 μg was considered in this study as it is often used to prepare biomass thin-film.

EXTENT OF CONVERSION FROM PY-MS DATA

In the Py-MS technique, the volatile products are impelled toward the detector, which continuously records the physical magnitude that is related to the extent of biomass conversion in the reactor. For Py-MS data, the calculation of reactional conversion is based on The extent of conversion for integral data (e.g., TGA, DMA, capacity data) is calculated using Eq.3.14 [START_REF] Sbirrazzuoli | Interpretation and Physical Meaning of Kinetic Parameters Obtained from Isoconversional Kinetic Analysis of Polymers[END_REF], whereas, for Py-MS data, it is computed as the case of differential data (e.g., DSC) using Eq.3.15 [START_REF] Sbirrazzuoli | Interpretation and Physical Meaning of Kinetic Parameters Obtained from Isoconversional Kinetic Analysis of Polymers[END_REF].

𝛼 =

𝑋 𝑡 -𝑋 𝑡 0 𝑋 𝑓 -𝑋 𝑡 Eq.3.14

𝛼 = 𝑋 𝑡 𝑋 𝑡𝑜𝑡 Eq.3.15
where X is a physical property that is associated with the process transformation. In our case, Xt and Xtot in Eq.3.15 are the real-time total ion chromatogram area between 0 and t, At, and the entire area of the real-time devolatilization profile, Atot (Eq.3.13). The extent of conversion in Eq.3.13 is equal to the mass of species generated within the micropyrolyzer and having already left the reactor at a time t divided by the total mass of the evolved products.

Thus, the mass of products remaining inside the system during transport was not considered.

This quantity can be neglected for slow chemical processes where the extent of conversion in the reactor is negligible within a time interval defined by the residence time of evolving species in the transfer line connecting the reactor to the detector. In this particular case, the recorded response of the detector could correspond to the real extent of conversion in the reactor. However, for fast chemical kinetics, the scale of time measurement could be longer or in the same order of magnitude as that of chemical reaction progression. This work proposed a procedure for kinetic information reconstitution (real-time devolatilization profiles) based on the measurement of the residence time distribution of the Py-MS system and the deconvolution technique, which is discussed in the following section.

DECONVOLUTION TECHNIQUE FOR KINETIC FORMATION RECONSTRUCTION

Theoretical aspects

The method is based on the principle that the output concentration, Cout, (or quantity proportional to it), equals the convolution of the actual input concentration, Cin, (or quantity proportional to it) and the residence time distribution (RTD), E(t) [START_REF] Wojewódka | Residence time distribution in rapid multiphase reactors[END_REF]:

𝐶 𝑜𝑢𝑡 (𝑡) = 𝐶 𝑖𝑛 (𝑡) 𝐸(𝑡) Eq.3.16
The RTD is defined as a distribution function with the average time that volatiles products spend inside the experimental system [START_REF] Jafarikojour | Residence time distribution analysis and kinetic study of toluene photo-degradation using a continuous immobilized photoreactor[END_REF]. It can be determined experimentally using two tracer methods: step input and pulse (Dirac) input. The latter is limited because it is impossible to perform a real Dirac injection; the amount of tracer should be minimal and quickly added to the system to get closer to a Dirac [START_REF] Gendron | Residence time distribution in extruders determined by in-line ultrasonic measurements[END_REF]. For this study, we used a step injection, adding a tracer at a constant rate to the system, leading to a constant input concentration of C0. The system response is the cumulative distribution F(t):

𝐹(𝑡) = 𝑇𝑟𝑎𝑐𝑒𝑟 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑡ℎ𝑒 𝑜𝑢𝑡𝑙𝑒𝑡 (𝑜𝑟 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑎𝑙 𝑡𝑜 𝑖𝑡)𝑎𝑡 𝑡𝑖𝑚𝑒 𝑡 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑜𝑟 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛𝑎𝑙 𝑡𝑜 𝑖𝑡) 𝑜𝑓 𝑡𝑟𝑎𝑐𝑒𝑟 = 𝐶(𝑡) 𝐶 0
Eq.3.17

The response to the impulse injection is derivative to step injection since the Dirac is the derivative of the step function, and therefore E(t) can be obtained using F(t) using the following equation [239]:

𝐸(𝑡) = 𝑑𝐹(𝑡) 𝑑𝑡 Eq.3.18
In the frequency domain, convolution is equal to multiplication. Thus, by applying the Fourier transform, Eq.3.15 is turned into Eq.3.18.

𝐹[𝐶 𝑜𝑢𝑡 (𝑡)] = 𝐹[𝐶 𝑖𝑛 (𝑡)]. 𝐹[𝐸(𝑡) ]

Eq.3.19

The input concentration (or quantity proportional to it) in the time domain can be determined using Eq.3.20.

[𝐶 𝑖𝑛 (𝑡)] = 𝐹 -1 [ 𝐹[𝐶 𝑜𝑢𝑡 (𝑡)] 𝐹[𝐸(𝑡)
] Eq.3.20

Procedure

This section explicitly describes the methodology to reveal the key stages of collecting and treating the raw data. Simple but not optimal techniques [START_REF] Caballero | Mathematical considerations for nonisothermal kinetics in thermal decomposition[END_REF] for filtering, smoothing, and fitting the data were used.

Data acquisition

Raw RTD curves, E(t), were obtained by differentiating F(t) to time and were normalized to the total area so that ∫ 𝐸(𝑡)𝑑𝑡 = 1 ∞ 0

[239].

Real-time devolatilization profile determination

As in the frequency domain convolution is equal to multiplication, Fast Fourier Transform (FFT) was used to extract the real-time devolatilization profile from the couple Residence time deconvolution (RTD)-raw devolatilization profile. FFT requires a high number of data points to ensure a satisfactory frequency resolution [START_REF] Harvey | The Fundamentals of FFT-Based Signal Analysis and Measurement in LabVIEW and LabWindows[END_REF]. Thus, RTD and raw devolatilization profiles were zero-padded before FFT calculation. As deconvolution "is an improper mathematical operation, very sensitive to noise in the raw signals" [START_REF] Serres | Liquid residence time distribution of multiphase horizontal flow in packed bed milli-channel: Spherical beads versus open cell solid foams[END_REF], a further filtering action has been implemented. Thus, an iterative filtering method was performed as described by Liliedahl et al. [START_REF] Liliedahl | Analysis method of pyrolysis kinetics using modern signal processing techniques[END_REF]. Finally, the filtered devolatilization profiles were multiplied to the maximum value (intensity/initial sample weight) to obtain the same unit as the raw devolatilization profiles. The Matlab code for the deconvolution process is presented in Appendix A, section A.5.

RESULTS AND DISCUSSIONS

Evaluating heat transfer limitations

Heating of the cup

The time-temperature history of the cup determined by the finite element method is compared to the experimental one (Figure 3.4). A good agreement was observed between the measured and simulated results without parameter fitting. This validates the numerical thermal model of the micropyrolyzer. Other simulations were carried out with different cups (see Appendix A, section A.6) and confirmed that the cup type did not significantly impact the heat transfer within the reactor.

As it is shown in Figure 3.4, the time-temperature history of the cup can be described accurately using the simple model (described in section 3.2.4); this indicates that the furnace has sufficient mass and is not affected by the falling of the cup. The cup is heated as in a finite fined temperature environment. The heat transfer coefficient at the surfaces of the cup is identified from the simple model and was equal to 335 W.m -2 .K -1 . The contribution of the different heat transfer mechanisms in the micropyrolyzer was also investigated. Three numerical simulations were therefore carried out: in the first one, only the conduction mechanism was considered (helium was immobile). In the second one, helium flow was added to the problem, and finally, all the mechanisms were considered, including the radiation phenomenon. The time-temperature history of the cup was derived at each simulation, as it is presented in Figure 3.5.

Adding the helium flow and radiation to the problem does not significantly impact the time evolution of the cup temperature, indicating that conduction is the predominant heat transfer mechanism in the micropyrolyzer. In the study carried out by Proano et al. [START_REF] Proano-Aviles | Heat and Mass Transfer Effects in a Furnace-Based Micropyrolyzer[END_REF] using the same micro-reactor and under conditions close to ours (furnace temperature of 773 K and helium velocity at the top section of the Quartz tube of 0.1 m/s), the relative contribution of convection was about 35%, which differs from our results where convection contribution was negligible. The difference may be related to the setting of the boundary conditions.

Indeed, in the study of Proano et al. [START_REF] Proano-Aviles | Heat and Mass Transfer Effects in a Furnace-Based Micropyrolyzer[END_REF], the authors used empirical correlations to determine the boundary conditions at the surface of the cup and imposed temperatures at the outer surface of the Quartz tube. In this work, computational fluid dynamics were coupled to heat transfers to avoid these assumptions.

If diffusion in the helium layer between the Quartz tube and the cup is the limiting heat transfer mechanism, at the surface of the cup, we have:

𝑄 = 𝑈 𝐴 𝑠 (𝑇 𝐹𝑢𝑟𝑛𝑎𝑐𝑒 -𝑇 𝐶𝑢𝑝 (𝑡)) = (𝑇 𝐹𝑢𝑟𝑛𝑎𝑐𝑒 -𝑇 𝐶𝑢𝑝 (𝑡)) 𝑅 Eq.3.21
where Tfurnace (K) is the temperature of the furnace, Tcup (K) is the temperature of the cup, As is the surface area of the cup, U (W.m -2 .K -1 ) is the overall heat transfer coefficient at its surface, and R is the thermal resistance of the helium layer:

𝑅 = 𝑙𝑛 𝑟 2 𝑟 1 2 𝜋 𝜆 𝑙 Eq.3.22
where r2 is the internal radius of the Quartz tube, l (m) is the length of the cup and r1 (m) is the external radius of the cup, and λ (W.m -1 .K -1 ) is the thermal conductivity of the helium.

Then, the overall heat transfer coefficient, U, can be determined without any measurement of cup temperature using the following equation:

𝑈 = 1 𝑆 𝑡𝑜𝑡 𝑅
Eq.3.23

Figure 3.5. Simulated temperature vs. time of the cup during heating, taking into account different heat transfer mechanisms: only conduction in black, conduction + convection (0.12 m/s) in orange, conduction + convection (0.12 m/s) + radiation in blue. Here 0.12 m/s refers to the helium velocity at the top section of the Quartz tube.

The transfer coefficient value of 375 W.m -2 .K -1 determined using Eq.3.23 is comparable to that found using the lumped system analysis. Therefore, the heat transfer is dominated by the heat conduction in the helium layer located between the cup and the Quartz tube; this result reveals that the layer thickness of the helium between the cup and the Quartz tube is so small (0.375 mm) that the cup is heated principally by its side surfaces, absorbing the heat that diffuse through the helium layer.

Heating of the biomass sample

With the micropyrolyzer, it is currently impossible to directly measure the temperature of the biomass sample. However, it can be simulated. [START_REF] Vinu | A mechanistic model of fast pyrolysis of glucose-based carbohydrates to predict bio-oil composition[END_REF]. This means that significant biomass conversion occurred before the isothermal regime was reached. Thus, an isothermal experiment cannot be claimed; it is essential to consider the sample timetemperature history when studying fast pyrolysis kinetics using the micropyrolyzer. The linearization of the temperature curve cannot be considered as it would introduce unacceptable temperature differences with the actual profile. This is one of the main results of this work. Second, the temperature histories of the samples are close to that of the cup. The temperature differences between the samples and the cup (Figure 3.6.c) were analyzed more carefully. It reveals that the temperature histories of samples arranged in thin-film and torus were very close to that of the cup, with a maximum temperature difference of about 10 and 12 K for thin-film and torus, respectively. However, the maximum temperature difference between the cup and the spherical sample was more than 25 K. Those reported values point out that temperature histories of samples with the suitable arrangement (in the form of thinfilm or torus) can be estimated experimentally by measuring the temperature of the cup without going through powerful simulations. However, CFD simulations remain (1) the best solution in the absence of a precise means of measuring the sample temperature to characterize its thermal history and (2) a precise way to deal with more realistic sample arrangements and particle shapes. The heat of the chemical reaction taken into account as a source term in the simulation (see Appendix A, section A.7) did not affect the heating of a small sample amount. However, the heat of the reaction needs to be taken into account for larger amounts of the sample [START_REF] Blasi | Kinetic and Heat Transfer Control in the Slow and Flash Pyrolysis of Solids[END_REF]. Now that the thermal history of the particle is known, the effect of external heat transfers is about to be examined through dimensionless numbers. Both heat transfer coefficients at the surface of different sample arrangements (Table 3.2) were determined using numerical simulations, as it is described in Appendix A, section A.2. The obtained values were between 165 and 244 W.m -2 .K -1 for different sample arrangements and temperatures (623 to 773 K) and were smaller than those usually used to calculate the dimensionless number.

Pyrolysis heat transport map (Figure 3.7.a) displaying Py (the ratio between reaction and conduction time scales) versus the Biot number (the ratio between conduction and external heat time scales) for the three 50 μg biomass sample arrangements and at different microreactor temperatures (623 to 773 K) shows that for all the sample arrangements, the points were in an intrinsic kinetic zone except for the sphere at a temperature of 773 K. The sample at the bottom of the cup must be carefully arranged to approximate the thin-film configuration; ideally, one can use the thin-film technique to ensure an intrinsic kinetic regime. It is also important to note that the temperature needs to be smaller than 723 K, as all the points are outside the pure kinetic zone at 773 K.

During pyrolysis, biomass is converted into volatile products and biochar. Therefore, the thermophysical properties of the reactive solid material change with time. For the most pessimistic case investigation, dimensionless numbers were calculated with the biochar thermophysical properties, as it is a poor conductor of heat. Thermophysical properties of biochar were taken from Babu et al. [START_REF] Babu | Parametric study of thermal and thermodynamic properties on pyrolysis of biomass in thermally thick regime[END_REF]. As expected, the low thermal conductivity of biochar leads to low Biot numbers and shifts the points to the right zone (Figure 3.8), where the internal heat transfer within the particle starts to control the process. It is shown that only several points for thin-film biomass remained in the intrinsic kinetic zone. Thus, thin-film biomass was the most favorable to establishing a kinetic regime. Heat transfer limitations logically become more noticeable for larger masses. An amount of 50 μg appears as the maximum sample mass to study the intrinsic kinetics of biomass fast pyrolysis. Bi and b) Py' vs. Bi. Here char thermophysical properties were used [START_REF] Babu | Parametric study of thermal and thermodynamic properties on pyrolysis of biomass in thermally thick regime[END_REF].

Evaluating mass transfer limitations

The choice of an adequate experimental technique to study fast pyrolysis kinetics is centered on minimizing heat and mass transport limitations. A larger sample size of biomass can affect the solid-and liquid-phase chemistries during pyrolysis and lead to the breakdown of primary volatile products via secondary reactions. The extent of product decomposition within the condensed phase or pores or the following external medium depends on the relative rates of secondary pyrolysis chemistry and mass transport. Evaluating mass transfer limitations is challenging because the characterization of solid and liquid phase intermediates has been largely avoided due to the short lifetime and chemical complexity of the condensed phase. Unlike cellulose, biomass is more likely to form metaplasts (liquid and solid parts) when pyrolyzed individually [START_REF] Dauenhauer | Reactive boiling of cellulose for integrated catalysis through an intermediate liquid[END_REF]. The extent of softening during biomass pyrolysis is not yet well known [START_REF] Dufour | In Situ Analysis of Biomass Pyrolysis by High Temperature Rheology in Relations with 1H NMR[END_REF], and the physicochemical properties of the condensed phase are not available in the literature [START_REF] Mettler | Top ten fundamental challenges of biomass pyrolysis for biofuels[END_REF]. This is why mass transfer limitations are usually minimized using sample preparation techniques such as powdered and thin-film samples. In analytical microreactors, samples are generally reduced to powders; consequently, the effect of the initial mass on the distribution of the product must be verified.

Another challenge added to the experimental measurement of the chemical kinetics of pyrolysis is the ability to track the progression of the reaction with time. Released volatiles can therefore be analyzed online in gas measuring instruments. Mass transfers will be reflected by the inefficiency of volatiles to rapidly escape from the reaction zone to the detector, inducing a time lag due to the relatively long transport of volatiles from the reactor to the detector. Mixing the temporally produced products may furthermore occur and thus modify the biomass devolatilization profile. These mass transfer limitations were corrected through a sequential procedure (Chapter 3, section 3.5), including the residence time distribution measurement and the deconvolution process done by Fourier transform.

The comparison between the detected and real-time responses (Figure 3.9) shows that the deconvoluted devolatilization profiles for biomass samples were offset in front, with slight changes in the "shape" (i.e., including the high, the width, and the tailing behavior principally). The advection is the main process responsible for shifting peaks because of species transit inside the system. However, profile shape differences may result from the contribution of dispersion and molecular diffusion inside the transfer line. In Figure 3.9.b, the "shoulder" at the back of the devolatilization peak for beech wood became more apparent after deconvolution. It should also be noted that this "shoulder" is hardly recognizable in the raw devolatilization profile (Figure 3.9.b, curve A), confirming the need to correct the devolatilization profiles to properly understand the pyrolysis kinetics.

Thermal conversion curves were calculated as described in Chapter 3, section 3.4 using realtime devolatilization profiles (Figure 3.10). It can be seen that more than 40 % of biomass was converted before reaching the set temperature of 450°C, confirming that an isothermal experiment cannot be claimed using this experimental equipment and the necessity of considering the sample time-temperature history when studying fast pyrolysis kinetics. The initial induction period, characterized by a low decomposition rate (Figure 3.10), is mainly attributed to the sample heating period. Obtaining real-time devolatilization profiles using the deconvolution technique is accurate compared to a simple shift to zero of the raw devolatilization profiles because, with this procedure, biomass conversion curves conserve the shape of the initial induction period. This period is essential to reflect the heat transfer effect on the reaction depending on the set temperature and sample weight; induction time is shorter as the set temperature increases (Figure 3.10) or the sample mass decreases (Figure 3.11).

Figure 3.9. Deconvolution process for determining the real-time devolatilization profiles of Zea Mays leaves (a) and beech wood (b) at a furnace temperature equal to 450 °C. RTD is the residence time distribution curve, A is the raw devolatilization profile, AA is the deconvoluted profile, and C is the convolution test.

The real-time-evolved profiles were then used to verify the influence of sample mass on biomass devolatilization. To simplify the discussion and better understand the impact of the sample mass on the biomass devolatilization, the maximum devolatilization rate, which represents the maximum derivative conversion (dα/dt), was experimentally determined based on Py-MS data obtained from experiments (described in Chapter 2), as it is shown in Figure 3.12. For samples of ~25 and ~50 μg, the maximum rates of volatile formation were almost comparable, but measured rates decreased monotonically above 100 μg, indicating the onset of transport limitations in large amounts of sample. Sample amounts need to be around or less than 100 μg to guarantee the absence of transport limitations within the particle bed but do not necessarily guarantee the absence of intramolecular transport limitations.

Figure 3.12. Maximum devolatilization rates obtained at Tfurnace = 450°C using varying amounts of ZM samples.

CONCLUSIONS

Numerical simulations were carried out to provide insights into heat transfers to and within the biomass sample in the micropyrolyzer. These simulations indicated that conductive heat dominates heat transfer from the heating element to the cup and the biomass sample.

The heating time of biomass was significant, indicating a non-isothermal nature of the experiment. Therefore, kinetics analysis requires establishing the biomass sample temperature history. The biomass sample temperature profile was close to that of the cup for a small sample arranged in a close-to-thin-film configuration. Therefore, it can be determined experimentally by measuring the cup temperature. The time-temperature history of the cup can be accurately described using lumped system analysis that assumes a uniform temperature distribution throughout the cup. Thus, the biomass temperature profile can also be described by lumped system analysis by taking biomass sample temperature equal to the cup temperature. This implies a small thermal conduction resistance within the biomass sample, confirmed by the developed thermal model and dimensionless numbers analysis. The dimensionless number analysis using proper parameters (such as the actual heat transfer coefficient) demonstrates that micropyrolyzer kinetics of biomass fast pyrolysis can be carried out without heat transfers limitations by using small masses of biomass samples (≤ 50 μg), carefully arranged on the bottom of the cup. At temperatures above 723 K, the reaction is so fast that the pure kinetic regime cannot be maintained and solid-and liquid-phase chemistries are convoluted with transport phenomena.

Particular attention to the sample external mass transport effect between the reactor and the detector is needed to measure biomass pyrolysis kinetics based on online detection techniques. The deconvoluted biomass devolatilization profiles are free from time delay (due to the relatively long travel of volatiles from the reactor to the detector) and shape-changing due to molecular diffusion.

Finally, the effect of initial mass on the devolatilization rates was experimentally checked and confirmed the necessity of using fewer than 100 μg of biomass sample to minimize heat and mass transfer limitations within the particle bed. The micropyrolyzer-mass spectrometer system can now be used biomass fast pyrolysis under a kinetically controlled regime.

Chapter 4: Kinetic modelling of biomass fast devolatilization based on model-free and model-based approaches using Py-MS 4.1 INTRODUCTION

For industrial plant-level design, optimization, and scale-up, a fundamental understanding of pyrolysis kinetics is required to achieve the best energy harvest or selection of target products. However, modelling the kinetics of the pyrolysis process is challenging because the complex reactional scheme and the effect of feedstock composition on product yields still need to be better understood. In pyrolysis, the primary steps of thermal decomposition followed by secondary reactions (in the condensed phase, gas phase, and phase interactions) occur and often compete with heat and mass transfer phenomena. Kinetic analyses of the overall reactions have been carried out using several techniques, including thermogravimetric analysis (TGA) [START_REF] Ma | Determination of pyrolysis characteristics and kinetics of palm kernel shell using TGA-FTIR and model-free integral methods[END_REF][START_REF] Güneş | A direct search method for determination of DAEM kinetic parameters from nonisothermal TGA data (note)[END_REF][START_REF] Avni | Kinetic analysis of lignin pyrolysis using non-isothermal TGA data[END_REF][START_REF] Leroy | Kinetic study of forest fuels by TGA: Model-free kinetic approach for the prediction of phenomena[END_REF], differential scanning calorimetry (DSC) [START_REF] Urban | Study of the kinetics of sewage sludge pyrolysis using DSC and TGA[END_REF][START_REF] Chen | Two-step Consecutive Reaction Model of Biomass Thermal Decomposition by DSC[END_REF][START_REF] Kumar | Thermal degradation kinetics of sugarcane leaves (Saccharum officinarum L) using thermo-gravimetric and differential scanning calorimetric studies[END_REF], pyrolysis-gas chromatography-mass spectrometry (Py-GC-MS) [START_REF] Ojha | Fast pyrolysis kinetics of alkali lignin: Evaluation of apparent rate parameters and product time evolution[END_REF][START_REF] Krishna | Isothermal fast pyrolysis kinetics of synthetic polymers using analytical Pyroprobe[END_REF], and evolved gas measurement (EGA) [START_REF] Nardella | Evolved gas analysis-mass spectrometry and isoconversional methods for the estimation of component-specific kinetic data in wood pyrolysis[END_REF][START_REF] López-González | Pyrolysis of three different types of microalgae: Kinetic and evolved gas analysis[END_REF][START_REF] Özsin | Kinetics and evolved gas analysis for pyrolysis of food processing wastes using TGA/MS/FT-IR[END_REF][START_REF] Özsin | Insights into pyrolysis and co-pyrolysis of biomass and polystyrene: Thermochemical behaviors, kinetics and evolved gas analysis[END_REF]. Most of the information reported in the literature concerns weight loss determined using TGA. Still, TGA gives information about the whole process without providing qualitative information on pyrolysis products related to mass loss. A strategy of coupling TGA with Fourier transform infrared (FT-IR) spectroscopy and mass spectrometry (MS) has been proposed to overcome this disadvantage [START_REF] Lv | Analytical pyrolysis studies of corn stalk and its three main components by TG-MS and Py-GC/MS[END_REF][START_REF] Singh | Pyrolysis of waste materials using TGA-MS and TGA-FTIR as complementary characterisation techniques[END_REF][START_REF] Yang | Thermogravimetric Analysis-Fourier Transform Infrared Analysis of Palm Oil Waste Pyrolysis[END_REF][START_REF] Giuntoli | Quantitative and Kinetic Thermogravimetric Fourier Transform Infrared (TG-FTIR) Study of Pyrolysis of Agricultural Residues: Influence of Different Pretreatments[END_REF]. However, the typical heating rates of TGA (0.01 to 1.66 °C/s) are not suitable for studying fast pyrolysis [START_REF] Ma | Determination of pyrolysis characteristics and kinetics of palm kernel shell using TGA-FTIR and model-free integral methods[END_REF][START_REF] Jain | Processing of TGA data: Analysis of isoconversional and model fitting methods[END_REF]. Other reactors, such as the wire mesh [START_REF] Maduskar | Five Rules for Measuring Biomass Pyrolysis Rates: Pulse-Heated Analysis of Solid Reaction Kinetics of Lignocellulosic Biomass[END_REF] and the PHASR reactor [START_REF] Hoekstra | Fast pyrolysis in a novel wire-mesh reactor: Decomposition of pine wood and model compounds[END_REF][START_REF] Hoekstra | Fast pyrolysis in a novel wire-mesh reactor: Design and initial results[END_REF], can reach controlled and high heating rates, up to 7,000 and 12,000K/s, respectively. Although the PHASR reactor represents real progress in measuring high-temperature millisecond-scale solid-state reactions [START_REF] Krumm | Millisecond Pulsed Films Unify the Mechanisms of Cellulose Fragmentation[END_REF], its access remains limited. Therefore, most of the published studies of biomass fast pyrolysis involve commercial microreactors such as the downflow micro-furnace pyrolyzer [START_REF] Patwardhan | Product distribution from fast pyrolysis of glucose-based carbohydrates[END_REF][START_REF] Patwardhan | Product Distribution from the Fast Pyrolysis of Hemicellulose[END_REF][START_REF] Liu | Catalytic fast pyrolysis of duckweed: Effects of pyrolysis parameters and optimization of aromatic production[END_REF][START_REF] Akalın | Analytical pyrolysis of biomass using gas chromatography coupled to mass spectrometry[END_REF][START_REF] Han | Nonisothermal pyrolysis properties of Laminaria japonica[END_REF][START_REF] Nardella | Evolved gas analysis-mass spectrometry and isoconversional methods for the estimation of component-specific kinetic data in wood pyrolysis[END_REF], the curie-point pyrolyzer [START_REF] Lin | Rapid pyrolysis of rice hull in a curie-point pyrolyzer[END_REF][START_REF] Lee | Different pyrolysis kinetics and product distribution of municipal and livestock manure sewage sludge[END_REF][START_REF] Hu | Investigation on the kinetic behavior, thermodynamic and volatile products analysis of chili straw waste pyrolysis[END_REF], and the resistive filament pyrolyzer [START_REF] Ojha | Fast pyrolysis kinetics of lignocellulosic biomass of varying compositions[END_REF][START_REF] Biagini | Characterization of a lab-scale platinum filament pyrolyzer for studying the fast devolatilization of solid fuels[END_REF]. The primary technical challenge in using commercial reactors is accurately measuring the actual temperature of biomass samples. Knowing the time-temperature history within the sample is critical to assessing the chemical modeling of biomass fast pyrolysis [START_REF] Rastogi | The importance of temperature rise time in pyrolysis kinetic studies[END_REF].

In recent years, few studies have started to publish fast pyrolysis kinetics datasets using analytical pyrolysis instruments under isothermal conditions without verifying the isothermal nature of the experiment [START_REF] Ojha | Fast pyrolysis kinetics of lignocellulosic biomass of varying compositions[END_REF][START_REF] Ojha | Fast pyrolysis kinetics of alkali lignin: Evaluation of apparent rate parameters and product time evolution[END_REF][START_REF] Krishna | Isothermal fast pyrolysis kinetics of synthetic polymers using analytical Pyroprobe[END_REF][START_REF] Phusunti | Formal Kinetic Parameters -Problems and Solutions in Deriving Proper Values[END_REF]. Chapter 3 confirms the non-isothermal character of biomass fast pyrolysis using the micropyrolyzer; a nonisothermal kinetic approach is required.

Furthermore, using offline analysis mode, pyrolysis reactors must have milliseconds time scales to track the progress of the reaction even at earlier stages. For example, the particular design of the PHASR reactor or wire mesh reactor facilitates the collection of primary volatiles via rapid separation and quenching that minimizes secondary reactions [START_REF] Maduskar | Five Rules for Measuring Biomass Pyrolysis Rates: Pulse-Heated Analysis of Solid Reaction Kinetics of Lignocellulosic Biomass[END_REF][START_REF] Hoekstra | Fast pyrolysis in a novel wire-mesh reactor: Design and initial results[END_REF]; biomass pyrolysis in these reactors can be precisely controlled to start and stop the reaction in milliseconds. Alternatively, online analysis techniques can be used to follow the dynamics of volatiles formation and measure reaction kinetics. However, it takes time (kiloseconds) for instruments like gas chromatographic systems (GC or GC-MS) to separate the complex mixtures, making online studies difficult [START_REF] Maduskar | Five Rules for Measuring Biomass Pyrolysis Rates: Pulse-Heated Analysis of Solid Reaction Kinetics of Lignocellulosic Biomass[END_REF]. Online mass spectrometry analysis has the advantages of high sensitivity and high-speed acquisition (up to ms per spectrum) [START_REF] Liu | Recent advances in mass spectrometric studies on the reaction process of biomass pyrolysis[END_REF]. The evolved gas analysis has recently been applied, directly coupling the analytical pyrolyzer to mass spectrometry [START_REF] Nardella | Evolved gas analysis-mass spectrometry and isoconversional methods for the estimation of component-specific kinetic data in wood pyrolysis[END_REF][START_REF] Kim | New approach for the kinetic analysis of cellulose using EGA-MS[END_REF]. However, it has been performed using slow heating rates. The increasing progress in online mass spectrometry applications exhibits its advantage in exploring the dynamics of volatile formation during the pyrolysis process, which is hardly achieved by offline analytical methods [START_REF] Liu | Recent advances in mass spectrometric studies on the reaction process of biomass pyrolysis[END_REF].

Though, the time delay (due to the relatively long path of the gas from the reactor to the detector) and the molecular diffusion (which modifies the volatile formation profile) are phenomena generally present in the online detection technique [START_REF] Maduskar | Five Rules for Measuring Biomass Pyrolysis Rates: Pulse-Heated Analysis of Solid Reaction Kinetics of Lignocellulosic Biomass[END_REF].

Having resolved this issue by correcting the biomass devolatilization profiles through the deconvolution procedure (Chapter 3), the data produced from the microPyrolyzer-Mass Spectrometry (Py-MS) system can be used to determine kinetic parameters with respecting the conditions in which pyrolysis experiments are conducted in reaction kinetic limited regime (Chapter 3).

Numerous studies have been performed to understand the kinetics of biomass pyrolysis; however, due to the heterogeneity of biomass and the complexity of the chemical and physical transformations that take place during pyrolysis, it is challenging to develop a simple kinetic model that can be applied in every case. A detailed mechanistic model can ideally predict the fast pyrolysis of biomass [START_REF] Singh | Pyrolysis of waste materials using TGA-MS and TGA-FTIR as complementary characterisation techniques[END_REF].

However, developing a rigorous mechanistic model is challenging [START_REF] Burnham | A comparison of isoconversional and model-fitting approaches to kinetic parameter estimation and application predictions[END_REF]. Challenges lie in the variability of the biomass structure and the complex nature of fast pyrolysis.

In addition, pyrolysis conditions and inorganic pollutants affect the yields and composition of pyrolysis products [START_REF] Zhou | A mechanistic model of fast pyrolysis of hemicellulose[END_REF]. Accordingly, most models expanding the thermal decomposition of biomass can be considered pseudo-mechanistic, for which assumptions about the underlying chemistry are required, but their kinetic parameters fit experimental data [START_REF] Phusunti | Formal Kinetic Parameters -Problems and Solutions in Deriving Proper Values[END_REF]. Devolatilization reactions are commonly described as chemical components (cellulose, hemicelluloses, and lignins) or pseudo-components.

These summative models are based on the assumption that the devolatilization of each component proceeds independently. Component reactions can be combined in parallel, serial, or complex schemes. More advanced models increase the number of components to improve the accuracy of the predictions. Selecting a kinetic model that reasonably represents the pyrolysis process without too many parameters is essential to prevent overfitting.

Other approaches in solid fuel devolatilization consider distributed activation energy (DAEM). In this case, varying the activation energy simulates a series of independent reactions. The distribution function can take different forms. The Gaussian distribution has been successfully used for the thermal decomposition of coals and later adapted to biomasses [START_REF] Cai | An overview of distributed activation energy model and its application in the pyrolysis of lignocellulosic biomass[END_REF].

Several recent studies have promoted the use of isoconversional methods to assess the chemical reactivity (e.g., with the determination of isoconversional activation energy) of a complex chemical process without assuming any form for the reaction model [START_REF] Vyazovkin | ICTAC Kinetics Committee recommendations for analysis of multi-step kinetics[END_REF][START_REF] Carrier | Using Apparent Activation Energy as a Reactivity Criterion for Biomass Pyrolysis[END_REF][START_REF] Jain | Processing of TGA data: Analysis of isoconversional and model fitting methods[END_REF][START_REF] Cai | Processing thermogravimetric analysis data for isoconversional kinetic analysis of lignocellulosic biomass pyrolysis: Case study of corn stalk[END_REF][START_REF] Luo | Insight into Pyrolysis Kinetics of Lignocellulosic Biomass: Isoconversional Kinetic Analysis by the Modified Friedman Method[END_REF]. Meaningful mechanistic insights can be drawn from those trends [START_REF] Vyazovkin | ICTAC Kinetics Committee recommendations for analysis of multi-step kinetics[END_REF][START_REF] Sbirrazzuoli | Interpretation and Physical Meaning of Kinetic Parameters Obtained from Isoconversional Kinetic Analysis of Polymers[END_REF]. Yet the overall prediction of the biomass pyrolysis process requires an explicit mathematical form for both intertwined chemical and physical phenomena [START_REF] Diblasi | Modeling chemical and physical processes of wood and biomass pyrolysis[END_REF]. Indeed, the changing kinetic parameters obtained from isoconversional methods confirm that studying the complex degradation of biomass as a single-step reaction leads to an oversimplified degradation process [START_REF] Wang | Lignocellulosic biomass pyrolysis mechanism: A state-of-the-art review[END_REF].

This chapter aims to kinetically describe biomass devolatilization without heat and mass transfer limitations. For this purpose, the microPyrolyzer-Mass spectrometer (Py-MS) was used, allowing the online detection and identification of molecules released during the pyrolysis process.

Woody (Beechwood, BW) and grassy biomass (Zea mays leaves, ZM) devolatilizations were investigated based on Py-MS data using different kinetic approaches. Biomass characteristics and experimental conditions were presented in Chapter 2. The raw biomass devolatilization profiles obtained experimentally are then corrected according to the procedure described in Chapter 3. In addition to the whole biomass devolatilization, biomass fractions were determined directly by extracting the appropriate m/z ratios, as described in Chapter 2, section Devolatilization profiles of biomass components.

The most common differential isoconversional method, combined with the "real" temperature history of the biomass sample, was applied to the deconvoluted devolatilization profiles. Isoconversional functions were then parametrized, and the least squares method determined the parameters. The developed empirical variable activation energy model (VAEM) was validated based on the experimental results and compared to the constant activation energy model (CAEM) and the distributed activation energy model (DAEM).

ISOCONVERSIONAL METHOD

The kinetic rate of biomass decompositions is generally based on the following equation [START_REF] Burnham | A comparison of isoconversional and model-fitting approaches to kinetic parameter estimation and application predictions[END_REF]: where A (s -1 ) is the pre-exponential factor, E (J.mol -1 ) is the activation energy, and R (J.mol -1 .K -1 ) is the gas constant.

When applying the isoconversional kinetic methodology, the isoconversional principle is invoked (i.e., "the process rate at the constant extent of conversion is only a function of temperature") and specific recommendations made by ICTAC [START_REF] Vyazovkin | ICTAC Kinetics Committee recommendations for analysis of multi-step kinetics[END_REF] (e.g., use the extent conversion range of 0.05 to 0.95 and experiences at different temperature programs) must be applied. Isoconversional methods describe the pyrolysis process using several single-reaction kinetic equations, each associated with a certain extent of conversion [START_REF] Vyazovkin | Isoconversional Kinetic Analysis of Thermally Stimulated Processes in Polymers[END_REF]. The advantages of using the isoconversional method are based on its simplicity and avoiding errors linked to the choice of the reaction model, f(α). This method helps deduce information about process complexity based on analyzing Eα dependency. It differs from the classical kinetic approach in which kinetic parameters obtained by fitting experimental data to a proposed model or mechanism cannot have accurate physical meaning [START_REF] Sbirrazzuoli | Interpretation and Physical Meaning of Kinetic Parameters Obtained from Isoconversional Kinetic Analysis of Polymers[END_REF]. The advantage of using the differential Friedman isoconversional method instead of integral methods is that it can integrate any heating program [START_REF] Vyazovkin | ICTAC Kinetics Committee recommendations for performing kinetic computations on thermal analysis data[END_REF]. It, therefore, facilitates the integration of sample temperature history. However, this method is sensitive to experimental errors. The temperature dependence of the isoconversional rate is obtained experimentally and transcribed mathematically after the logarithmic transformation of Eq.4.1 combined with Eq.4.2:

ln ( dα dt ) α,i = ln (A α f(α)) - E α RT α,i
Eq.4.

3
where i is the index corresponding to each temperature history, Eα, and ln (Aα f(α))

are the isoconversional values of both effective activation energy and preexponential factor.

The Friedman differential isoconversional method based on Eq.4.3 assumes that the chemistry of the process is independent of T on a narrow temperature interval and only dependent on the extent of conversion, α. And it is through the plots of Numerical differentiation of the conversion data using the finite difference method was carried out to obtain the derivative conversion data, (dα/dt) [START_REF] Cai | Processing thermogravimetric analysis data for isoconversional kinetic analysis of lignocellulosic biomass pyrolysis: Case study of corn stalk[END_REF]: For applying the Friedman analysis (Eq.4.3), (ln(dα/dt))α,i, and Tα need to be determined. These values were estimated based on α(t), T(t), and (dα/dt)(t) curves using the cubic spline interpolation, ensuring accurate continuity between data points. Eα/R and ln (Aα f(α)) were determined by linear regression based on two data sets for each temperature history. The regression coefficient, R 2 , was also estimated.

(
Finally, confidence intervals based on standard deviations were determined for Eα.

The isoconversional method was applied for real-time devolatilization profiles and by integrating the temperature history of samples, which is one of the original aspects of this study, as most similar studies considered a constant heating rate [START_REF] Nardella | Evolved gas analysis-mass spectrometry and isoconversional methods for the estimation of component-specific kinetic data in wood pyrolysis[END_REF][START_REF] Kim | New approach for the kinetic analysis of cellulose using EGA-MS[END_REF]. As discussed in Chapter 3, the thermal model or lumped system analysis can be used to obtain the sample temperature history.

The same isoconversional analysis was applied to raw devolatilization profiles and considering isothermal profiles (in this case, "i" in Eq.4. 

Constant activation energy model (CAEM)

For this approach, the activation energy is supposed to be a constant value representing an average of isoconversional activation energy values (Eα). In this case, the kinetic equation has the form of Eq.4.1 and can be solved numerically by separating the variables and supposing f(α) as a first-order model (f(α) = 1 -α):

∫ 𝑑𝛼 (1-𝛼) 𝛼 0 = ∫ 𝑘(𝑇(𝑡))𝑑𝑡 𝑡 0
Eq.4.5

Variable activation energy model (VAEM)

Pyrolysis involves several chemical and physical events due to the multiphasic medium in which chemical reactions occur. There is no unanimous consensus when naming and listing the number of stages, which is the direct consequence of the complex character of pyrolysis. Several studies also revealed the complex nature of the pyrolysis process through isoconversional analysis [START_REF] Burnham | A comparison of isoconversional and model-fitting approaches to kinetic parameter estimation and application predictions[END_REF][START_REF] Cai | Processing thermogravimetric analysis data for isoconversional kinetic analysis of lignocellulosic biomass pyrolysis: Case study of corn stalk[END_REF][START_REF] Luo | Insight into Pyrolysis Kinetics of Lignocellulosic Biomass: Isoconversional Kinetic Analysis by the Modified Friedman Method[END_REF]]. An accurate kinetic description of biomass devolatilization requires the characterization of all processes (generally exhibiting different E values) so that their relative significance changes with α. For this study, an empirical model with variable kinetic parameters developed by Ga ́bor Va ŕhegyi [START_REF] Várhegyi | Empirical Models with Constant and Variable Activation Energy for Biomass Pyrolysis[END_REF] was applied to model the complex devolatilization of biomass and its main components. This model is based on the combination of Eq.4.1 and Eq.4.2 while approximating Eα and Aα × f(α) by relatively simple mathematical formulas. Eq.4.6 is a rearrangement of Eq.4.1 where the term (1 -α) does not reflect the assumption of the first-order model, but it ensures that dα/dt would be 0 at α = 1. This model, therefore, keeps the principle of being "model-free." A new parameter is introduced here, Ãα, and is equal to Aα × f(α) / (1α) when α < 1. The division by (1 -α) is not possible for α is equal to 1, so Ãα may have any finite value there. Polynomials approximate ln (Ãα) and Eα to obtain flexible approximations with limited numbers of unknowns. For this purpose, the variable x equal to 2 × α -1 is introduced, which varies from -1 to +1 as α varies from 0 to 1. Thus, Eα and ln (Ãα)

were fifth-order polynomials described by the variable x: Eq.4.9

𝐸 𝛼 = 𝑎 0 + 𝑎 1 𝑥
The unknown parameters of the model were obtained based on the least-squares method by minimizing the difference between the observed rate, (dα/dt) obs , and their counterparts calculated from the given model, (dα/dt) calc , as described by the following objective function (Eq.4.10). Normalizing the values by the highest observed rate is a useful technique to mitigate the impact of magnitude differences [START_REF] Várhegyi | Kinetics of Charcoal Devolatilization[END_REF]. To determine the optimal parameters that minimize the objective function (Eq.4.11), a 'quasi-Newton' algorithm in Matlab® coupled with the 'fminunc' function for unconstrained problems was employed. The fit quality for the eight experiments, reldev8, was evaluated as the mean root square of relative deviations. This value was determined for each experiment using the Eq.4.11

𝑂𝐹 = ∑ ∑ ((

DISTRIBUTED ACTIVATION ENERGY MODEL (DAEM)

The distributed activation energy model (DAEM) is used to fit experimental results and to be compared to the variable activation energy model (VAEM). It has been widely used in describing the pyrolysis of various coals [START_REF] Miura | A New and Simple Method to Estimate f(E) and k0(E) in the Distributed Activation Energy Model from Three Sets of Experimental Data[END_REF][START_REF] Várhegyi | Kinetics of Charcoal Devolatilization[END_REF][START_REF] Donskoi | Optimization of coal pyrolysis modeling[END_REF][START_REF] De Caprariis | Double-Gaussian Distributed Activation Energy Model for Coal Devolatilization[END_REF][START_REF] Ulloa | Distribution of activation energy model applied to the rapid pyrolysis of coal blends[END_REF].

This DAEM is a multiple-reaction model representing the pyrolysis process through a large number of independent and parallel reactions characterized by their own activation energy and pre-exponential factor. DAEM is considered a model-fitting method because the reaction model, 𝑓(𝛼), needs to be assumed in advance.

Historically, the 1 st -order DAEM has first been developed for biomass by Pitt [START_REF] Pitt | The kinetics of the evolution of volatile products from coal[END_REF],

and the n th -order DAEM, developed by Braun and Burnham [START_REF] Burnham | Global Kinetic Analysis of Complex Materials[END_REF], reaction models that remain the most used. In this study, we chose to use the 1 st -order DAEM.

The following equation describes the contribution of the i th first-order reaction: where i indicates one particular reaction, Vi (kg) stands for the quantity of volatiles emitted at time t, 𝑉 𝑖 * (kg) stands for the total amount of volatile the reaction can emit, Ai (s -1 ) is the pre-exponential factor, Ei (J/mol) is the apparent activation energy, R (J.mol -1 .K -1 ) is the gas constant, and T (K) is the absolute temperature. The extent of conversion, αi, achieved during this one reaction is obtained by integration of Eq.4.12 as follows: After integration of Eq.4.15, the extent of conversion is described with Eq.4.16. The differentiation of Eq.4.16 concerning t is expressed by Eq.4.17. Eq.4.17

𝛼 𝑖 = 𝑉 𝑖 𝑉 𝑖 * = 1 -𝑒𝑥𝑝 [-∫ 𝐴 𝑖 𝑒𝑥𝑝 (-

𝛼 (𝑡

The Gaussian distribution (Eq.4.18) centered at E0 (J/mol) with standard deviation σ (J/mol), widely used for biomass pyrolysis, is chosen for this work. This study also performs a comparative analysis of predicted results using one-and double-Gaussian DAEM.

𝐷(𝐸) = 1 𝜎√2𝜋 𝑒𝑥𝑝 [- (𝐸-𝐸 0 ) 2 2𝜎 2 ]
Eq.4.18

The double-Gaussian DAEM is introduced in this study to present the reactivity distribution of holocellulose and lignin so:

𝐷(𝐸) = 𝑐 1 𝐷 1 (E) + 𝑐 1 𝐷 1 (E) Eq.4.19
where D1(E) and D2(E) are Gaussian distributions, and c1 and c2 are the weight parameters or the corresponding contributions of holocellulose and lignin devolatilization.

The sample temperature profile is taken into consideration for this model. Thus, the DAEM is treated for a non-isothermal case. Calculating kinetic parameters requires iterative loops of double integral functions, leading to significant numerical complications [START_REF] Cai | An overview of distributed activation energy model and its application in the pyrolysis of lignocellulosic biomass[END_REF]. In this work, the Gauss-Hermite integration is used, and for this proposal, a change in the lower limit of the external integral is required, which is mathematically justified and does not affect results [START_REF] Várhegyi | Kinetics of Charcoal Devolatilization[END_REF]: Thus Eq.4.20 is turned into:

𝛼 (𝑡) = 1 -∫ 𝑋(𝑡, 𝐸) +∞ 0 𝐷(𝐸)𝑑𝐸 ≅ 1 -∫ 𝑋(𝑡, 𝐸) +∞ -∞ 𝐷(𝐸)𝑑𝐸 ≅ 1 -∫ 𝑋(𝑡, 𝐸) +∞ -∞ 1 𝜎√2𝜋 𝑒𝑥𝑝 [- (𝐸-𝐸 0 ) 2
𝛼 (𝑡) ≅ 1 - 1 √𝜋 ∫ exp(-𝜖 2 ) 𝑋(𝑡, 𝜖) +∞ -∞ 𝑑𝜖 Eq.4.22
This integral can therefore be evaluated by a Gauss-Hermite integration method as follows:

𝛼 (𝑡) ≅ 1 - 1 √𝜋 ∑ 𝜔 𝑖 𝑁 𝑘=1
𝑋(𝑡, 𝜖 𝑘 ) Eq.4.23

In a similar way to the derivative conversion, we have:

𝑑𝛼 𝑑𝑡 ≅ 1 √𝜋 ∫ exp(-𝜖 2 ) 𝑑𝑋(𝑡,𝜖) 𝑑𝑡 +∞ -∞ 𝑑𝜖 ≅ 1 √𝜋 ∑ 𝜔 𝑘 𝑁 𝑘=1 𝑑𝑋(𝑡,𝜖 𝑘 ) 𝑑𝑡 Eq.4.24
It is suggested that the integration should be rescaled by of factor of 0.3 to 0.5 to improve the efficiency of the Gauss-Hermite integration [START_REF] Donskoi | Optimization of coal pyrolysis modeling[END_REF]. A rescaling factor of 0.5 is used in this work by introducing a variable, μ, defined as follows:

𝜇 = 2 𝜖 = 2 𝐸-𝐸 0 √2 𝜎 Eq.4.25
Introducing this new variable to Eq.4.22 and applying the Gauss-Hermite integration, we have:

𝛼 (𝑡) ≅ 1 - 0.5 √𝜋 ∫ exp(-0.25 𝜇 2 ) 𝑋(𝑡, 𝜇) +∞ -∞ 𝑑𝜇 ≅ 1 - 0.5 √𝜋 ∫ exp(0.75 𝜇 2 ) exp(-𝜇 2 ) 𝑋(𝑡, 𝜇) +∞ -∞ 𝑑𝜇 ≅ 1 - 0.5 √𝜋 ∑ 𝜔 𝑘 exp(0.75 𝜇 𝑘 2 ) 𝑁 𝑘=1
𝑋(𝑡, 𝜇 𝑘 ) Eq.4.26

where μk and ωk are, respectively, the abscissas and the weight factors of the Gauss-Hermite quadrature formula. In this study, N = 80 was used, ensuring high relative precision of the Gauss-Hermite integration (> 10 -8 ).

The same procedure of rescaling was applied to the derivative conversions: The curve-fitting method of least squares described earlier was used to find the optimal kinetic parameters.

RESULTS AND DISCUSSIONS

Devolatilization profiles of biomass fast pyrolysis

The comparison of real-time devolatilization profiles versus time obtained at several furnace temperatures for beechwood (BW) and Zea Mays leaves (ZM) (Figure 4.1) reveals a significant difference in thermal behavior between woody and approaches using Py-MS grassy materials already reported [START_REF] Dungani | Non-wood Renewable Materials: Properties Improvement and Its Application[END_REF]. These results denote a pyrolysis time of ~30 s at 400°C, decreasing to ~15 s at 450°C for the complete devolatilization of ZM, whereas BW devolatilization is almost twice longer than that of ZM devolatilization with a pyrolysis time of ~50 s at 400°C and ~25 s at 450°C. It is essential to emphasize that this observed pyrolysis time can vary with carrier gas flow rate and the distance between the biomass sample and the mass spectrometer. In our case, the issue due to these factors is overcome using a high and constant flow rate and the same deactivated column (EGA tube) in all experiments to avoid large and variable diffusional effects. At higher temperatures, the maximum devolatilization of two biomasses is reached during the heating period, confirming that conversion reached during this stage should be considered. The faster the reaction, the more conversion takes place during sample heating. The time evolution of volatile matter release is generally linked to the lignin content [START_REF] Ojha | Fast pyrolysis kinetics of lignocellulosic biomass of varying compositions[END_REF]. Indeed, the devolatilization of BW takes longer than that of ZM due to its higher lignin content of 24.5 wt% against 19.4 wt% for ZM (Table 2.1 in Chapter 2). The presence of ash, which is about 7.5 wt% for ZM, higher than that of BW, 0.3 wt.%, can also catalyze/inhibit pyrolysis reactions [START_REF] Yildiz | Effect of biomass ash in catalytic fast pyrolysis of pine wood[END_REF][START_REF] Gómez | Thermogravimetry/mass spectrometry study of woody residues and an herbaceous biomass crop using PCA techniques[END_REF]. The detection of higher intensity obtained for the pyrolysis of ZM ( significant peak at m/z 43, the acylium ion originating from the electron ionization of carbonyl compounds [START_REF] Evans | Molecular characterization of the pyrolysis of biomass[END_REF]. The prominent peak at m/z 43 is typical of the pyrolysis of biomass containing alkali materials [START_REF] Evans | Molecular characterization of the pyrolysis of biomass[END_REF][START_REF] Van Der Kaaden | 283Uncatalysed and potassium-catalysed pyrolysis of the cell-wall constituents of biomass and their model compounds[END_REF]. Alkali metals, including potassium and sodium, one of the most abundant inorganics in biomass (Table 2.2 in Chapter 2), are known to change the kinetics of carbohydrates primary decomposition and their product distribution [START_REF] Trendewicz | Evaluating the effect of potassium on cellulose pyrolysis reaction kinetics[END_REF]283,[START_REF] Fan | Effect of potassium on the pyrolysis of biomass components: Pyrolysis behaviors, product distribution and kinetic characteristics[END_REF]. Their presence inhibits holocellulose depolymerization via transglycosylation, producing mainly levoglucosan, anhydrosugars, and oligomers, while it promotes ring fragmentation reactions, which leads to low molecular weight compounds (e.g., acetol, hydroxyacataldehyde, formaldehyde, and furan-ring derivatives) [START_REF] Blasi | Effects of Potassium Hydroxide Impregnation on Wood Pyrolysis[END_REF]. In our case, peaks at m/z 60 and 73 confirm the presence of levoglucosan but are less significant than the signal at m/z 43, which could prove the catalytic effect of alkali inorganics during biomass pyrolysis. The fragment at m/z 60 can also be related to the presence of aliphatic carbon acids (e.g., acetic acid or glycolaldehyde) from hemicelluloses pyrolysis [START_REF] Li | Catalytic pyrolysis of xylan over alkali metal salts as revealed by synchrotron vacuum ultraviolet photoionization mass spectrometry[END_REF]. Carbon dioxide (m/z 44) is one of the most predominant fragments, and its formation is more prominent for ZM pyrolysis than that of BW (Figure 4.2).

However, using the MS spectrum, it is not easy to distinguish between CO2 released during the pyrolysis process and that produced from the electron ionization of other pyrolysis compounds. Chromatograms obtained using Py-GC-MS/FID also showed an intense peak at the elution time of CO2, confirming that the high ash content within ZM could have promoted CO2 formation via decarboxylation and led to an intense peak [START_REF] Ojha | Fast pyrolysis kinetics of lignocellulosic biomass of varying compositions[END_REF]. Some specifically identified peaks are related to holocellulose pyrolysis products, such as aliphatic carbon acids (e. For Beechwood (BW), the decomposition of holocellulose begins first, followed by lignins. Holocellulose for BW presents a principal peak with a late peak shoulder.

The first peak cannot be only attributed to the presence of hemicelluloses, although its decomposition is known to start before cellulose [START_REF] Burhenne | The effect of the biomass components lignin, cellulose and hemicellulose on TGA and fixed bed pyrolysis[END_REF] because this latter is the main component of BW (47.9 wt%), and it is supposed to release more volatile matters resulting in a more intense peak. The selection of the heating rate range affects the shape of derivative thermogravimetric peaks [START_REF] Haykiri-Acma | Effect of heating rate on the pyrolysis yields of rapeseed[END_REF], and heat/mass transfer limitations within particles are often invoked to explain peak shifts. Under fast heating, ion profiles corresponding to the simultaneous degradation of holocellulose and lignins highly overlap (Figure 4.3).

In the case of ZM pyrolysis, one prominent peak is detected, corresponding to the simultaneous decomposition of holocellulose and lignins. The catalytic effect of potassium (one of the most abundant inorganics detected, Table 2.

in Chapter 2)

could also enhance the overlap of those three main components [START_REF] Hernan | Combined Influence of Inorganics and Transport Limitations on the Pyrolytic Behaviour of Woody Biomass[END_REF]. The combined areas of both selected ion profiles of holocellulose and lignin represent approximately 40 % of the total area underneath the devolatilization profile of whole biomass (Figure 4.3), which is relatively limited. Indeed, to discriminate the thermal behavior between main components, common ion fragments (e.g. m/z 44, Figure 4.2)

could not be extracted. 

Isoconversional Eα trends for product formation

The methodologies mentioned above have allowed the reliable extraction of real-time devolatilization profiles of overall biomass and its main components.

Studying global kinetics and, more specifically, the variation of the effective activation energy, Eα, versus the extent of conversion, α, is now possible. This latter is a powerful tool for identifying major pathways and establishing lumped reactional networks. However, reliable computational data must be obtained first. By referring to curves obtained using real-time profiles (Figure 4.4, blue and purple curves), we can deduce that the hypothesis of the isothermal experiment strongly impacts the inferred activation energies; at the beginning of conversion, for example, the activation energy decreases from approximately 145 to 49 kJ/mol for nonisothermal and isothermal conditions, respectively. As mentioned before, 40 % is reached during heating. While in isothermal conditions, the temperature is assumed to be constant during this stage, leading to a false estimate of activation energy during the heating period. Not correcting the devolatilization profiles (black and green curves) has a comparable impact on the activation energy predictions to the isothermal hypothesis. isoconversional Eα curve, it is important to understand that each plateau can be assigned an elementary reaction, an initial guess for selecting kinetic models.

Although it is challenging to establish a strict degradation pattern knowing that both initial and end stages of the process are not included, it is quite well known that hemicelluloses tend to degrade at the early stage while lignins degrade at a relatively slow rate (e.i., presence of a tail) at the end of the process under slow heating [START_REF] Carrier | Thermogravimetric analysis as a new method to determine the lignocellulosic composition of biomass[END_REF].

Here, under fast heating, a gradual decrease of Eα values is observed for both biomasses and related components (Figure 4.5), indicating the exothermic character of reactions.

During BW pyrolysis, two plateaus are observed at Eα,1 ≈ 140 kJ/mol and Eα,2 ≈ 90 kJ/mol for the whole material and at Eα,1 ≈ 180 kJ/mol, and Eα,2 ≈ 100 kJ/mol those for its holocellulose. Those features can be related to two different reactional steps competing between 0.2 < α < 0.4 for BW and 0.25 < α < 0.45 for its holocellulose fraction. For the grassy material (ZM), all Eα trends decrease and display, in general, higher energy barriers at the beginning compared to those of wood. For ZM, only one plateau between 0.2 < α < 0.4 is observed. The higher ash content in ZM enhances the char formation process, shown here by higher char yields than BW (from 9.6 ± 0.5 wt% at T = 450°C to 16.6 ± 0.3 wt% at T = 400°C for ZM and from 6.8 ± 0.3 wt% at T + 450°C to 15.4 ± 0.2 at T = 400°C for BW). Unsurprisingly, Eα variation for ZM lignins differed from that of BW lignins as the chemical nature of grass-derived lignins is much more complex than those of wood-derived lignins [START_REF] Wang | Lignocellulosic biomass pyrolysis mechanism: A state-of-the-art review[END_REF].

The thermal reactivity of grass-derived lignins is generally lesser than that of hardwood-derived lignins [START_REF] Hu | Pyrolysis characteristics and kinetics of lignin: effect of starting lignins[END_REF], which is in good correspondence with our work It is challenging to compare our results to those from the literature due to the considerable disparity between experimental setups, operating conditions, and calculation methodologies [START_REF] White | Biomass pyrolysis kinetics: A comparative critical review with relevant agricultural residue case studies[END_REF]. Due to challenges in understanding and underlying the chemistry of biomass pyrolysis [START_REF] Mettler | Top ten fundamental challenges of biomass pyrolysis for biofuels[END_REF], typical and wide ranges of activation energy are found: 97 to 208 kJ/mol for cellulose [START_REF] Carrier | Using Apparent Activation Energy as a Reactivity Criterion for Biomass Pyrolysis[END_REF][START_REF] Zhu | Energetics of cellulose and cyclodextrin glycosidic bond cleavage[END_REF][START_REF] Kim | New approach for the kinetic analysis of cellulose using EGA-MS[END_REF][START_REF] Anca-Couce | Reaction mechanisms and multi-scale modelling of lignocellulosic biomass pyrolysis[END_REF][START_REF] Grønli | Thermogravimetric Analysis and Devolatilization Kinetics of Wood[END_REF], 70 to 200 kJ/mol for hemicelluloses [START_REF] Zhang | A novel Gaussian-DAEM-reaction model for the pyrolysis of cellulose, hemicellulose and lignin[END_REF][START_REF] Anca-Couce | Reaction mechanisms and multi-scale modelling of lignocellulosic biomass pyrolysis[END_REF][START_REF] Zhang | Multi-Gaussian-DAEM-reaction model for thermal decompositions of cellulose, hemicellulose and lignin: Comparison of N2 and CO2 atmosphere[END_REF][START_REF] Chen | Pyrolysis kinetic analysis of the three pseudocomponents of biomass-cellulose, hemicellulose and lignin[END_REF], and 33 to 260 kJ/mol for lignins [START_REF] Avni | Kinetic analysis of lignin pyrolysis using non-isothermal TGA data[END_REF][START_REF] Zhang | Multi-Gaussian-DAEM-reaction model for thermal decompositions of cellulose, hemicellulose and lignin: Comparison of N2 and CO2 atmosphere[END_REF][START_REF] Chen | Pyrolysis kinetic analysis of the three pseudocomponents of biomass-cellulose, hemicellulose and lignin[END_REF][START_REF] Murugan | Kinetics of the Pyrolysis of Lignin Using Thermogravimetric and Differential Scanning Calorimetry Methods[END_REF][START_REF] Mani | Determination of Distributed Activation Energy Model Kinetic Parameters Using Simulated Annealing Optimization Method for Nonisothermal Pyrolysis of Lignin[END_REF]]. An even wider range is expected when considering the whole biomass: 70 to 211 kJ/mol and 60-180 kJ/mol, respectively, for grassy and woody feedstocks [START_REF] White | Biomass pyrolysis kinetics: A comparative critical review with relevant agricultural residue case studies[END_REF][START_REF] Blasi | Kinetics of Primary Product Formation from Wood Pyrolysis[END_REF][START_REF] Grønli | Thermogravimetric Analysis and Devolatilization Kinetics of Wood[END_REF][START_REF] Grønli | Thermogravimetric Analysis and Devolatilization Kinetics of Wood[END_REF]. The works that claimed the kinetic rate-controlled regime of fast pyrolysis are of particular interest. For example, Zhu et al. [START_REF] Zhu | Energetics of cellulose and cyclodextrin glycosidic bond cleavage[END_REF], who found an activation energy of 97.1 kJ/mol for cellulose conversion between 385 and 467°C using a PHASR reactor, and the work of Di Blasi and Branca [START_REF] Blasi | Kinetics of Primary Product Formation from Wood Pyrolysis[END_REF], which reported an activation energy of 141 kJ/mol for beechwood fast pyrolysis between 300 and 435 °C. Eα values found in this work were comparable to those previously reported.

Approximation with constant activation energy model (CAEM)

As mentioned before, the main disadvantage of the isoconversional method is that it can only determine activation energy values. Average values are generally used to compare the reactivity of different fuels [START_REF] Khawam | Role of isoconversional methods in varying activation energies of solid-state kinetics: I. isothermal kinetic studies[END_REF]. This study investigates the ability of a first-order model to predict the devolatilization of biomass. This firstorder hypothesis also makes it possible to determine the pre-exponential factor and, therefore, define a kinetic triplet of the biomass devolatilization stage. The exponential factor values were determined from the ln(f(α) Aα) functions of the isoconversional method, assuming a first-order reaction model (Figure 4.6). As shown in Figure 4.6, instrument lags have the same influence on estimating pre-exponential values, as activation energy and pre-exponential factor are generally related by a mathematical correlation such as the compensation effect [START_REF] Narayan | Thermal Lag, Fusion, and the Compensation Effect during Biomass Pyrolysis[END_REF]. Mean values of isoconversional activation energies and pre-exponential factors were determined for both isothermal and non-isothermal cases applying the single-step first-order reaction model (Table 4.1). The difference in the kinetic parameters between the two cases is mainly due to the overestimation of conversion during heating assuming isothermal conditions. However, a greater difference between model predictions and experimental results can be seen at t > 7 s confirming that a first-order reaction model is inadequate to predict biomass devolatilization across the full range of conversions.

The faster the reaction is, the more conversions are reached during the temperature rise, leading to incorrect constant rates; the constant rate difference accounts for 1.5

for beechwood ( (blue) and non-isothermal (orange) conditions.

Comparative pyrolysis kinetics based on VAEM and DAEM approaches

The short simplification of single-step first-order reaction was not able to capture the complex nature of biomass devolatilization reactions. In this section, devolatilization rates of both Zea Mays leaves (ZM) and beechwood (BW) determined based on Py-MS data at different sample temperature histories were further tested with two different reactivity kinetic models: the variable activation energy model (VAEM) and the distributed activation energy model (DAEM). As mentioned before, for DAEM, one and double Gaussian distributions are tested.

Unknown parameters were determined from the model fitting (Table 4.2 and Table 4.3).

The models reproduce the experimental data with high precision (reldev8 < 3 %) in this descending order: VAEM, 2G-DAEM, and 1G-DAEM for both biomass samples, as it is shown in Figure 4.9 to Figure 4.14. This confirms that the two types of models, whether the VAEM describing the biomass devolatilization as "infinitely sequential reactions" or the DAEM describing the complex reaction system as "infinitely parallel reactions," are suitable for accurately predicting the biomass pyrolysis behavior. The VAEM approach maintains the advantage of not assuming any specific reaction model, thereby avoiding errors associated with model selection.

On the other hand, the DAEM double Gaussian method can offer additional insights regarding phenomenology. It should be noted that the VAEM approach involves more parameters (twelve for VAEM compared to seven for 2G-DAEM). However, in kinetic modeling, it is crucial to strike a balance between a model that reasonably represents the pyrolysis process and avoiding excessive parameterization to prevent overfitting. To assess potential overfitting, it is necessary to evaluate the model on independent test data. Our study tested the model parameters obtained against another experimental dataset acquired at Tfurnace = 440 °C (Appendix B, section B.4). The relative deviation between the experimental data and the model calculations for this test dataset (reldevtest = 0.95 for ZM and 1.88 for BW) was comparable to the deviations observed with the training dataset (reldev8 = 1.43 for ZM and 1.26 for BW), indicating the absence of overfitting in the model.

From the comparison of numerical values between kinetic parameters (Table 4.2), the apparent activation energies determined for whole biomass devolatilization using 1G-DAEM are around 117 kJ/mol for ZM and 119 kJ/mol for BW. The found values are lower than those reported in the literature for a first-step reaction (e.g., 141 kJ/mol and 150 kJ/mol reported by Di Blasi and Branca [START_REF] Blasi | Kinetics of Primary Product Formation from Wood Pyrolysis[END_REF] for beechwood and Wagenaar et al. [START_REF] Wagenaar | Flash pyrolysis kinetics of pine wood[END_REF] for pine, respectively.

The maximum devolatilization rate increased by magnitude from only 0.1 to 0.22 s -1 for ZM and from 0.05 to 0.11 s -1 for BW when varying the furnace temperature (therefore varying the heating rate). This relatively small rate increase suggests that the apparent activation energy is smaller than that of previous studies.

The obtained apparent activation energies are comparable to that obtained by Zhou et al. [START_REF] Zhu | Energetics of cellulose and cyclodextrin glycosidic bond cleavage[END_REF] for α-cyclodextrin (97.1 kJ/mol) using the PHASR reactor known for establishing an intrinsic kinetic regime. Using this same reactor, Maduskar et al. [START_REF] Maduskar | Five Rules for Measuring Biomass Pyrolysis Rates: Pulse-Heated Analysis of Solid Reaction Kinetics of Lignocellulosic Biomass[END_REF] measured the formation kinetics of six key molecules (levoglucosan, furfural, hydroxymethylfurfural, 2methoxyphenol, 2-methoxy4-methylphenol, and 2-methoxy-4-vinylphenol) of loblolly pine pyrolysis. The wide range of values (70 to 186 kJ/mol) is comparable to the apparent activation values found in this study, 117 and 119 kJ/mol for BW and ZM, respectively.

Notably, this highlights the importance of instrument lag corrections (temperature profile and devolatilization profiles) and calculation of dimensionless numbers (Biot and pyrolysis numbers) before experimentation. Indeed, ignoring these elements would lead to erroneous kinetics.

Considering the 2G-DAEM, the second pyrolysis step is confined to a lower value of activation energy (E2 = 74.04 kJ/mol for ZM and 89.98 kJ/mol for BW). This step is due essentially to the fast devolatilization of lignins. Although lignin consists of cross-linked aromatic macromolecules, and its decomposition requires more energy to be accomplished, in our case, the determined kinetics are only related to the formation of light molecules as our system screen high boiling point molecules. approaches using Py-MS

The parameters c1 and c2 for the 2G-DAEM assume particular importance since it identifies the dominant pyrolysis step. The c2 values are relatively low (0.03 for ZM and 0.09 for BW), indicating that the primary step is the dominant mechanism. Furthermore, the contribution of the second step is lower than the lignin initial mass fraction in biomass, confirming that this step is only related to a part of lignin devolatilization. The first pyrolysis step with higher contribution can be attributed mainly to holocellulose degradation.

EVAEM curves

The VAEM fitting to the experimental data for biomass samples ( makes it possible to determine the optimal parameters of the Eα functions (and Table 4.4). The difference between EVAEM curves and isoconversional activation energy Eα is more evident at the earlier conversions and in the tail zone, while the mid zone is almost the same for both.

As isoconversional activation energy values were marred by errors related to the bad regression at the beginning and the end of the pyrolysis process (Figure 4.5) and VAEM curves are determined from experimental data fitting, make these later more accurate. Thus, adequate mechanistic interpretations are permitted from them. The activation energy values at zero conversion prevail in the initial pyrolysis stage. As the whole biomass and holocellulose devolatilizations start at almost the same activation energy values (Figure 4.15) for both types of biomass, the initial stage can only be linked to the degradation of one of the holocellulose components, probably to hemicelluloses, which is more reactive than cellulose. The two consecutive plateaus at 130 and 90 kJ/mol for BW holocellulose could be associated with cellulose degradation, which generally includes two steps starting with its depolymerization into an active intermediate, the "active cellulose," which laterally undergoes competitive reactions to produce char and gas or primary volatiles [START_REF] Lédé | Cellulose pyrolysis kinetics: An historical review on the existence and role of intermediate active cellulose[END_REF].

The participation of each major component is different for each type of biomass.

Holocellulose degradation was prominent at α < 0.1 and α < 0.25 for BW and ZM devolatilization, respectively, as the activation energy values for these stages are comparable to those obtained for whole biomass.

For conversion stages between 0.1 < α < 0.5 for BW and 0.25 < α < 0.5 for ZM, both holocellulose and lignin participate in devolatilization. For further conversion, holocellulose predominates in BW devolatilization, while lignin contribution becomes more significant in ZM devolatilization. The high ash content of ZM may affect more severely the second degradation stage of cellulose (starting from α = 0.4), thus catalyzing the overall reaction, which was faster, dα/dt = 0.21 s -1 at 450 °C (Figure 4.13) against dα/dt = 0.1 s -1 at 450 °C (Figure 4.14) for BW.

Negative activation energy values, until -150 kJ/mol, were obtained at the end of the process (α > 0.88). If negative activation energies have already been reported in the literature [START_REF] Bhattacharyya | Co-pyrolysis of coalbiomass: study on reaction kinetics and thermodynamics[END_REF], it remains a little-known fact. Specific gas-phase reactions have been shown to have activation energies near zero or even negative [START_REF] Molina | The rate of the reaction of OH with HCl[END_REF]. In our study, those negative activation energies (Figure 4.15) are obtained at the end of the process (therefore, in the presence of residual solids) and under isothermal conditions. In addition, reaction rates decrease drastically towards the end; a decreasing extent that depends on the furnace temperature (Figure 4. 13 and Figure 4.14). This decrease in Eα could be explained by a shift of the process determining step [START_REF] Vyazovkin | An approach to the solution of the inverse kinetic problem in the case of complex processes. Part III. Parallel independent reactions[END_REF] and most probably to exothermic char-forming reactions catalyzed by minerals with biochar and characterized by intrinsic negative activation energy [START_REF] Os | Variable Activation Energy Principle to Model Oil Shale Pyrolysis Kinetics[END_REF][START_REF] Nair | Biochar Synthesis from Mineral-and Ash-Rich Waste Biomass, Part 1: Investigation of Thermal Decomposition Mechanism during Slow Pyrolysis[END_REF]. However, further investigation is required to support this suggestion. 

Conclusions

Online analysis techniques, such as the micropyrolyzer coupled with mass spectrometry (Py-MS), play a crucial role in studying the volatile formation dynamics during biomass decomposition. This study used the commercial micropyrolyzer for product identification and quantification and to assess fast pyrolysis kinetics. Specifically, the devolatilization of the whole biomass as well as its main fractions, holocellulose, and lignins, were directly determined by extracting the appropriate m/z ratios.

However, it is important to note that inadequate data collection can lead to significant errors in determining kinetic parameters, revealing oversights by previous researchers. Therefore, calculations should be conducted before experimentation to ensure experimental conditions that facilitate a kinetically controlled regime. Accurate determination of the sample temperature profile and real-time devolatilization profile is crucial for proper kinetic analysis.

The isoconversional method, combined with the true temperature history of the biomass From a perspective, it is feasible to examine the monolignol level. According to the mass spectra for the three monolignols obtained by ionization, each monolignol presents different specific m/z fragments, and it could be possible to track them individually if the MS is sensitive enough.

Chapter 5: Primary kinetics measurements for biomass fast pyrolysis

INTRODUCTION

The influence of heating rate on degradation patterns of cellulose pyrolysis has been investigated for a very long time [START_REF] Suuberg | Two-regime global kinetics of cellulose pyrolysis: The role of tar evaporation[END_REF][START_REF] Kilzer | Speculations on the nature of cellulose pyrolysis[END_REF][START_REF] Milosavljevic | Thermal Effects in Cellulose Pyrolysis: Relationship to Char Formation Processes[END_REF]. If the establishment of reliable kinetic models under slow heating has reached a consensus, there are still some modelling concerns related to cellulose pyrolysis under higher heating rate experiments [START_REF] Varhegyi | Is the Broido-Shafizadeh Model for Cellulose Pyrolysis True?[END_REF]. Indeed, depending on the choice of the degradation scheme (presence or absence of the initiation reaction, which leads to the formation of the intermediate, such as active cellulose), a wide range of activation energy values for the production of volatile organic compounds from cellulose pyrolysis has been estimated over the decades. In the absence of the initiation reaction, the activation energies vary between 195.8 kJ/mol [START_REF] Conesa | Analysis of different kinetic models in the dynamic pyrolysis of cellulose[END_REF], 211.6-217.5 kJ/mol [START_REF] Agrawal | Kinetics of reactions involved in pyrolysis of cellulose I. The three reaction model[END_REF], and 238 kJ/mol [START_REF] Varhegyi | Is the Broido-Shafizadeh Model for Cellulose Pyrolysis True?[END_REF]. While in the presence of the intermediate, activation energies range from 152.8 to 243 kJ/mol for the intermediate formation [START_REF] Reed | Heat flux requirements for fast pyrolysis and a new method for generating biomass vapor. Prepr Pap[END_REF][START_REF] Blasi | Comparison of semi-global mechanisms for primary pyrolysis of lignocellulosic fuels[END_REF] and from 61.0 to 216.6 kJ/mol [START_REF] Reed | Heat flux requirements for fast pyrolysis and a new method for generating biomass vapor. Prepr Pap[END_REF][START_REF] Marra | Numerical analysis for kinetics and yield of wood biomass pyrolysis[END_REF] for the intermediate decomposition.

Interestingly, the Eɑ values of both reactions remain, on average inferior to that of the direct volatile-forming reaction from cellulose. The disparities highlighted are known to be linked, among others, changes in process parameters (e.g., temperature, residence time, particle size, sample quantity, atmosphere, and pressure) to the heating rate [START_REF] White | Biomass pyrolysis kinetics: A comparative critical review with relevant agricultural residue case studies[END_REF]. A strong postulate based on experimental observations (e.g., low yield of char for high heating rate and DTG peak height of mass loss rate curves is roughly proportional to the heating rate) has allowed establishing a reactional competitive model showing a dehydration pathway leading to the char formation that would dominate at low temperature (473 to 553 K). In contrast, the devolatilization pathways would be prominent under high heating rates and temperatures.

Additionally, some technical operating conditions (reactor design limitations) have delayed the reliable collection of lumped products produced under kinetic-controlled conditions and 'true' fast heating conditions. For example, heat transfer has been suspected of playing a significant role in determining the release rates under certain TGA systems and slow heating conditions, leading to lower activation energy [START_REF] Mj | Kinetics of Cellulose Pyrolysis in Nitrogen and Steam[END_REF].

Some recent breakthroughs in analytical reactors (reviewed by Sribala et al. [START_REF] Sribala | Measuring biomass fast pyrolysis kinetics: State of the art[END_REF] and Bahng et al. [START_REF] Bahng | Current technologies for analysis of biomass thermochemical processing: A review[END_REF]) have dramatically improved our fundamental understanding of biomass pyrolysis by successfully driving pyrolysis at high heating rates. However, there is significant debate over whether specific fast pyrolysis systems are free of heat/mass transfer limitations and what secondary reactions could derive from transport phenomena. Under fast pyrolysis conditions, different physical/chemical processes require consideration, including chemical reactions (intrinsic kinetics), volatilization and partial pressures of products (mass transfer and thermodynamics), and heating rates and temperatures (heat transfer).

Measuring devolatilization kinetics under the characteristic operating conditions of fast pyrolysis (T = 400 to 500 °C and heating rate ≥ 100 °C/s, volatiles residence time < 1.5 s) is critical for determining relevant kinetics. For the first time, we reported global activation energies for LMWC formation on actual molecular mass records of volatiles and not essentially on the reported global mass loss (TGA) (Chapter 4). By implementing a thermal model to access the correct and reliable temperature-time profiles at high heating rates (around 110°C/s = 6,600 °C/min), we have discharged concerns about temperature measurement uncertainty in such systems [START_REF] Solomon | Coal pyrolysis: Experiments, kinetic rates and mechanisms[END_REF]. However, the experiments were carried out under absolute pressure of about 2.9 bar. In addition, transport limitations by evaporation/ejection were not evaluated; as a result, the absence of secondary reactions could not be confirmed.

Secondary pyrolysis reactions often include homogeneous (gas-gas) and heterogeneous (gas-char) reactions. As mentioned before, homogenous reactions refer to cracking reactions in the gas phase to transform primary products into smaller oxygenates and incondensable gas [START_REF] Evans | Molecular characterization of the pyrolysis of biomass[END_REF] and recombination/(re) polymerization reactions consisting of the combination of primary volatiles to form higher molecular weight molecules [START_REF] Morf | Mechanisms and kinetics of homogeneous secondary reactions of tar from continuous pyrolysis of wood chipsq[END_REF][START_REF] Hosoya | Pyrolysis behaviors of wood and its constituent Bibliography polymers at gasification temperature[END_REF]. Secondary heterogeneous reactions refer to the transformation of primary volatiles, including cracking, (re) polymerization, and condensation occurring at a surface of char/ash or eventually added catalysts [START_REF] Morf | Mechanisms and kinetics of homogeneous secondary reactions of tar from continuous pyrolysis of wood chipsq[END_REF]. Homogeneous (liquid-liquid) and heterogeneous (liquid-solid) secondary reactions also appear in the condensed phase [START_REF] Mamleev | The facts and hypotheses relating to the phenomenological model of cellulose pyrolysis: Interdependence of the steps[END_REF][START_REF] Hosoya | Different pyrolytic pathways of levoglucosan in vapor-and liquid/solid-phases[END_REF]. Levoglucosan, for example, can undergo cracking reactions in the condensed phase to form pyrans and light oxygenates [START_REF] Mettler | Top ten fundamental challenges of biomass pyrolysis for biofuels[END_REF]. The distinction between primary and secondary reactions is quite challenging; this is one of the reasons why their kinetics need to be explicitly studied. For example, it is difficult to distinguish between products resulting from fragmentation (primary process) and those resulting from the cracking of primary volatiles [START_REF] Collard | A review on pyrolysis of biomass constituents: Mechanisms and composition of the products obtained from the conversion of cellulose, hemicelluloses and lignin[END_REF].

The features of fast pyrolysis are the maximal devolatilization of the solid and the minimization of secondary reactions' effects. For most pyrolysis reactor designs, volatiles/solid residence times are important in controlling the devolatilization process and minimizing secondary reactions. [START_REF] Hoekstra | Heterogeneous and homogeneous reactions of pyrolysis vapors from pine wood[END_REF] High solid residence time is essential to ensure complete devolatilization, while the volatile residence time must be short to minimize secondary reactions. In reactivity studies using lab-scale reactors, it is preferable to have a short residence time of volatiles inside the particle to minimize secondary reactions. Thus, several studies have suggested that operating under a vacuum is the best approach to achieving this goal [START_REF] Westerhof | The interplay between chemistry and heat/mass transfer during the fast pyrolysis of cellulose[END_REF][START_REF] Hoekstra | Fast pyrolysis in a novel wire-mesh reactor: Decomposition of pine wood and model compounds[END_REF][START_REF] Hoekstra | Fast pyrolysis in a novel wire-mesh reactor: Design and initial results[END_REF][START_REF] Lopez | Kinetics of scrap tyre pyrolysis under vacuum conditions[END_REF][START_REF] Pecha | Effect of a Vacuum on the Fast Pyrolysis of Cellulose: Nature of Secondary Reactions in a Liquid Intermediate[END_REF][START_REF] Garcia-Perez | Evaporation and Combustion Characteristics of Biomass Vacuum Pyrolysis Oils[END_REF].

Indeed, by directly or indirectly affecting volatile secondary reactions, pressure can influence the yields, compositions, and release of pyrolysis products [START_REF] Mok | Effects of pressure on biomass pyrolysis. I. Cellulose pyrolysis products[END_REF]. Vacuum conditions affect volatile transport rates by improving the evaporation of light products and the removal of heavy oligomeric products by thermal ejection [START_REF] Pecha | Effect of a Vacuum on the Fast Pyrolysis of Cellulose: Nature of Secondary Reactions in a Liquid Intermediate[END_REF],

which minimize their residence times in the particle and avoid their secondary transformations, but also affect the kinetics of secondary reactions [START_REF] Lopez | Kinetics of scrap tyre pyrolysis under vacuum conditions[END_REF].

Recent studies have investigated the overall distribution of lumped products under vacuum and high heating rates [START_REF] Westerhof | The interplay between chemistry and heat/mass transfer during the fast pyrolysis of cellulose[END_REF][START_REF] Hoekstra | Fast pyrolysis in a novel wire-mesh reactor: Decomposition of pine wood and model compounds[END_REF]. Despite these developments, methods to measure the kinetics of primary biomass devolatilization at high heating rates are still in their inception.

In this chapter, the primary objective is to provide a full picture of biomass fast primary pyrolysis by measuring the primary kinetics of the devolatilization stage and the formation of key primary products. A wire-mesh reactor (described in Chapter 2, section 2.2.2) was used for this purpose. The geometry and operating conditions chosen allowed the control of primary pyrolysis and the quantification of vapor, gas, intermediate products, and solid residues as a function of reaction time. Kinetic measurements of the biomass global devolatilization and key primary products (levoglucosan and cellobiosan) formation will be performed.

REACTANT-PRODUCT EVOLUTION MODEL

This study used a coupled reactant-product method to derive kinetic information from a single reactant within a multiproduct system [START_REF] Maliekkal | Activation of Cellulose via Cooperative Hydroxyl-Catalyzed Transglycosylation of Glycosidic Bonds[END_REF]. Thus, the apparent kinetic parameters for levoglucosan (LVG) and cellobiosan (C) were determined based on the time evolution of product formation and biomass consumption.

The first-order kinetic expression of biomass consumption to form levoglucosan (LVG) and cellobiosan (C), and other pyrolysis products (labeled 3, 4...) is described as follows: Eq.5.3

where Ysolid residue (t) (wt. %) and Ysolid residue (tf) (wt.%) are solid residue yield at time t and its final yield (at t = 4.05s), respectively.

The integration of Eq.5.1 leads to the following equation: (1 -exp(-(𝑘 𝐶 + 𝑘 𝑙𝑢𝑚𝑝_𝑛𝑜𝑛_𝐶 ) 𝑡) Eq.5.9

Based on the extent of conversion, we can write:

[𝐿𝑉𝐺] = 𝑘 𝐿𝑉𝐺 [𝐵] 0 (𝑘 𝐿𝑉𝐺 + 𝑘 𝑙𝑢𝑚𝑝_𝑛𝑜𝑛_𝐿𝑉𝐺 )
𝛼 𝐵 Eq.5.10

[𝐶] = 𝑘 𝐶 [𝐵] 0 (𝑘 𝐶 + 𝑘 𝑙𝑢𝑚𝑝_𝑛𝑜𝑛_𝐶 )
𝛼 𝐵 Eq.5.11

RESULTS AND DISCUSSIONS

Final lumped products an key products yields

Trends of product yields (Table 5.1) obtained from the vacuum pyrolysis of beechwood at < 0.5 mbar indicate that liquid yields increased with increasing pyrolysis temperature (370, 420, and 470 °C) and time (50, 150, 450, 1350, and 4050 ms), varying between 9.64 and 82.28 wt.%. Gas yields also increased from 2.63 to 5.19 wt.% while char yields decreased from 70.35 to 2.48 wt.%. Indeed, char yields are significant for low pyrolysis time, whatever the pyrolysis temperature, undoubtedly due to the presence of unconverted biomass, and constantly decreasing to 2.48 wt.% at 470 °C and 4.05 s of pyrolysis time. These trends for the fast pyrolysis of wood have already been reported [START_REF] Bridgwater | Review of fast pyrolysis of biomass and product upgrading[END_REF]. However, the low gas yield of 2.63 to 5.19 wt.% is a specificity of this screen heater with its fast quenching and an indication of its good performance in suppressing secondary reactions such as cracking reactions [START_REF] Westerhof | The interplay between chemistry and heat/mass transfer during the fast pyrolysis of cellulose[END_REF].

The main components of gases are CO2, CO, and a small amount of CH4, C2+, and H2 (Tables 5.2 and 5.3). With an increase in temperature, the CO, CH4, H2, and C2+ contents increase, while CO2 content decreases (Tables 5.2 and 5.3). CO2 is related to the decarboxylation and dehydration reactions of biomass that form biochar [START_REF] Liu | Theoretical studies on formation mechanisms of CO and CO2 in cellulose pyrolysis[END_REF].

It can also result from fragmentation reactions of sugars in the intermediate liquid compounds [START_REF] Mettler | Top ten fundamental challenges of biomass pyrolysis for biofuels[END_REF]. When temperature increases, the evaporation of sugars is facilitated, and the fragmentation reactions of sugars are minimized [START_REF] Pecha | Effect of a Vacuum on the Fast Pyrolysis of Cellulose: Nature of Secondary Reactions in a Liquid Intermediate[END_REF]. This partially explains the decrease in CO2 formation with increasing temperature (Tables 5.2 and5.3). The gas composition in the experiment with 0.5 s holding time shows a higher CO2 content and other gases with lesser yield (Tables 5.3) than that for the gas produced at 4.05 s (Table 5.2).

Based on 15⨯2 experiments, the mass balance closure at the gas, liquid, and solid residue level was 82.46 to 96.74 wt.%. These numbers are considered quite satisfactory, considering the small sample amount (50 to 60 mg) and the laborious recovery and gas analysis procedures concerning standard deviations (Table 5.1).

The yield of cellobiosan and levoglucosan were measured for times of 0.05 to 4.05 s and temperatures of 370, 420, and 470 °C, as depicted in The production of LVG is here severely inhibited, meaning that the intramolecular transglycosylation after both depolymerization of cellulose and the formation of the chain ends with LVG [START_REF] Mamleev | The facts and hypotheses relating to the phenomenological model of cellulose pyrolysis: Interdependence of the steps[END_REF] did not take place. We cannot invoke the presence of secondary reactions in the molten phase [START_REF] Hosoya | Different pyrolytic pathways of levoglucosan in vapor-and liquid/solid-phases[END_REF][START_REF] Kawamoto | Pyrolysis behavior of levoglucosan as an intermediate in cellulose pyrolysis: polymerization into polysaccharide as a key reaction to carbonized product formation[END_REF] or in the gas phase [START_REF] Norinaga | A mechanistic study on the reaction pathways leading to benzene and naphthalene in cellulose vapor phase cracking[END_REF] that could have affected the LVG yields. Indeed, the evaporation rate of LVG was enhanced due to the vacuum conditions [START_REF] Pecha | Effect of a Vacuum on the Fast Pyrolysis of Cellulose: Nature of Secondary Reactions in a Liquid Intermediate[END_REF] and fast quenching enabled.

Cellobiosan, which is a non-volatile oligo-anhydrosugar with a degree of polymerization of 2 and present under primary liquid aerosol forms during fast pyrolysis of cellulose [START_REF] Teixeira | Aerosol generation by reactive boiling ejection of molten cellulose[END_REF], is also expected to be quickly vaporized under < 0.5 mbar. This prevents it to undergo secondary transformation into either smaller molecules (such as levoglucosan) or biochar (via repolymerization and carbonization reactions. The resulting low levoglucosan yields could be explained by the too-short residence time of reactive species within the molten phase due to vacuum. This prevents reactive hydroxyl groups from catalyzing the transglycosylation mechanism [START_REF] Maliekkal | Activation of Cellulose via Cooperative Hydroxyl-Catalyzed Transglycosylation of Glycosidic Bonds[END_REF][START_REF] Maduskar | On the Yield of Levoglucosan from Cellulose Pyrolysis[END_REF].

Although from the trend of curves (Figure 5.1), both levoglucosan and cellobiosan formation could exhibit first-order kinetics, it is challenging to directly confirm this hypothesis from these data. Challenges are related to the complex process involving a considerable number of parallels and sequential reactions leading to the formation of the final product [START_REF] Zhou | Experimental and Mechanistic Modeling of Fast Pyrolysis of Neat Glucose-Based Carbohydrates. 1. Experiments and Development of a Detailed Mechanistic Model[END_REF][START_REF] Vinu | A mechanistic model of fast pyrolysis of glucose -based carbohydrates to predict bio-oil composition[END_REF]. 

Global devolatilization

Based on Eq.5.5, one can plot the logarithm of (1-αB) vs. time, generating a straight line with a slope equal to the negative rate constant for first-order reaction behavior. The activation energy and pre-exponential factor values are lower than that previously obtained using the Py-MS system (E = 119.5 kJ/mol, and A = 1.5 ×10 6 s - 1 , using 1-G-DAEM) under an absolute 2.9 bar, which confirms the significant role of heating rate and pressure on pyrolysis kinetics conducted under the kineticcontrolled regime. This low activation energy is typical of high constant rates for biomass fast pyrolysis measured under vacuum conditions; The constant rates are higher than those obtained for pressurized or atmospheric pyrolysis [START_REF] Lopez | Kinetics of scrap tyre pyrolysis under vacuum conditions[END_REF].

LVG and cellobiosan formation kinetics

The constant rates of levoglucosan (LVG) and cellobiosan (C) at different temperatures 

CONCLUSIONS

This work attempts to determine the kinetics of the very early stage of beechwood fast pyrolysis. A screen heater, which allows high heating rates, and deep vacuum (< 0.5 mbar) conditions were used for this proposal. The time evolution of cellobiosan and levoglucosan formation was determined based on several experiments using different solid holding times, which was possible using the screen heater, ensuring fast cooling rates and the control of the millisecond time scale. Maximum production of both cellobiosan and levoglucosan occurred in less than 1 s. The maximum cellobiosan yield was about 20 wt.%, which was relatively high, confirming the absence of homogeneous gas-and condensed-phase secondary reactions.

The vacuum has also affected levoglucosan formation, leading to a very low yield (< 2 wt.%). The temporally resolved formation of cellobiosan and levoglucosan over the full extent of conversion was interpreted via a coupled reactant-product evolution model to determine activation energy 54.03 and 56.1 kJ/mol and a pre-exponential factor of 0.81 × 10 3 and 12.24 × 10 3 s -1 for levoglucosan and cellobiosan formation, respectively.

The activation energy of the global biomass fast devolatilization (40.17 kJ/mol) obtained in vacuum (< 0.5 mbar) was lower than that previously obtained using the micropyrolyzer-mass spectrometry system (119.5 kJ/mol) under an absolute pressure of 2.9 bar, which confirms the significant role of heating rate and pressure on pyrolysis kinetics conducted under the kineticcontrolled regime.

Further investigation and modelling suggestions are required to include both T(t) history and pressure effects to reconcile chemical kinetics obtained using the two different reactors.

Chapter 6: General Conclusions and perspectives

Over the past five decades, fundamental research on biomass pyrolysis has focused on several areas, including understanding the chemistry of individual biopolymers in the biomass, studying the chemical kinetics, developing transport-reactions models to predict its complex behavior, designing fast pyrolysis reactors, etc. These studies aim to build a constructive approach in which chemical mechanisms are integrated into particle and reactor models that can control, optimize and predict the overall performance, including the yield and composition of the pyrolysis products.

The research work presented in this thesis contributes to the previous constructive approach by advancing the progress in controlling, measuring, and modelling the biomass fast pyrolysis process kinetics. Indeed, the development of a methodology capable of producing experimental data sets describing the devolatilization of biomass under the kinetically controlled regime was performed. This methodology consists of correcting heat transfer limitations and capturing time series data using the microPyrolyzer-Mass spectrometry (Py-MS) system. Kinetic data collected in these experiments highlight oversights from previous researchers. The main conclusions related to this part are:



We have discharged concerns about temperature measurement uncertainties in such systems by implementing a thermal model to access the correct and reliable temperature-time history at high heating rates (110 °C/s = 6,600 °C/min).



The thermal model simulations indicated that conduction dominates heat transfer from the heating element to the cup and the biomass sample. The heating time of biomass was significant, of the order of 6 s, indicating a non-isothermal nature of the experiment. Therefore, kinetics analysis requires establishing the biomass sample temperature history.



The biomass temperature history was close to that of the cup for a small sample (≤ 50 µg) arranged in a close-to-thin-film configuration. Therefore, it can be determined experimentally by measuring the cup temperature.



The thermal inhomogeneity of the biomass sample was non-significant (Biot < 0.1). Lumped system analysis can also describe the biomass sample temperature profile by taking biomass sample temperature equal to the cup temperature without going through complicated numerical simulations.



The evolved gas analysis based on Py-MS analysis is helpful for evaluating thermal devolatilization, giving valuable information about produced fragments. The commercial micropyrolyzer was used for product analysis and to assess fast pyrolysis kinetics. For the first time, an empirical approach based on the isoconversional method (VAEM) and distributed activation energy model (DAEM)

was applied to actual molecular mass records of volatiles and not only essential to global mass loss TGA.



Inadequate data collection can introduce drastic errors in derived kinetic parameters, particularly during the biomass sample heating period.

 Good fittings of experimental data were achieved for biomass devolatilization using VAEM and also using one and double Gaussian DAEM.

In the previous part, the kinetic analysis was limited to forming low molecular compounds as the micropyroplyzer has a technical characterization limitation. A screen heater was, therefore, used to map all the products and measure the global biomass primary devolatilization kinetics, as well the kinetics of key products (levoglucosan and cellobiosan) formation.



The high heating rates achieved using the screen heater and deep vacuum (< 0.5 mbar) confirm that large sugars such as cellobiosan (20 wt%) are the main primary products of wood pyrolysis. The vacuum has also affected levoglucosan formation, leading to a very low yield (< 2wt.%) against more than 25wt.% at atmospheric pressure.



Levoglucosan and cellobiosan formation from wood was temporally resolved over the full extent of conversion, which was interpreted via a coupled reactant-product evolution model to determine the activation energy 54.03 and 56.1 kJ/mol, and a pre-exponential factor of 0.81 × 10 3 and 12.24 × 10 3 s -1 for levoglucosan and cellobiosan formation, respectively.



The activation energy of the global biomass fast devolatilization (40.17 kJ/mol) obtained in vacuum (< 0.5 mbar) was lower than that previously obtained using the Micropyrolyzer-Mass spectrometry system (119.5 kJ/mol) under an absolute pressure of 2.9 bar. This confirms the significant role of the heating rate on pyrolysis kinetics.

Although extensive experimental work has been conducted to assess heat and mass transfer, a more comprehensive analysis incorporating mass transfer is necessary. In particular, it is crucial to delve deeper into the hydrodynamics and performance of particle internal and external mass transfer and determine the established regime. The fast devolatilization process in biomass pyrolysis, studied in this thesis, can be effectively modeled numerically by considering multiple independent and parallel chemical reactions occurring in two consecutive stages. The 2G-DAEM model accurately describes the phenomenology of biomass pyrolysis, capturing the production of lumped compounds resulting from the sequential decomposition of holocellulose and lignins. However, for a more comprehensive understanding of fast pyrolysis phenomena, it is essential to investigate the reaction kinetics and temporal evolution of species concentrations. Several fundamental questions arise in this kinetic modeling problem. Firstly, the significant number of parallel chemical reactions with their own kinetics poses challenges in solving stiff systems. In this study, we have addressed this issue by proposing a continuous distribution of activation energy to handle the large number of reactions. Secondly, coupling these kinetics with the temperature history in the system is crucial. The reaction kinetic constants depend nonlinearly on temperature according to the Arrhenius law. In our study, we have adopted a conventional numerical approach by first determining the true temperature-time history and deconvolving the true data from the transfer function before conducting kinetic analysis. This methodology has allowed us to uncover important chemical features associated with unbiased kinetic parameters. However, practical difficulties related to product collection data and reactor designs have made reconciling the obtained primary kinetics under vacuum and slightly pressurized fast pyrolysis conditions challenging.

Recognizing the proximity of our research center, RAPSODEE, with the LAPLACE laboratory, we have developed the idea of addressing this coupling issue through a unified Monte Carlo framework, which presents a more complex theoretical and computational challenge. The nonlinear dependence of reaction rates on temperature lies at the core of 

A.2. Average heat transfer coefficient

Newton's law can be used to determine the global coefficient of exchange at the surface of the sample. However, the sample can have different environments; the sphere is only in contact with helium, while the thin-film biomass and the torus are in contact with the cup and the helium, as shown in The rates of heat transfer between the sample and helium, 𝑄 ̇1, and between the sample and the cup, 𝑄 ̇2, were defined as follows:

Q ̇1 (t) = U 1 ̅̅̅ S 1 (T helium (t) -T sample ) Eq. A.2.1 Q ̇2 (t) = U 2 ̅̅̅̅ S 2 (T cup (t) -T sample ) Eq. A.2.2
The heat flow can be obtained by integrating the interfacial heat flux, q1 (t) or q2(t), over the external surface of the biomass sample, S1 or S2:

𝑄 ̇ 1 (𝑡) = ∬ 𝑞 1 (𝑡) 𝑑𝑆 1 𝑆 1 Eq. A 2.3 𝑄 ̇ 2 (𝑡) = ∬ 𝑞 2 (𝑡) 𝑑𝑆 2 𝑆 2
Eq. A.2.4

The average heat transfer coefficient, 𝑈 ̅ , which takes into account the different surfaces in contact with the sample, is calculated using the following equations:

U ̅ 1 = 1 S 1 (T helium (t)-T sample (t)) ∬ q 1 (t) dS 1 S 1 Eq. A.2.5 U ̅̅̅̅ 2 = 1 S 2 (T cup (t)-T sample(t) ) ∬ q 2 (t) dS 2 S 2 Eq. A.2.6
The weighted average of the heat transfer coefficients, 𝑈 ̅ , which takes into account the relative importance of the different surfaces in contact with the sample, is calculated as follows: profiles were stored as vectors labeled "RTD" and "A," respectively. The deconvolution theorem is based on the periodic nature of the data. Thus, it falsely "pollutes" the real-time devolatilization profile with wrapped-around data from the far end of the RTD and A.

U ̅ = U ̅ 1 S 1 +U ̅ 2 S 2

A.3. Raw devolatilization profiles

A.4. Cumulative Residence Time Distribution profiles

Therefore, A and RTD must be padded with zeros at the end to avoid this pollution. As the deconvolution process is very sensitive to noise, the deconvoluted devolatilization profile (AA) was filtred; its cumulative sum was filtered in an iterative loop using the Butterworth filter. The convolution of AA with RTD was carried out to verify the accuracy of the resulting vector AA. 

A.6. Effect of the cup type

The temperature histories of three cups derived using the Comsol model are shown in 

A.7.Effect of the heat of reaction on the biomass sample heating

To be able to take into account the presence of chemical reactions, a source term is applied and defined as follows:

Q(𝑊) = ∆𝐻 * 𝑚 * 𝐾 Eq. A.7.1

Where ∆H(J/kg) is the enthalpy of the reaction, m is the weight of the biomass sample, and K

is the constant rate. The enthalpy of the pyrolysis reaction is sensitive to the pyrolysis conditions, and it has been found to range from endothermic to exothermic. At high heating rates and in the absence of mass transfer limitations that lead to char formation, the thermal decomposition of the biomass pathway is endothermic [START_REF] Milosavljevic | Thermal Effects in Cellulose Pyrolysis: Relationship to Char Formation Processes[END_REF]. This work used a value of -1090 J/kg, which Lee et al. determined at high heating flux. K equal to 15.7 s -1 was used, which is determined at 500 °C using the kinetic parameters of the work carried out by the PHASR reactor [START_REF] Zhu | Energetics of cellulose and cyclodextrin glycosidic bond cleavage[END_REF]. 

B.4. Overfitting checking

The empirical model (VAEM) is validated for both types of biomass under conditions other than those used to determine the unknown parameters, as is shown in 

B.5. calculated vs. experimental devolatilization profiles of biomass components
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Résumé long en Français

Le procédé de pyrolyse rapide de la biomasse est un domaine de recherche en plein expansion qui suscite un intérêt croissant en raison du potentiel des produits qui en résultent en tant que solution énergétique durable et renouvelable. Ce processus présente de nombreux avantages et applications prometteuses.

L'utilisation de la bio-huile obtenue à partir de la pyrolyse rapide de la biomasse comme source d'énergie renouvelable offre une alternative attrayante aux combustibles fossiles, contribuant ainsi à la réduction des émissions de gaz à effet de serre responsables du changement climatique. De plus, cette bio-huile peut également servir de matière première pour la production de produits chimiques et de biocarburants avancés.

L'un des aspects clés de la pyrolyse rapide de la biomasse est la mesure et la modélisation de sa cinétique, c'est-à-dire la compréhension des taux de réaction et des mécanismes impliqués dans la décomposition thermique de la biomasse. Cette connaissance est essentielle pour optimiser les rendements et la composition des produits obtenus, ainsi que pour améliorer l'efficacité globale du processus.

Cependant, ces approches sont difficiles à mettre en place en raison des réactions chimiques ayant lieu en phases gazeuse et condensées qui sont aussi contrôlées par des phénomènes de transfert de chaleur et de matière. La mesure précise de la cinétique de la pyrolyse rapide de la biomasse est un défi scientifique complexe.

La thèse présentée ici se concentre sur l'avancement des techniques de mesure, de contrôle et de modélisation de la cinétique de la pyrolyse rapide de la biomasse.

Dans le premier chapitre, une revue approfondie des avancées récentes dans ce domaine est présentée, en mettant l'accent sur la rationalisation et le contrôle de ce processus complexe.

Les approches de modélisation cinétique sont examinées, tout comme les limitations des techniques expérimentales existantes pour mesurer avec précision la cinétique de la pyrolyse de la biomasse. Les conclusions de cette revue permettent d'établir les objectifs spécifiques de la thèse et de définir sa structure. En outre, une procédure basée sur le concept de déconvolution et la mesure de la distribution du temps de séjour a été mise en place pour obtenir le profil de dévolatilisation en temps réel (Figure 3.9). La comparaison entre les réponses détectées et les réponses corrigées (Figure 3.9) révèle que les profils de dévolatilisation déconvolués pour les échantillons de biomasse présentaient un décalage vers l'avant, avec de légères variations dans leur "forme". L'advection est le principal processus responsable de ce décalage des pics, dû au transit des espèces à l'intérieur du système.

Cependant, les différences de forme des profils peuvent résulter de la contribution de la dispersion et de la diffusion moléculaire à l'intérieur de la ligne de transfert. Dans la Figure 3.9.b, on observe qu'un épaulement à l'arrière du pic de dévolatilisation du bois de hêtre et qui devient plus prononcé après la déconvolution. Il convient également de noter que cette épaulement est à peine reconnaissable dans le profil brut de dévolatilisation (Figure 3.9.b, courbe A), ce qui confirme la nécessité de corriger les profils de dévolatilisation afin de déduire correctement la cinétique de la pyrolyse.

Enfin, l'effet de la masse initiale sur les taux de dévolatilisation a été vérifié expérimentalement et a confirmé la nécessité d'utiliser moins de 100 µg d'échantillon de biomasse afin de minimiser les limitations de transfert de chaleur et de matière à l'échelle du lit de particules (Figure 3.11).

Cette amélioration de la précision des mesures cinétiques (décrite en Chapitre 3) contribue à une meilleure caractérisation des réactions impliquées dans la décomposition thermique de la biomasse.

De nombreuses études approfondies ont été menées afin de mieux comprendre la cinétique de la pyrolyse de la biomasse. Toutefois, en raison de l'hétérogénéité intrinsèque de la biomasse et de la complexité des transformations chimiques et physiques qui se produisent pendant la pyrolyse, il est extrêmement difficile de développer un modèle cinétique simple qui puisse s'appliquer à toutes les situations.

Idéalement, un modèle mécanistique détaillé serait en mesure de prédire de manière précise Toutefois, pour pouvoir prédire de manière globale le processus de pyrolyse de la biomasse, il est nécessaire de disposer d'une forme mathématique explicite à la fois pour les phénomènes chimiques et physiques interdépendants.

Le quatrième chapitre de notre étude se concentre spécifiquement sur les processus de dévolatilisation du bois de hêtre (BW) et de la biomasse herbacée, en l'occurrence les feuilles de Zea mays (ZM).

Pour ce faire, nous avons utilisé différentes approches cinétiques basées sur les données corrigées du Py-MS (microPyrolyzer-Mass Spectrometer).

Ces techniques d'analyse en ligne, telles que le Py-MS, jouent un rôle crucial dans le suivi de la dynamique de formation des composés volatils lors de la décomposition de la biomasse. Ainsi, le micropyrolyseur commercial utilisé dans notre étude ne se limite pas à être simplement un outil d'analyse des produits, mais nous permet également d'évaluer la cinétique de la pyrolyse rapide.

En plus d'étudier la dévolatilisation de la biomasse dans son ensemble, nous avons également examiné les dévolatilisations des principales fractions constitutives de la biomasse, à savoir l'holocellulose et la lignine, en extrayant les rapports masse sur charge (m/z) appropriés (Table 2.4).

La collecte de données de manière adéquate revêt une importance cruciale afin d'éviter des erreurs significatives lors de la détermination des énergies d'activation, comme le met en évidence la Ces résultats mettent en évidence l'importance de choisir un modèle de réaction approprié lors de l'analyse cinétique de la dévolatilisation de la biomasse. Le CAEM, bien qu'il soit souvent utilisé en raison de sa simplicité, peut ne pas être adéquat pour représenter avec précision ce processus complexe.

Le modèle VAEM, développé à partir des résultats de l'analyse cinétique isoconversionnelle, maintient un schéma cinétique simple sans faire d'hypothèses préalables quant à la forme du modèle de réaction, f(α). En revanche, le modèle DAEM, qui utilise une approche à double gaussienne, offre des informations supplémentaires sur la phénoménologie de la dévolatilisation et la contribution des biopolymères.

L'analyse approfondie des tendances optimisées de l'énergie (EVAEM) confirme la présence de réactions exothermiques formant du biochar vers la fin du processus de pyrolyse, caractérisées par des énergies d'activation proches de zéro voire négatives.

De plus, l'analyse approfondie des données ( Grâce à l'utilisation du chauffage par tamis, nous avons pu obtenir des taux de chauffage élevés et des conditions de vide poussé (< 0,5 mbar). Cela nous a permis de préciser l'évolution de l'ensemble des produits de la pyrolyse de la biomasse et de mesurer la cinétique globale de la dévolatilisation primaire, ainsi que la cinétique de formation des produits clés tels que le levoglucosane et le cellobiosane.

Nos résultats ont révélé que les sucres de poids moléculaire élevé, tels que le cellobiosane, représentent une proportion importante (20 % en poids) des produits primaires de la pyrolyse du bois. Cependant, nous avons également constaté que la formation de levoglucosane était fortement affectée par le vide, conduisant à un rendement très faible (< 2 % en masse) par rapport à la pression atmosphérique (> 25 % en masse).

Nous avons interprété ces observations en considérant que les conditions de vide amélioraient l'évaporation des espèces réactives au sein de la phase condensée. Cependant, cela a probablement entraîné une limitation de l'effet catalytique des groupes hydroxyles réactifs dans la production de levoglucosane par des mécanismes de transglycosylation au sein de la phase condensée en raison de temps de séjour insuffisant. 

Évaluation des phénomènes de transport et de la cinétique chimique lors de la pyrolyse rapide de la biomasse

La pyrolyse rapide transforme principalement la biomasse solide en bio-huile, un liquide visqueux composé de centaines de composés organiques. Cette bio-huile peut être valorisée comme biocarburant liquide ou utilisée comme source de produits organiques pour l'industrie chimique. La modélisation cinétique, en particulier la détermination des paramètres "intrinsèques", joue un rôle essentiel pour optimiser les rendements et la composition des produits de pyrolyse. Ce travail vise à obtenir des ensembles de données expérimentales décrivant la réactivité de la biomasse dans un régime contrôlé par la cinétique chimique. Pour cela, des ensembles de données expérimentales ont été collectés à l'aide d'un micropyrolyseur couplé à un spectromètre de masse (Py-MS), permettant ainsi la détection en ligne des composés volatils libérés lors de la pyrolyse. Les simulations numériques ont été réalisées pour étudier les transferts thermiques au sein du micropyrolyseur, fournissant des informations inaccessibles expérimentalement, telles que le profil thermique de l'échantillon et le flux de chaleur à sa surface, et évaluant l'existence de limitations du transfert de chaleur. Bien que le micropyrolyseur permette d'atteindre des vitesses de chauffe élevées et vise à établir des conditions isothermes, le modèle à éléments finis et l'analyse des nombres sans dimension ont démontré que dans des conditions typiques d'analyses Py-MS, il n'est pas possible de supposer une condition isotherme pendant un temps significatif. Il est donc nécessaire de prendre en compte l'histoire thermique des échantillons lors des études cinétiques. Contrôler la taille et la disposition de l'échantillon dans le creuset permet de minimiser les gradients de température à l'intérieur des particules. De plus, les phénomènes de transport par diffusion moléculaire et advection ont été quantifiés en mesurant la distribution du temps de séjour. Des stratégies de calibration ont été développées pour tenir compte des effets du "retard thermique" et du "retard dans la détection des produits", garantissant ainsi la collecte de données fiables à partir du Py-MS pour les échantillons pyrolysés "dans un régime contrôlé par la cinétique chimique". 

Unraveling transport phenomena and chemical kinetics during biomass fast pyrolysis

The fast pyrolysis process primarily converts biomass particles into bio-oil. This liquid, which is more or less viscous and composed of hundreds of organic compounds, can be utilized as liquid biofuel or a source of organic products for the chemical industry. Kinetic modeling, particularly determining intrinsic kinetic parameters, presents a significant challenge in establishing optimal operating conditions and maximizing desired product yields. This study aims to generate experimental datasets that describe the reactivity of biomass in a kinetically controlled regime. For this purpose, a micropyrolyzer coupled directly to a mass spectrometer (Py-MS) was used, enabling online detection and identification of low molecular weight compounds released during pyrolysis. A detailed description of heat transfers within the micropyrolyzer was performed. The numerical simulations provided information that was not accessible experimentally, such as the thermal history of the sample and the heat flux at its surface, allowing for the evaluation of heat transfer limitations. The micropyrolyzer enables rapid heating rates and aims to create isothermal conditions. However, the finite element model used to simulate heating in the Py-MS instrument and the analysis of dimensionless numbers demonstrated that under typical Py-MS analysis conditions, assuming isothermal conditions for a significant period of time is not possible. Therefore, it is essential to incorporate the thermal history of the samples when performing kinetic studies. Additionally, it has been proven that, unlike external heat transfer to the sample, temperature gradients within the biomass sample can be minimized by carefully controlling its size and arrangement in the cup. Furthermore, transport phenomena involving molecular diffusion and advection within the system were quantified by measuring residence time distribution. Calibration strategies were developed to account for the effects of "thermal lag" and "delay in product detection" by the MS, thus obtaining reliable Py-MS data for samples pyrolyzed under kinetically controlled conditions. These corrected experimental data were processed using a non-linear and non-discriminating isoconversional method to interpret and model biomass devolatilization. The obtained isoconversional dependencies of Eα for biomass and its main components (holocellulose and lignins) exhibited significant variations with conversion, confirming the multi-stage nature of the fast pyrolysis process. Based on this study, reactivitybased models such as the constant activation energy model (CAEM), variable activation energy model (VAEM), and distributed activation energy model (DAEM) were developed to simulate the biomass fast devolatilization. The results were then compared to pure empirical primary kinetics determined using a screen heater. The configuration of this reactor and the vacuum conditions allowed for the control of primary pyrolysis and the quantification of vapors, gases, intermediate products, and solid residues as a function of reaction time, providing a comprehensive picture of the fast primary pyrolysis of biomass and a description of the formation of key primary products such as levoglucosan and cellobiosan.

Keywords: Biomass, Fast pyrolysis, Py-MS, Screen heater, Intrinsic kinetics, Isoconversional methods, DAEM.
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 13 Figure 1.3. Liquid yields (wet wood basis) obtained by fast pyrolysis according to the type of biomass. The presented yields are obtained from several studies available in the literature [41,49-51,54].
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 15 Figure 1.5. Contribution of heat transfer modes to the particle surface for different pyrolysis reactors. Values are obtained from [80].
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 16 Figure 1.6. A representative list of the degradation patterns for biomass component pyrolysis.
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 17 Figure 1.7. Renzi's semi-global kinetic model for biomass fast pyrolysis primary reactions [132]. HCE1 involves two competitive reactions: xylose formation (46 kJ/mol) and tar, gas, and char formation (113 kJ/mol). HCE2 decomposed into tar, char, gases, and two

  relates reaction time to internal heat transfer time. At the same time, Py' is the ratio of reaction and external heat times:
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 18 Figure 1.8. Reaction-transport maps of the pyrolysis.Sample preparation techniques such as powdered and thin-film samples have been used to minimize sample internal heat and mass transfer limitations by decreasing the characteristic lengths of samples. Tests to verify that there are no transport limitations are generally advisable, based on checking the initial sample thickness/initial mass effect on the distribution of the pyrolysis products. Patwardhan et al.[START_REF] Patwardhan | Product distribution from fast pyrolysis of glucose-based carbohydrates[END_REF] studied cellulose fast pyrolysis in an analytical pyroprobe. They found no difference in the distributions of products when they varied the initial mass of cellulose between 200 and 800 μg. This was later confirmed by Zang et al.[START_REF] Zhang | Investigation of Primary Reactions and Secondary Effects from the Pyrolysis of Different Celluloses[END_REF], who used a similar micropyrolyzer and recommended using fewer than 800 μg of biomass sample to minimize heat and mass transfer limitations and ensure a pure kinetic regime.
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 21 Figure 2.1. The setup is comprised of the following components:

Figure 2 . 1 .

 21 Figure 2.1. System configuration of the Py-MS analysis.
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 22 Figure 2.2. Schematic description of the pyrolyzer. 1: sampler, 2: reactor (Quartz tube), 3: heating sleeve, 4: ceramic support, 5: Porex insulator, 6: stick, 7: cup, and 8: split vent.

Figure 2 . 3 .

 23 Figure 2.3. Residence Time Distribution measurement set-up.

Figure 2 . 4 )

 24 consists of a glass vessel ((1) Duran Centrifuge tube 250 mL, round bottom, D = 56 mm) in which the screens containing the biomass (2) were clamped between two copper electrodes (5) using bolts. A liquid nitrogen bath ((4), -196 °C) was placed around the vessel to quickly quench the produced vapors/aerosols.

Figure 2 . 4 .

 24 Figure 2.4. Schematics configuration of the screen-reactor (front a) and side b) views) adapted from [174]. c) Real system figure.

  temperature and holding time). Experiments were performed at three final screens temperature, TFS (370, 420, and 470 °C), maintained at different holding times[START_REF] Carrier | Quantitative Insights into the Fast Pyrolysis of Extracted Cellulose, Hemicelluloses, and Lignin[END_REF][START_REF] Please | Approximations to the distributed activation energy model for the pyrolysis of coal[END_REF] 450, 1350, and 4050 ms). The heating rate of screens containing the biomass sample in between in our experiment was about 570 °C/s (Figure2.5). Previous studies considered working under isothermal conditions by minimizing non-isothermality, claiming the heating ramp was about 6,000 °C/s. This study considers that experiments are carried out under non-isothermal conditions. After the holding time, the screens were cooled at approximately 26 °C/s (Figure2.5). After the experiment, the vessel was removed from the liquid nitrogen bath and warmed to ambient temperature. Two experiments for each set of experimental conditions ensure reproducibility testing.

Figure 2 . 5 .

 25 Figure 2.5. Temperature profile of the screen containing the biomass in between obtained at 0.5 mbar and a holding time of 4.05 s at a final temperature of 470 °C. 1,2 and 3 correspond to the heating pulse, holding time, and cooling stage.

  𝑌 𝐺𝑎𝑠 (𝑤𝑡. %) = 100 ∑ 𝑓 𝑣,𝑖 𝑉 𝑣𝑒𝑠𝑠𝑒𝑙 𝑀 𝑤,𝑖 𝑃 𝑠𝑎𝑚𝑝𝑙𝑒 𝑅 𝑇 𝑎𝑚𝑏𝑖𝑒𝑛𝑡 𝑖 𝑚 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 Eq.2.1



  Section 3.2 is devoted to performing numerical simulations to assess the time-temperature history of the cup and different sample arrangements and to determine the overall heat transfer coefficients at the surface of the biomass sample;  The Prolysis regime was determined based on the dimensionless analysis in section 3.3 to adjust the range of operating conditions;  Section 3.5 explains the procedure development to obtain the real-time devolatilization profile based on the deconvolution concept and residence time distribution measurement;



  2D axisymmetric geometry is used;  Absence of chemical reactions is assumed;  Laminar flow is assumed. This assumption is borne out in the calculations since Reynolds number (Re = ρ v L/ η) calculated at the top (L = 4.8 mm and v = 0.12 m/s) and bottom (L = 1.9 mm and v = 0.66 m/s ) of the Quartz tube were < 10. For this calculation helium proprieties at 500 °C and 2.9 bar were used (ρ = 0.18 kg.m -3 , η = 3.85e -5 Pa.s)  Air layers located between the Quartz tube and the heating sleeve and between the insulator and the heating sleeve were supposed to be stagnant;  And the heating of the cup during the fall was neglected as the fall time was swift. In addition, before the cup fall, the reactor is preheated to the desired temperature (see Figure A.1 in Appendix A), which means that the cup is exposed to the heat source right from the beginning of its trajectory during the fall.

Figure 3 .

 3 Figure 3.1. a) Components of the micropyrolyzer as described in the simulation. b) Expanded view of 2D geometry, showing the cup containing the biomass sample inside the Quartz tube and its placement relative to the Quartz tube.

Figure 3 . 2 .

 32 Figure 3.2. Different powder arrangements: a) Thin-film with the same diameter as the standard cup, b) torus, and c) sphere.

3 𝜇

 3 . ∇𝑢 = -∇𝑝 + ∇. [𝜇 (∇𝑢 + (∇𝑢) 𝑇 ) -2 (∇ . 𝑢) 𝐼] Eq.3.3 where ρ (kg.m -3 ) is the density, u (m/s) is the velocity vector, p (Pa) is the pressure, μ (Pa.s) is the viscosity, the superscript T denotes the transpose operator, and I is the identity matrix. Temperature fields and heat flux in all parts of the simulation geometry were obtained from the heat equation: 𝜌 𝐶 𝑝 𝜕𝑇 𝜕𝑡 + 𝜌 𝐶 𝑝 𝑢. 𝛻𝑇 + 𝛻. 𝑞 = 𝑄 + 𝑄 𝑝 + 𝑄 𝑣𝑑 Eq 3.4

  𝑞 = -𝜆 𝛻𝑇 Eq.3.5 𝑄 𝑝 = 𝛼 𝑝 𝑇 ( 𝜕𝑝 𝜕𝑡 + 𝑢. ∇𝑝)) Eq.3.6 Q vd = τ: ∇u Eq.3.7 where λ (W.m -1 .K -1 ) is the solid thermal conductivity, τ is the viscous stress tensor, and αp is the coefficient of thermal expansion. This model also considered radiation heat transfer, represented as surface-to-surface radiation. Stefan-Boltzman's law was used to model radiative heat flux emitted by diffuse gray surfaces. The considered surfaces were:  The outer surfaces of the heating sleeve (emissivity, ε = 0.32);  The outer surfaces of the support (ε = 0.8);  The outer and inner surfaces of the cup (ε = 0.32);  The inner and outer surfaces of the quartz tube (ε = 0.93);  And the outer surface of the biomass sample (ε = 0.9).

  characteristic time of a phenomenon gives the order of time magnitude it takes to unfold. Comparing the predominance of different phenomena occurring during pyrolysis can be followed by a direct comparison (by raw value) of their time scales or by dimensionless numbers, i.e., characteristic time ratios between two different phenomena. The second option makes it possible to visualize the different pyrolysis regions more directly via maps grouping at least two dimensionless numbers and, therefore, comparing several physical and chemical phenomena simultaneously. It is a powerful tool for describing complex physicochemical processes with minimal parameters. Some researchers have introduced reduced numbers, such as Bi, Py, and Py', to characterize heat transfer involved in the pyrolysis process:

Appendix A, section A. 2 .

 2 Values of the reaction rate constants are required for most of the calculation of the dimensionless numbers. Selecting the right value to represent the intrinsic kinetics of pyrolysis chemical reactions becomes critical. To get intrinsic kinetics, single-step models are generally used, and those classic representations of biomass fast pyrolysis are summarized in Table 3.1 and displayed in Figure 3.3.
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 33 Figure 3.3. Arrhenius plot for biomass pyrolysis (same data as Table3.1).

  measurements of ion intensity, It, in Ampere, which, once integrated over the pyrolysis time and multiplied by both molecular weight of volatile species, 𝑀𝑊, and flow rate, 𝑉 ̇, results in the released mass during the reaction:

2 . 1 .

 21 devolatilization profiles were acquired through Py-MS experiments performed in micro-furnace temperatures (400, 420, 430, and 450 °C) and using Zea Mays leaves and beechwood samples. The description of these experiments is presented in Chapter 3, section 3.Cumulative residence time distributions were acquired in the same conditions as the acquisition of the devolatilization profiles as described in Chapter 3, section Residence Time Distribution (RTD) measurements. Data processing Raw devolatilization and cumulative residence time profiles were processed using Matlab R2022a software. Firstly, raw devolatilization signals were divided by the initial mass of samples. Signal fluctuations shown in Figure A.3.1 in Appendix A, section A.3 were minimized by smoothing the raw devolatilization using the classic Savitzky and Golay method. Then signal curves with baseline correction were constructed and normalized to the maximum intensity (as it is shown in Figure A.3.2 in Appendix A, section A.3). Tracer signals were recorded following the negative step injection. As previously mentioned, the response to this negative step injection constitutes the raw cumulative residence time distribution curves, F(t). The positive step injection response was used to deal with noises of negative step responses as described in Appendix A, section A.4. F(t) curves were then baseline-corrected and normalized to the maximum intensity (Fig. A.4.3 in Appendix A, section A.4). The slight variation in F(t) curves when varying furnace temperature indicates that the characteristic time of molecules transport inside the deactivated column is more significant than inside the microreactor as the change in temperature takes place only inside the reactor while the deactivated column temperature remains constant for all experiments.

Figure 3 . 4 .

 34 Figure 3.4. Time evolution of simulated (Comsol: continuous line, lumped system analysis: dashed line) and measured (circles) cup temperature in the micropyrolyzer held at 773 K. Here, the standard cup (I.D = 3.6 mm, O.D = 4 mm, and length = 5 mm) was used.

Figure 3 . 6 .

 36 a shows a minor temperature inhomogeneity within samples with different arrangements (Tsurface -Tcenter < 8 K), indicating a negligible effect of the internal heat transfer in the micropyrolyzer. The average sample temperature was determined and compared to that of the cup (Figure 3.6.b). The first observation is that biomass samples approached the reactor temperature within 4 to 5 s. At this high reactor temperature (773 K), the heating time of the biomass sample exceeds the time scale of glucose-based carbohydrates fast pyrolysis reaction of 2.5 to 3 s predicted by the mechanistic model developed by Vinu and Broadbelt

Figure 3 . 6 .

 36 Figure 3.6. Heating of the biomass sample in the micropyrolyzer to 773 K: a) Difference between surface and center temperature of sample. b) Time-temperature histories of the cup (blue) and biomass sample (sphere: orange, torus: black, and thin-film: purple). c) Difference between the cup and samples averaged temperature (sphere: orange, torus: black, and thinfilm: purple).

Figure 3 . 7 .

 37 Figure 3.7.Reaction-heat transport map for biomass fast pyrolysis of 50 μg of biomass sample with different arrangements (thin-film: rectangles, torus: stars, and sphere: circles) at different temperatures (623 K: blue, 673 K: red, 723 K: magenta, and 773 K: black). a) Py vs.Bi and b) Py' vs. Bi. Here biomass thermophysical properties were used[START_REF] Siddiqi | A synergistic study of reaction kinetics and heat transfer with multi-component modelling approach for the pyrolysis of biomass waste[END_REF].
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 38 Figure 3.8. Reaction-heat transport map for biomass fast pyrolysis of 50 μg of biomass sample with different arrangements (thin-film: rectangles, torus: stars, and sphere: circles) at different temperatures (623 K: blue, 673 K: red, 723 K: magenta, and 773 K: black). a) Py vs.Bi and b) Py' vs. Bi. Here char thermophysical properties were used[START_REF] Babu | Parametric study of thermal and thermodynamic properties on pyrolysis of biomass in thermally thick regime[END_REF].

Figure 3 . 10 .

 310 Figure 3.10. Conversion curves (on the left) for Zea Mays leaves (ZM) devolatilization and t-T profiles (on the right) obtained at several furnace temperatures ( ̶ Tfurnace = 400°C, --Tfurnace = 420°C, … Tfurnace = 430°C, and -.-Tfurnace = 450°C).

Figure 3 . 11 .

 311 Figure 3.11. Conversion curves obtained at Tfurnace = 450°C using varying amounts of ZM samples.

  t (s) is the time, T (K) is the temperature, α is the extent of conversion, f(α) is the reactional model, and k(T) is the rate constant usually expressed by the Arrhenius law (Eq.4.2).𝑘(𝑇) = 𝐴𝑒𝑥𝑝 (-

versus 1 /

 1 T that Eα and ln(Aα f(α)) can be determined without the assumption of the reactional model. The extent of conversion was determined based on Py-MS data, as described in Chapter 3, section3.4. 

  Figure.B.1.2) and non-isothermal and real-time devolatilization profiles using the fully corrected kinetic datasets (Appendix B, section B.1, Figure.B.1.3).

  of Ãα and rearranging Eq.4.6 leads to the following:

  , the objective function minimizes the difference considering all the experimental tests performed at different temperature programs presented by Nexpr. Nj is the number of points for each j experiment, and hj is the maximum observed rate of the given experiment.

  the condition of i variable equals 1, the model is considered a single reaction model. In contrast, the DAEM, as already mentioned, consider a set of parallel reactions co-occurring described as a continuous probability distribution in the activation energies, 𝐷(𝐸), which satisfies the condition ∫ 𝐷(𝐸)𝑑𝐸 = 1 ∞ 0 . The amount of total volatiles released by each reaction, 𝑉 𝑖 * , becomes a differential part of the total volatiles released, 𝑉 * , during the overall process and may be written as: 𝑉 𝑖 * = 𝑑𝑉 * = 𝑉 * 𝐷(𝐸)𝑑𝐸 Eq.4.14 Then, replacing 𝑉 𝑖 * and 𝑉 𝑖 respectively by 𝑑𝑉 * and 𝑑𝑉, Eq.4.12 becomes: 𝑑𝑉 = 𝑉 * {1 -𝑒𝑥𝑝 [-∫ 𝐴𝑒𝑥𝑝 (-

2𝜎 2 ]

 2 𝑑𝐸 Eq.4.20 where 𝑋(𝑡, 𝐸) is the solution of the first-order kinetic equation at a given E value: 𝑋(𝑡, 𝐸) = 𝑒𝑥𝑝 [-∫ 𝐴𝑒𝑥𝑝 (-
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 41 Figure 4.1. Real-time devolatilization profiles and t-T profiles at several furnace temperatures ( ̶ Tfurnace = 400°C, --Tfurnace = 420°C, … Tfurnace = 430°C, and -.-Tfurnace = 450°C) for a) Zea Mays leaves (ZM) and b) Beechwood (BW).

Figure 4 .

 4 1.a) confirms a more consequent release of low molecular weight compounds, which is undoubtedly related to the different nature of lignins[START_REF] Vassilev | An overview of the organic and inorganic phase composition of biomass[END_REF] and the most significant inorganic content within straw materials[START_REF] Lu | Investigation on the catalytic effect of AAEMs on the pyrolysis characteristics of Changji oil shale and its kinetics[END_REF][START_REF] Xiong | Overview of Computational Fluid Dynamics Simulation of Reactor-Scale Biomass Pyrolysis[END_REF]. Py-MS spectra (with a mass-based fraction collection between m/z 32-300) of ZM and BW devolatilization obtained at different furnace temperatures were time-averaged (Appendix B, section B.2). Non-significant changes between average spectra collected at 400, 420, 430, and 450 °C for both types of biomass indicate the absence of new low and polar molecular weight compounds that could eventually highlight a drastic change in the pyrolysis chemistry. An example of Py-MS spectra obtained at Tfurnace = 430 °C is shown in Figure4.2, which reveals the significant effect of the biomass nature in modifying the type and the distribution of the analyzed species. This variation is generally linked to the amount of cellulose, hemicelluloses, and lignins in the biomass[START_REF] Carpenter | Biomass feedstocks for renewable fuel production: a review of the impacts of feedstock and pretreatment on the yield and product distribution of fast pyrolysis bio-oils and vapors[END_REF][START_REF] Wang | Influence of the interaction of components on the pyrolysis behavior of biomass[END_REF].

Figure 4 .

 4 Figure 4.2 illustrates the most major detected m/z peaks attributed to certain products derived from carbohydrates and lignins (based on the literature). Both spectra show a

  g., formic acid with m/z 45), some aldehydes (m/z 55), ketones (e.g., acetone with m/z 57), cyclopentanone derivatives (m/z 69), furanones from cellulose (m/z 85), furylcarbonyl-derivatives (m/z 95 and 96), and anhydrosugars (m/z 114) [50,213-215], which relative intensity changes according to their botanical origin (Figure 4.2).

Figure 4 . 2 .

 42 Figure 4.2. Average mass spectrum ZM (on the top) and BW (on the bottom) at Tfurnace = 430 °C.Lignin reactivity is also affected by the type of chemical bonds and functional groups[START_REF] Wang | Lignocellulosic biomass pyrolysis mechanism: A state-of-the-art review[END_REF]. Peaks at m/z 124, 135, 137, 150, and 164 are typical markers of the guaiacyl lignin monomeric unit (G)[START_REF] Van Der Hage | Structural characterization of lignin polymers by temperature-resolved in-source pyrolysis-mass spectrometry and Curie-point pyrolysis-gas chromatography/mass spectrometry[END_REF][START_REF] Kelly | Exposure of grapes to smoke of vegetation with varying lignin composition and accretion of lignin derived putative smoke taint compounds in wine[END_REF][START_REF] Scheijen | Micro-analytical investigations on lignin in enzyme-digested tobacco lamina and midrib using pyrolysis-mass spectrometry and Curie-point pyrolysisgas chromatography / mass spectrometry[END_REF][START_REF] Vane | The molecular composition of lignin in spruce decayed by white-rot fungi (Phanerochaete chrysosporium and Trametes versicolor) using pyrolysis-GC-MS and thermochemolysis with tetramethylammonium hydroxide[END_REF], and those at m/z 154 and 167, 180, and 181 are derived from the syringyl lignin monomeric unit (S)[START_REF] Mattonai | Degradation of wood by UV light: A study by EGA-MS and Py-GC/MS with on line irradiation system[END_REF][START_REF] Tamburini | Snapshots of lignin oxidation and depolymerization in archaeological wood: an EGA-MS study[END_REF][START_REF] Vane | The molecular composition of lignin in spruce decayed by white-rot fungi (Phanerochaete chrysosporium and Trametes versicolor) using pyrolysis-GC-MS and thermochemolysis with tetramethylammonium hydroxide[END_REF]. Finally, the p-hydroxyphenyl unit (H) produces phenol derivatives products associated with m/z ratios of 66, 91, 94, 107, and 120)[START_REF] Mattonai | Degradation of wood by UV light: A study by EGA-MS and Py-GC/MS with on line irradiation system[END_REF][START_REF] Kelly | Exposure of grapes to smoke of vegetation with varying lignin composition and accretion of lignin derived putative smoke taint compounds in wine[END_REF]. The difference in lignin structure between Zea Mays leaves (ZM) and Beechwood (BW) can also be observed by using MS spectra (Figure4.2). Higher signal intensities of syringyl derivatives, a typical feature of hardwoods, are obtained for BW, while phenol derivatives (e.g., 4vinylphenol with m/z 120) are strong markers for ZM. No significant signals were

Figure 4 . 3 .

 43 Figure 4.3. Real-time devolatilization profiles for whole biomass (pink curve), holocellulose (green curve), and lignins (orange curve) for ZM (a) and BW (b) at Tfurnace = 430 °C. Curves of holocellulose and lignins represent the sum of the extracted m/z ratio profiles.

Figure 4 .

 4 Figure 4.4 shows the impact of considering the 'real' temperature-time history or/and retention time distribution on determining effective isoconversional activation energy, particularly for BW devolatilization (Figure 4.4).

Figure 4 . 4 .

 44 Figure 4.4. Determined activation energies, Eα, for the devolatilization of beechwood. The blue, green, and yellow curves were obtained using the deconvoluted real-time, raw, and zero-shifted biomass devolatilization profiles, respectively, incorporating the temperature profile of the biomass sample. The red, black, and purple curves were obtained using the deconvoluted real-time, raw, and zero-shifted biomass devolatilization profiles, respectively, assuming isothermal experiments.The classical correction of the devolatilization profile (yellow curve) consisting of a simple zero-shifting is not satisfactory as it leads to an overestimation of the activation energy values during the heating period (α < 0.4). Those results confirm that inadequate data collection can lead to drastic errors.

Figure 4 . 5 .

 45 Figure 4.5. Eα vs. α for a) ZM, b) BW, c) holocellulose of ZM, d) holocellulose of BW, e) lignins of ZM, and f) lignins of BW. R 2 is the linearization coefficient. Considering Eα vs. α curves outside the gray zones, different decomposition elementary steps with activation energies that vary according to the extent of conversion for two biomass samples are observed. When interpreting an

(

  Eα,grass > Eα,wood). The presence of the Syringyl unit, which is abundant in hardwood lignins, contributes to weaker C-O linkages (such as β-O-4), resulting in lower activation energy. Recently, De Santi et al.[START_REF] Santi | New Mechanistic Insights into the Lignin β-O-4 Linkage Acidolysis with Ethylene Glycol Stabilization Aided by Multilevel Computational Chemistry[END_REF] conducted a comprehensive study on the chemocatalytic conversion of a diverse set of isolated lignins. They observed a significant positive correlation between the yields of monomers and the β-O-4 content of the lignins. Grasses exhibited the highest proportion of β-O-4 relatively weak linkages among different lignin sources. Surprisingly, the lightest fraction of volatile lignin from beechwood showed the highest reactivity. This suggests that the presence of impurities or the heavier fractions of volatile lignin significantly contribute to the thermal reactivity of lignin and should not be underestimated. This highlights the importance of considering the composition of lignin, particularly the presence of Syringyl units and β-O-4 linkages, as well as the influence of impurities and different fractions, in understanding and optimizing the thermal reactivity of lignin. It is also important to stress that for this study, the values of effective activation energies are representative of the production of the low molecular weight fractions. This could be particularly problematic for lignins as the formation of heavier compounds, such as lignin dimers and oligomers, having higher boiling points cannot overcome the temperature limitation fixed at 300 °C by the GC injection port.
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 46 Figure 4.6. Ln(Aα) profiles for a) ZM and b) BW devolatilization determined basedon ln(f(α) Aα) functions of the isoconversional method assuming a first-order reaction model. Curves were obtained using the deconvoluted real-time biomass devolatilization in two different cases: In the first case (blue curve), the temperature history of the sample was taken into account, and in the second case (orange curve), isothermal conditions were supposed.

Figure 4 . 7 .

 47 a and b clearly show that the model applied under non-isothermal conditions can catch up with the bend at short times and therefore predict this induction stage linked to the heating of the sample.

Figure 4 . 7 .

 47 Figure 4.7. Comparison between experimental (symbols) and calculated (lines) Zea Mays leaves and beechwood conversion curves considering the temperature histories of the sample (a and b) and sample temperature equal to the furnace temperature, 450°C, (c and d).
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 448 Figure 4.8. Direct plots of the thermal devolatilization of a) ZM and b) BW assuming isothermal

Figure 4 . 9 .

 49 Figure 4.9. Comparison of experimental derivative conversions of ZM (black points) to those obtained by the 1G-DAEM (continuous blue lines) at different furnace temperatures ((a) Tfurnace = 400, (b) 420, (c) 430, and (d) 450 °C).
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 410411 Figure 4.10. Comparison of experimental derivative conversions of ZM (black points) to those obtained by the 2G-DAEM (continuous blue lines) at different furnace temperatures ((a) Tfurnace = 400, (b) 420, (c) 430, and (d) 450 °C).
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 412413 Figure 4.12.Comparison of experimental derivative conversions of BW (black points) to those obtained by the 2G-DAEM (continuous blue lines) at different furnace temperatures ((a) Tfurnace = 400, (b) 420, (c) 430, and (d) 450 °C).
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 414 Figure 4.14. Comparison of experimental derivative conversions of BW (black points) to those obtained by the VAEM (continuous blue lines) at different furnace temperatures ((a) Tfurnace = 400, (b) 420, (c) 430, and (d) 450 °C).
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 413414 Figure 4.14) and their components (Figure B.4.1 and Figure B.4.2 in Appendix B, section B.5)

Figure 4 . 15 .

 415 Figure 4.15. Comparison of isoconversional E(α) (symbols) to those approximated by fifth-order polynomials (continuous lines) in the empirical model (continuous lines) for ZM (a) and BW (b), and their pseudocompounds. Pink is used for the whole biomass, green for holocellulose, and orange for lignin.

  sample, was employed to analyze the deconvoluted devolatilization profiles. The effective activation energies showed significant variations for both beechwood (-140 to 140 kJ/mol) and Zea mays leaves (-40 to 240 kJ/mol), confirming the multi-step nature of the fast pyrolysis process. While a first-order reaction model helps compare the overall reactivity of different fuel types, it fails to capture the complexity of biomass devolatilization. The Variable Activation Energy Model (VAEM) and Double Activation Energy Model (DAEM) provide moderate representations of biomass heterogeneity and pyrolysis complexity. The advantage of VAEM lies in its ability to study biomass devolatilization without assuming a specific mathematical form for the reaction model, f(α). On the other hand, DAEM, with a double Gaussian distribution, offers further insights into the phenomenology of devolatilization and the contribution of biopolymers.Analysis of optimized EVAEM trends confirms the presence of exothermic char-forming reactions towards the end of the pyrolysis process, characterized by an Eα value near or even below zero. It should be noted that the optimized EVEAM curves differed between woody and grassy biomass, indicating distinct devolatilization behaviors. As a result, the parameters cannot be generalized for biomass devolatilization modeling across different biomass types, emphasizing the need for further kinetic investigations that consider the botanical origin of the biomass samples.

[

  𝐵] = [𝐵] 0 exp(-(𝑘 𝐿𝑉𝐺 + 𝑘 𝐶 + 𝑘 3 + 𝑘 4 + ⋯ ) 𝑡) = [𝐵] 0 exp(-(𝑘 𝐿𝑉 + 𝑘 𝑙𝑢𝑚𝑝_𝑛𝑜𝑛_𝐿𝑉𝐺 ) 𝑡) = [𝐵] 0 exp(-(𝑘 𝐶 + 𝑘 𝑙𝑢𝑚𝑝_𝑛𝑜𝑛_𝐶 ) 𝑡) Eq.5.4 where klump_non_LVG and klump_non_C are the respective lumped kinetic rate constants for all non-LVG products and non-C products, [B]0 (in kg) is the initial concentration of biomass. In the same way, when using the extent of conversion: 1 -𝛼 𝐵 = exp(-(𝑘 𝐿𝑉 + 𝑘 𝐶 + 𝑘 3 + 𝑘 4 + ⋯ ) 𝑡) = exp (-(𝑘 𝐿𝑉𝐺 + 𝑘 𝑙𝑢𝑚𝑝 𝑛𝑜𝑛 𝐿𝑉 𝐺 ) 𝑡) = exp(-(𝑘 𝐶 + 𝑘 𝑙𝑢𝑚𝑝_𝑛𝑜𝑛_𝐶 ) 𝑡) Eq.5.5The rate of product (cellobiosan / levoglucosan) formation is: ] (in kg) and [C] (in kg) are the respective concentration of levoglucosan and cellobiosan. The concentration profiles for LVG and C are given by:
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Figure 5 . 1 .

 51 Figure 5.1. Time-resolved formation of a) levoglucosan and b) cellobiosan from biomass pyrolysis at different temperatures (blue: T = 370 °C, green: T = 420 °C, orange: T = 470 °C). Each time-temperature combination represented as a single data point in Figure.5.1 comprised of two experimental trials.The rate of product formation increases with increasing temperature for both levoglucosan and cellobiosan. The reaction goes to completion at 470 °C within about 0.5 s. This short time was confirmed by the calculation of the extent of

Figure 5 . 2 .

 52 Figure 5.2. Conversion data for beechwood vacuum pyrolysis at different temperatures (blue: T = 370 °C, green: T = 420 °C, orange: T = 470 °C).

Figure 5 .Figure 5 . 3 .

 553 Figure 5.3 shows that BW fast pyrolysis follows first-order kinetics. The slope of the initial straight line yields a rate constant of 2.24, 4.23, and 6.12 s -1 at 370, 420, and 470 °C, respectively. These data were used to determine the kinetic parameters using the Arrhenius plot (Figure5.4.a). The global activation energy is about 40.17 kJ/mol, and the frequency factor is 4.22 ×10 3 s -1 .

Figure 5 . 4 .

 54 Figure 5.4. Arrhenius plot of first-order rate constant for a) global devolatilization, b) levoglucosan formation, and c) cellobiosan formation.

were determined based on Equations 5 .

 5 10 and 5.11. The plot of the LVG or C yields against biomass conversion (Figure 5.5 and Figure 5.6) displays a straight line. It thus confirms the first-order kinetics of both levoglucosan and cellobiosan formation reactions. The levoglucosan formation reaction (kLVG = 0.03, 0.07, and 0.13 s -1 at 370, 420, and 470 °C, respectively) is slower than that of cellobiosan (kC = 0.34, 0.74, and 1.37 s -1 at 370, 420, and 470 °C, respectively). The Arrhenius plots (Figure 5.4.b and c) were used to determine the respective activation energy of 54.03 and 56.1 kJ/mol for levoglucosan and cellobiosan formation.
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 5556 Figure 5.5. Levoglucosan (LVG) yield vs. biomass conversion at different pyrolysis temperatures: a) T = 370 °C, b) T = 420 °C, and c) T = 470 °C.
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Figure A. 2 .

 2 Figure A.2. Sample environment for different arrangements. Here, the surface in contact with helium is red, while the surface in contact with the cup is green.

7 S1

 7 and S2 are, respectively, the surface area of the sample in contact with helium and the surface area of the sample in contact with the cup, as defined in Figure A.2 for each arrangement. Tcup, Tsample, and Thelium are the average temperature of the cup, sample, and helium.

Figure A. 3

 3 Figure A.3.1 shows the raw devolatilization profiles for wood and Zea Mays leaves at different furnace temperatures. These profiles were baseline-corrected and normalized to the maximum intensity (Figure A.3.2).

Figure A. 3 . 1 .

 31 Figure A.3.1. Raw devolatilization profiles before treatment for a) Zea Mays leaves (ZM) and b) Beechwood (BW).

Figure A. 3 . 2 .

 32 Figure A.3.2. Normalized Raw devolatilization profiles for a) Zea Mays leaves (ZM) and b) Beechwood (BW).

Figure A. 4 .

 4 Figure A.4.1 shows the step tracer injection carried out at T furnace = 400°C. When stopping the injection, it can be seen that the intensity does not go down immediately and takes a time of about 4s. As the plateau at which the intensity should be constant is not well defined with fluctuations, a part of the response to the positive step injection has been recovered to solve this problem, as shown in Figure A.4.2.

Figure A. 4 .

 4 Figure A.4.3 shows that the delay time decreases when temperature increases, explained by the gas advection, which is more significant when pressure decreases due to temperature change.

Figure A. 4 . 1 .

 41 Figure A.4.1. Step tracer injection response.

Figure A. 4

 4 Figure A.4.2. F(t) construction from both negative and positive step responses.

Figure A. 4 . 3 .

 43 Figure A.4.3. Normalized F(t) profiles.
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 51 Figure A.5.1. Matlab algorithm for the deconvolution procedure.
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 61 Figure A.6. 1. Only a slight difference was observed between the temperature histories of the three types of cups. The exposition to a similar heat source on the sides of cups with the same thickness and outside diameter can explain this.

Figure A. 6 . 1 .

 61 Figure A.6. 1. Simulated temperature histories of different types of cups.

Figure A. 7 .

 7 [START_REF]Global Energy Review 2019[END_REF] shows that the addition of the source term does not significantly affect the heating of the biomass sample, with a maximum difference of 16°C of the average temperature of the biomass sample between the non-reactive sample and the reactive sample (when adding the source term).

Figure A. 7

 7 Figure A.7.1. a) Temperature history of the sample in the presence (orange) and the absence (blue) of the source term. b) temperature difference between the average sample temperature in the presence and the absence of the source term.

Figure B. 1 . 1 .

 11 Figure B.1.1.Flowchart for the Friedman analysis using raw devolatilization profiles and by considering isothermal experiments. 1: Calculation of the extent of conversion, 2: Determination of the derivative conversion, 3: Estimation of temperature and derivative conversion at given conversions, 4: Linear regression to obtain Eα/R and ln(A f(α)).

Figure B. 1 . 2 .

 12 Figure B.1.2.Flowchart for the Friedman analysis using raw devolatilization profiles and T-t profiles. 1:Calculation of the extent of conversion, 2: Determination of the derivative conversion, 3: Estimation of temperature and derivative conversion at given conversion, 4: Linear regression to obtain Eα/R and ln(A f(α)).

Figure B. 1 . 3 .

 13 Figure B.1.3.Flowchart for the Friedman analysis using raw devolatilization profiles and T-t profiles. 1: Calculation of the extent of conversion, 2: Determination of the derivative conversion, 3: Estimation of temperature and derivative conversion at given conversion, 4: Linear regression to obtain Eα/R and ln(A f(α)).

  Figure B.4.1.

Figure B. 4 . 1 .

 41 Figure B.4.1. Comparison between experimental derivative conversion obtained at Tfurnace = 440 °C with the VAEM model.
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 41 Figure B.4.1. Comparison of experimental derivative conversion of ZM holocellulose and lignin (orange symbols) devolatilization at different furnace temperatures ((a) Tfurnace =400, (b) 420, (c) 430, and (d) 450 °C) to those obtained by the variable activation energy model (continuous black lines).
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 42 Figure B.4.2. Comparison of experimental derivative conversion of BW holocellulose and lignin (orange symbols) devolatilization at different furnace temperatures ((a) Tfurnace = 400, (b) 420, (c) 430, and (d) 450 °C) to those obtained by the variable activation energy model (continuous black lines).
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  'analyse des nombres sans dimension a également été utilisée pour vérifier le régime de pyrolyse et évaluer les conditions opératoires pour atteindre le régime cinétique pur.Les simulations du modèle thermique ont révélé que le mode de transfert thermique, la conduction, prédomine permettant ainsi le transfert de chaleur de l'élément chauffant au creuset et à l'échantillon de biomasse (Figure3.5). Le temps de chauffage de la biomasse étant significatif, d'environ 6 secondes, indique le caractère non-isotherme de l'expérience (Figure 3.6). Par conséquent, pour analyser la cinétique, il est nécessaire d'y intégrer l'évolution de la température de l'échantillon de biomasse. Dans le cadre de cette étude, des expériences ont été menées pour déterminer expérimentalement la température du creuset et valider ainsi le modèle thermique développé (Figure 3.4). Lorsque de faibles quantités d'échantillon (≤ 50 µg) étaient utilisées et disposées dans une configuration similaire à un film mince, il a été observé que l'histoire thermique de l'échantillon de biomasse était proche de celle du creuset (Figure 3.6.a), ce qui permet de déterminer expérimentalement la température de l'échantillon sans recourir à des simulations puissantes. En mesurant la température du creuset, il est possible d'estimer la température de l'échantillon de biomasse dans cette configuration expérimentale spécifique. Cette approche simplifie le processus de détermination de la température de l'échantillon pour ce système Py-MS, en évitant de s'appuyer exclusivement sur des simulations numériques complexes. Cependant, il convient de noter que cette méthode est spécifique à la configuration expérimentale utilisée dans cette étude. Dans d'autres contextes ou sous d'autres conditions opératoires, il peut être nécessaire de passer par la simulation numérique.L'influence de l'inhomogénéité thermique de l'échantillon de biomasse a été également étudiée (Figure3.6.c). Les résultats ont montré que cette influence était négligeable, avec un nombre de Biot inférieur à 0,1 (Figure3.7.a). Cela garantit l'absence de limitations de transfert de chaleur liées à l'inhomogénéité thermique.

  la pyrolyse rapide de la biomasse. Cependant, la mise au point d'un tel modèle mécanistique rigoureux représente un véritable défi en raison des nombreux obstacles à surmonter. Parmi ces défis, on compte notamment la variabilité de la structure de la biomasse et la complexité inhérente à la pyrolyse rapide du point de vue phénoménologique. Par conséquent, la plupart des modèles utilisés pour étendre la décomposition thermique de la biomasse peuvent être considérés comme pseudo-mécanistiques, car ils requièrent certaines hypothèses concernant la chimie sous-jacente, même si leurs paramètres cinétiques correspondent aux données expérimentales obtenues.Plusieurs études ont promu l'utilisation de méthodes isoconversionnelles afin d'évaluer la réactivité chimique d'un processus chimique complexe, sans faire de suppositions préalables quant à la forme du modèle de réaction. Ces méthodes permettent d'obtenir des connaissances mécanistiques significatives en observant les tendances émergentes.

Figure 4 .

 4 4 de notre étude. Il est essentiel d'effectuer les calculs préliminaires avant l'expérimentation, afin de déterminer les conditions expérimentales qui garantissent un contrôle cinétique chimique précis. De plus, l'étalonnage du système doit permettre de corriger les écarts thermiques et de détection liés à la formation de matières volatiles, ce qui assure une dérivation cinétique appropriée. Dans notre étude, nous avons appliqué la méthode isoconversionnelle aux profils de dévolatilisation déconvolués, en prenant en compte l'historique réel de la température de l'échantillon de biomasse. Cette approche nous a permis d'obtenir des résultats plus détaillés et précis sur les énergies d'activation. Les énergies d'activation effectives ont présenté une variation considérable pour le bois de hêtre, allant de -140 à 140 kJ/mol, et pour les feuilles de Zea mays, allant de -40 à 240 kJ/mol. Ces variations significatives confirment la nature multi-étapes du processus de pyrolyse rapide, comme le montre clairement la Figure 4.4 de notre étude. Par la suite, nous avons paramétré les fonctions isoconversionnelles et déterminé les paramètres cinétiques grâce à la méthode des moindres carrés. Le modèle empirique développé, appelé modèle d'énergie d'activation variable (VAEM), a été validé en se basant sur les résultats expérimentaux et comparé au modèle d'énergie d'activation constante (CAEM) et au modèle des énergies d'activation distribuées (DAEM). Les résultats obtenus à partir de notre étude ont révélé des observations intéressantes quant à la prédiction de la dévolatilisation de la biomasse en utilisant différents modèles de réaction cinétique. Plus précisément, nous avons constaté que le modèle de réaction en seule étape du premier ordre (CAEM) avait du mal à prédire la dévolatilisation complexe de la biomasse (comme illustré dans la Figure 4.7). Cependant, des alternatives aux modèles de réaction à énérgie d'activation constante, à savoir le modèle d'énergie d'activation variable (VAEM) décrivant la dévolatilisation de la biomasse comme des "réactions séquentielles infinies" ou le modèle des énergies d'activation distribuées (DAEM) décrivant le système de réaction complexe comme des "réactions parallèles infinies", ont présenté un bon accord avec les données expérimentales (comme le montrent les Figures 4.9 à 4.14). Cette observation indique que la prise en compte des variations dans les énergies d'activation tout au long du processus de dégradation est essentielle pour une modélisation précise de la dévolatilisation de la biomasse.
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 4 [START_REF] Alonso | Catalytic conversion of biomass to biofuels[END_REF] révèle des différences significatives dans la contribution de chaque composant majeur en fonction du type de biomasse étudiée. La dégradation de l'holocellulose est prédominante à des valeurs de conversion α inférieures à 0.1 pour la biomasse ligneuse, tandis que pour la biomasse herbacée, cette prédominance est observée à des valeurs de conversion α inférieures à 0.25.Lors des étapes de conversion situées entre 0.1 < α < 0.5 pour le bois d'hêtre et 0.25 < α < 0.5 pour les feuilles de maïs, à la fois l'holocellulose et la lignine contribuent activement à la dévolatilisation globale. Toutefois, à mesure que la conversion progresse, on observe une prédominance plus marquée de l'holocellulose dans la dévolatilisation du bois d'hêtre, tandis que la contribution de la lignine devient plus significative dans la dévolatilisation des feuilles de maïs.Par ailleurs, la teneur élevée en cendres des feuilles de maïs joue un rôle significatif dans les réactions de pyrolyse. Les cendres agissent comme des catalyseurs, accélérant ainsi la réaction globale de décomposition et conduisant à une vitesse de décomposition plus rapide, principalement en raison de leur teneur en cendres plus élevée par rapport au bois d'hêtre.Ces observations soulignent l'importance de prendre en compte les caractéristiques spécifiques de chaque biomasse, ainsi que les interactions complexes entre leurs constituants, pour une compréhension approfondie des mécanismes de dévolatilisation lors de la pyrolyse. Il est essentiel de développer des modèles cinétiques plus précis qui prennent en compte l'origine botanique des échantillons de biomasse afin de mieux prédire et optimiser les processus de conversion thermique de la biomasse.Pour les futures recherches, il serait également intéressant d'examiner le niveau de monolignols. En analysant les spectres de masse obtenus par ionisation pour les trois monolignols, nous avons observé que chaque monolignol présente différents fragments m/z spécifiques, ce qui pourrait permettre de les suivre individuellement et d'obtenir une compréhension plus approfondie de leur contribution à la pyrolyse de la biomasse.Dans la partie précédente de cette étude, nous avons identifié une limitation technique dans l'analyse cinétique. Le système Py-MS utilisé ne permettait pas de capturer et d'analyser efficacement les composés de poids moléculaire élevé ayant un point d'ébullition supérieur à 300 °C. Cependant, pour surmonter cette limitation, nous avons adopté une approche différente en utilisant un réacteur basé sur la technique de chauffage par tamis.

  Pour mieux comprendre la formation du levoglucosane et du cellobiosane à partir du bois, nous avons développé un modèle couplé d'évolution des réactifs et des produits. Ce modèle nous a permis de déterminer les énergies d'activation pour la formation de levoglucosane (54,03 kJ/mol) et de cellobiosane (56,1 kJ/mol), ainsi que les facteurs pré-exponentiels correspondants (0,81 × 10 3 et 12,24 × 10 3 s -1 respectivement).De plus, nous avons mesuré une énergie d'activation de 40,17 kJ/mol pour la dévolatilisation rapide globale de la biomasse sous vide (< 0,5 mbar), une valeur inférieure à celle obtenue précédemment à l'aide du micropyrolyseur (70 kJ/mol).En résumé, cette étude a apporté une contribution significative à la compréhension de la cinétique de la dévolatilisation de la biomasse en utilisant une combinaison de techniques expérimentales, théoriques et de modélisation. Les résultats obtenus ont révélé la complexité inhérente au processus de dévolatilisation, avec des comportements distincts observés pour différentes sources de biomasse et différents types de réacteur.Dans le cadre de notre étude, nous avons adopté une approche numérique classique pour aborder le problème de couplage température-temps et effectuer une analyse cinétique. Cependant, les futurs travaux seront principalement concentrés sur l'utilisation d'un langage commun retranscrit sous forme d'algorithmes stochastiques de Monte Carlo pour résoudre ce problème, ce qui représente un défi théorique et computationnel plus complexe. Nous avons commencé ce travail en développant une formulation intégrale de Monte Carlo afin de calculer le taux de conversion sans faire d'approximations. Nous avons ainsi procédé à l'introduction des fondements du modèle 2G-DAEM et à l'expression des équations pertinentes en termes de valeurs attendues dans des conditions isothermes et dynamiques. Ces équations ont ensuite été transcrites en algorithmes de Monte Carlo.Une innovation importante que nous avons introduite dans notre approche est le concept de réactions nulles qui s'inspire des algorithmes de Monte Carlo d'événements nuls. Ce concept nous a permis de décrire la dépendance de la température des réactions sous des conditions dynamiques. Toutefois, en raison des fortes non-linéarités impliquées, nous nous sommes limités à traiter uniquement le cas des réactions de premier ordre en mode dynamique.Cette stratégie novatrice a été appliquée aux fonctions de distribution de densité analytiques et expérimentales de l'énergie d'activation. Nos résultats démontrent de manière convaincante que la formulation intégrale de Monte Carlo est une méthode efficace pour résoudre le modèle d'énergies d'activation distribuées sans recourir à des approximations.De plus, sa polyvalence nous permet d'utiliser n'importe quelle fonction de distribution expérimentale et des profils de température prescrits, ce qui renforce la robustesse et l'applicabilité de notre approche.Les principales conclusions et recommandations de cette étude sont présentées de manière détaillée dans le dernier chapitre, où les points saillants sont synthétisés pour une meilleure compréhension des résultats obtenus. Ces conclusions fournissent des informations précieuses pour orienter les futures recherches dans le domaine de la pyrolyse de la biomasse et contribuent à l'avancement des connaissances dans ce domaine.

  

  

  

  

Table 1

 1 

.4 summarizes the typical mathematical forms of f(α) used in solid-state kinetics.

Table 1.4. Typical reaction model used in the solid-state kinetics.

Table 1 .

 1 [START_REF] Hailemariam | Does R&D investment in renewable energy technologies reduce greenhouse gas emissions?[END_REF]. Main analytical reactors used in the biomass pyrolysis kinetic study.

	Reactor	Heating rate (°C/s)	Products residence	Remarks
			times (s)	
	Thermogravimetric	0.1-3.3	3600	Low heating rates and temperatures. High volatile
	balance			residence time. A good estimation of sample
				temperature.
	Wire mesh reactor	7,000	1	Uncertainty in particle temperature measurement.
	Pulsed-heated	12,000	0.1	High heating rates and accurate sample temperature
	reactor			measurement
	Drop tube furnace	10,000	0.1-0.4	It is not possible to measure the sample temperature
	Curie-point	>100	1	It is not possible to control the heat rate. Limited Choice
	micropyrolyzer			of the different pyrolysis temperatures since the actual
				ferromagnetic sample holder determines the endpoint
				temperature.
	Pyroprobe	2,000	1	It is not possible to measure the sample temperature

Table 2 .

 2 1.Ultimate and proximate analyses of biomass samples.

		Zea Mays leaves	Beechwood
		(ZM)	(BW)
		Ultimate analysis (wt.%)	
	C	41.60	47.5
	H	5.65	5.12
	N	1.31	0.35
	S	0.06	0.02
	O + ash [a]	51.4	47.01
		Proximate analysis	
	Water (wt.%)	5.80	5.71
	Volatile matter (wt.% db)	73.00	82.14
	Fixed carbon (wt.% db)	19.50	17.53
	Ash (wt.% db)	7.50	0.33
		Fiber analysis (wt.%)	

Table 2 .

 2 

	Sample	Beechwood (BW)	Zea Mays leaves (ZM)
	Al	0.63	-
	Ca	40.61	33.80
	Fe	0.61	-
	K	31.81	41.20
	Mg	9.13	4.30
	Na	1.29	-
	Si	15.74	-
	Cu	0.06	-
	Cr	0.06	-
	Ni	0.06	-
	P	-	12.5
	S	-	8.20

2. Distribution of inorganic elements (wt. %) in biomass samples.
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 2 

	5.86

3. Dimensions of the micropyrolyzer components. Component Dimensions Length (mm) I.D (mm) O.D (mm) 2 120 In the top: 4.8 In the bottom: 1.9

Table 2 .

 2 

	m/z	Ion	Organic family source	Biomass component	Ref
	43 a	[𝐶 2 𝐻 3 𝑂 + ]𝑜𝑟 [𝐶 3 𝐻 7 + ]	Carbonyls	C	[50,213,214]
	45 55 b 57	[𝐶 2 𝐻 5 𝑂 +̇] [𝐶 3 𝐻 3 𝑂 + ] [𝐶 3 𝐻 5 𝑂 + ]	Ketones, aldehydes, and aliphatic carboxylic acids Aldehydes, ketones, furanones, and cyclopentanones Cyclopentanones, furanones, furans, and aldehydes	C C C	[50,213,214] [50,213,215] [50,213,215]
	60 c	[𝐶 4 𝐻 9 𝑂 +̇] or [𝐶 2 𝐻 4 𝑂 2 +̇]	Aliphatic carboxylic acids and anhydrosugars	C	[50,213,215]
	66 69 d 73 c 85 91 e 94 f 95 g	+̇] [𝐶 5 𝐻 6 [𝐶 4 𝐻 5 𝑂 + ] + ] [𝐶 3 𝐻 5 𝑂 2 + ] [𝐶 4 𝐻 9 𝑂 2 + ] [𝐶 7 𝐻 7 [𝐶 6 𝐻 6 𝑂 + ] [𝐶 5 𝐻 3 𝑂 2 + ]	Phenol derivatives Furans, pyrans, furanones, cyclopentanones Anhydrosugars Furanones, pyrans, levoglucosenone Cresols Phenol derivatives Furans, cyclopentanones	H C C C H/S H C	[216,217] [50,213,215] [50,213-215] [213,214,218] [208,219] [216,220] [50,213-215]
	96 g	[𝐶 5 𝐻 4 𝑂 2 ] +̇	Furans, cyclopentanones	C	[50,213-215]
	98 107 h	+̇] [𝐶 5 𝐻 6 𝑂 2 [𝐶 7 𝐻 7 𝑂] +	Furans, pyrans, furanones Phenol derivatives	C H	[50,213-215] [216,219-221]
	114	[𝐶 5 𝐻 6 𝑂 3 +̇]	Furans, pyrans, furanones	C	[50,213-215]
	120	[𝐶 8 𝐻 8 𝑂 +̇]	Phenol derivatives	H	[219-221]
	124 i	[𝐶 7 𝐻 8 𝑂 2 +̇] 𝑜𝑟 [ 𝐶 6 𝐻 4 𝑂 3 +̇]	Guaiacol derivatives and coniferyl alcohol derivatives	G	[216,218-221]
	135 137	[𝐶 9 𝐻 11 𝑂 +̇] [𝐶 8 𝐻 9 𝑂 2 ] +	Phenol derivatives Guaiacol derivatives and coniferyl alcohol derivatives	G G	[218-221] [216]
	150 154 j	[𝐶 9 𝐻 10 𝑂 2 ] +̇ [𝐶 8 𝐻 10 𝑂 3 ] +	Guaiacol derivatives Syringol derivatives	G/H S	[208,216,221] [215,221]
	164 k 167	+̇] [𝐶 10 𝐻 12 𝑂 2 [𝐶 3 𝐻 11 𝑂 3 ] +	Guaiacol derivatives Syringol derivatives and Sinapyl alcohol derivatives	G S	[215] [208,215,221]
	180 181	+̇] [𝐶 10 𝐻 12 𝑂 3 [𝐶 10 𝐻 13 𝑂 3 ] +	Guaiacol derivatives and coniferyl alcohol derivatives Guaiacol derivatives, Syringol derivatives, Syringyl ketone derivatives	G G/S	[215,216] [208,215,221]
	a, b, c, d, e, f, g, h, i, j, and k: fragments confirmed by the injection of hydroxyacetone (90 %), catechol (96 %), levoglucosan (99 %), hydroxyfurfural (99 %), toluene (99.9 %), phenol (99 %), furfural (99 %), 2-
	methoxy-4-vinylphenol (98 %), guaiacol (99 %), 2,6-dimethoxyphenol (99 %), and trans-isoeugenol (99 %) standards, respectively. Standards are obtained from Sigma Aldrich. The values between parentheses
	represent the standards purities.			

[START_REF] Popp | The effect of bioenergy expansion: Food, energy, and environment[END_REF]

. List of the ion fragments derived from Carbohydrates (C), guaiacyl (G), syringyl (S) p-hydroxyphenyl (H) lignin monomeric units.

: Heat and mass transfer corrections within the micropyrolyzer

  

	This chapter is based on the following published article:
	Nasfi M, Carrier M, Salvador S. Reconsidering the potential of micropyrolyzer to
	investigate biomass fast pyrolysis without heat transfer limitations. J Anal Appl
	Pyrolysis 2022;165:105582. https://doi.org/10.1016/j.jaap.2022.105582.
	). A Hi-Plex Pb column (7.7 ⨯ 300 mm, 8 μm) was coupled to two
	detectors: a refractive index detector (RID, T = 55 °C) and a variable wavelength detector
	(VWD, λ = 254 nm). Condensed products were dissolved in 5 mL of deionized water and
	filtrated with a 0.2 μm Whatman RC Agilent filter. During analysis, the column temperature

was maintained at 70 °C. Deionized water (purity > 99.9%) was used as the mobile phase with a 0.6 mL/min flow rate. Identification and quantification of levoglucosan and cellobiosan were performed using 1,6-anhydro-β-D-glucopyranose (Carbosynth, purity > 98%) and 1,6anhydro-β-D-cellobiose (Carbosynth, purity > 95%) standards.

Chapter 3

Table 3 .

 3 1. Kinetic parameters for biomass fast pyrolysis (adapted from[START_REF] Sribala | Measuring biomass fast pyrolysis kinetics: State of the art[END_REF][START_REF] Zhu | Energetics of cellulose and cyclodextrin glycosidic bond cleavage[END_REF]).

	Reference	Feedstock	Initial mass	Experimental	Temperature	Activation	Pre-exponenetial
			(mg)	system	(°C)	energy	factor (s -1 )
						(kJ.mol -1 )	
	Brink and	White fir (<0.175	-	Drop-tube furnace	647-871	105	2.64 ×
	Massoud [228]	mm)					
	Thurner and	Oak sawdust (1000	-	Horizontal tube	300-400	106.5	1.481 × 10 6
	Mann [229]	μm)		furnace			
	Pyle and Zaror	Pine (0.6-2.2 cm)	-	TGA	380-500	66	2.00 ×
	[197]						
	Font et al.	Almond shells (300-	-	Pyroprobe	460-605	108	1.89 ×
	[230]	500 μm)					
	Wagenaar et al.	Pine (100-125 μm)	1 -7	TGA	300-450	150	1.40 × 10 10
	[231]			Drop-tube furnace	450-600		
	Di Blasi and	Beech (<80 μm)	9	TGA	300-435	141	4.40 ×
	Branca [232]						
		Beech (100-500	35×10 3 -40	Horizontal tube		95.4	2.40 ×
		μm)	×10 3	furnace			
	Biagini et al.	Olive residue	5-20	Pyroprobe	<1400	114	3.27 ×
	[185]	(pulverized)					
	Zhu et al. [203]	α-cyclodextrin	0.05	PHASR reactor	385-467	97.1	2.00 ×
		(thin-film <10 μg)			467-505	224.7	2.40 × 10 16

Table 3 .

 3 2. Averaged heat transfer coefficients over the surface of samples with different arrangements (W.m -2 .K -1 ).

	Tfurnace	623 K	673 K	723 K	773 K
	Thin film	205	217	225	244
	Torus	197	203	214	235
	Sphere	165	183	199	208

Table 4 .

 4 [START_REF]Global Energy Review 2019[END_REF]. Constant E and A values used for the single-step first-order model.

	Mean E (kJ/mol)	Mean ln(A (1/s))

Table 4 .

 4 2. Kinetic parameters and relative deviations of the 1G-DAEM and 2G-DAEM for ZM and BW.

	ZM	BW

Table 4 .

 4 3. Relative deviations and VAEM model parameters for ZM and BW

	Biomass	ZM	BW
	reldev8 (%)	1.43	1.26
	a0	103.34	88.65
	a1	-103.08	25.08
	a2	-117.26	47.31
	a3	20.41	-284.73
	a4	33.61	-147.43
	a5	19.89	150.73
	b0	16.72	12.92
	b1	-18.51	4.63
	b2	-20.46	8.92
	b3	1.85	-51.28
	b4	4.49	-25.91
	b5	3.90	26.12

Table 4 .

 4 4. Relative deviations and VAEM model parameters for ZM and BW components (holocellulose and lignins).

	Biomass	ZM lignin	BW lignin	ZM	BW
				holocellulose	holocellulose
	reldev8 (%)	0.88	0.96	1.12	1.30
	a0	86.49	59.80	123.49	-75.68
	a1	-29.49	-26.29	-95.51	203.97
	a2	-253.38	-18.30	-17.21	45.21
	a3	-213.91	-59.34	148.91	-330.88
	a4	301.24	-33.64	-146.69	-98.25
	a5	236.98	14.44	-185.17	15.54
	b0	13.85	8.18	20.54	-13.33
	b1	-6.57	-4.84	-17.26	
	b2	-45.69	-4.05	-2.04	38.39
	b3	-36.28	-10.93	25.97	5.34
	b4	53.24	-5.78	-28.13	-59.62
	b5	39.50	2.93	-33.60	-15.90

Table 5 .

 5 1. Gas, liquid, and solid residue yields (wt.%, dry basis) for vacuum pyrolysis as a function of temperature and holding time.

			370°C				420°C				470°C		
	Time (s)	Liquid	Solids	Gas	Total	Liquid	Solids	Gas	Total	Liquid	Solids	Gas	Total
	0.05	9,64 ±	70.35 ±	2,63 ±	82.64	13.20 ±	65.82 ±	3.68 ±	82.72	39.42 ±	49.77 ±	3.85 ±	93.04
		0.55	4.14	0.22		1.44	0.95	0.32		3.77	2.19	0.33	
	0.15	41.06 ±	45.85 ±	3.22 ±	94.26	54.33 ±	38.69 ±	3.72 ±	96.74	67.18 ±	21.23 ±	3.95 ±	92.37
		2.70	2.48	0.12		4.09	3.61	0.29		1.25	3.73	0.09	
	0.45	61,44 ±	22.18 ±	3.84 ±	87.46	68.28 ±	17.12 ±	4.40 ±	84.46	77.68 ±	5.10 ±	4.68 ±	87.45
		1.81	0.48	0.09		2.78	3.49	0.33		3.76	0.85	0.18	
	1.35	73,25 ±	11.65 ±	4.19 ±	89.09	71.68 ±	7.22 ±	4.44 ±	83.34	81.49 ±	2.51 ±	5.18 ±	88.18
		0.93	3.29	0.35		4.29	0.12	0.24		1.01	0.47	0.42	
	4.05	73.71 ±	8.01 ±	4.27 ±	85.28	74.22 ±	6.81 ±	4.46 ±	85.49	82.28 ±	2.48 ±	5.19 ±	88.96
		1.20	0.22	0.57		1.74	0.39	0.12		3.45	0.46	0.31	

Table 5 .

 5 2. Gas composition (wt.%) at different temperatures (holding time 4.05s)

	Temperature (°C)	CO2	CO	CH4	C2+	H2
	370	63,07	30,68	3,69	2,41	0,08
	420	60,53	32,33	3,85	2,69	0,11
	470	57,55	34,86	4,10	3,07	0,13

Table 5 .

 5 3. Gas composition (wt.%) at different temperatures (holding time 0.05s)

	Temperature (°C)	CO2	CO	CH4	C2+	H2
	370	67,21	28,77	2,04	1,51	0,06
	420	64,92	30,72	2,41	1,83	0,07
	470	62,07	32,89	2,74	2,01	0,09

  Abderrahim Sahim's ongoing research inquiries. Initially, we propose rethinking the problem within a Monte Carlo integral formulation to calculate the conversion rate without approximation. After introducing the foundations of the DAEM and expressing the relevant equations in terms of expected values under isothermal and dynamic conditions, they were transcribed into Monte Carlo algorithms. We have introduced a novel concept of nullreaction, inspired by null-event Monte Carlo algorithms, to describe the temperature dependency of reactions under dynamic conditions. However, due to the strong nonlinearities involved, we have only addressed the case of first-order reactions in the dynamic mode. This strategy has been applied to both analytical and experimental density distribution functions of the activation energy. Our results demonstrate that the Monte Carlo integral formulation is efficient in solving the Distributed Activation Energy Model without approximations, and its versatility allows for the use of any experimental distribution function and temperature profile.
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  De nombreuses études ont été publiées dans le but de découlpler la cinétique de la pyrolyse de la biomasse, et celles-ci sont généralement basées sur l'analyse thermogravimétrique, qui est caractérisée comme une pyrolyse lente. En conséquence, les cinétiques déduites ne sont pas directement applicables aux conditions qui prévalent dans la pyrolyse rapide.Le coeur de la recherche repose sur l'utilisation de deux systèmes expérimentaux. Tout d'abord, le micropyrolyseur couplé directement à un spectromètre de masse (Py-MS, Figure2.2) est utilisé pour évaluer la cinétique de dévolatilisation de deux types de biomasse européenne couramment utilisés : le bois de hêtre et les feuilles de Zea Mays. Cette approche permet de détecter en ligne avec précision les espèces volatiles de faible poids moléculaires produites lors de la décomposition thermique de la biomasse et donc de déterminer leur cinétique de formation. de pyrolyse. Cependant, dans le cas de cet appareil, il est impossible de mesurer précisément la température de l'échantillon de biomasse, ce qui signifie que le caractère isotherme des expériences n'a jamais été vérifié.De plus, pour suivre la progression de la réaction dans le temps, il est nécessaire de pouvoir mesurer efficacement et en temps réel la composition des espèces volatiles produites.Cependant, quelle que soit la configuration du système réacteur-détecteur, détecter en ligne les espèces produites présente un défi en raison du délai de détection causé par le transport des espèces et les phénomènes de mélange entre le réacteur et le détecteur (Figure3.9). En d'autres termes, les limitations de transfert de matière peuvent influencer les mesures cinétiques en provoquant un retard dans la détection des espèces chimiques produites si elles sont évacuées trop lentement du réacteur vers le détecteur.

	Dans le but d'améliorer notre compréhension du processus de pyrolyse rapide de la
	biomasse et d'utiliser ces connaissances pour améliorer ce processus à grande échelle, nous
	avons eu recours à des techniques de chauffage rapide.
	Des simulations numériques ont été réalisées pour étudier les phénomènes de transfert de
	chaleur à l'intérieur du système et évaluer leur impact sur les mesures cinétiques. Ces
	Le chapitre dédié aux "Matériaux et méthodes expérimentales" détaille ces deux simulations permettent de mieux comprendre les mécanismes de transfert participant et ainsi
	technologies et décrit leur mise en oeuvre dans le cadre de la recherche. Il fournit également d'envisager des stratégies expérimentales pour réduire les limitations de transfert de
	des informations sur les conditions expérimentales utilisées, ainsi que les méthodes chaleur.
	d'analyse des échantillons collectés.
	Le premier objectif de cette étude est de créer des conditions expérimentales permettant
	d'éliminer les limitations de transfert de chaleur, en utilisant un micropyrolyseur analytique.

Ensuite, la technique de chauffage au moyen de deux tamis (Screen heater, Figure

2

.4) est employée pour obtenir un bilan massique complet lors de la pyrolyse rapide du bois. Cette méthode permet de collecter tous les produits primaires générés lors de la décomposition thermique, y compris le biochar solide, la bio-huile et le gaz. Ce dispositif permet également de minimiser le caractère non-isotherme du chauffage de l'échantillon, le temps d'évaporation en utilisant des conditions sous vide, ainsi que les réactions secondaires en réduisant le temps de séjour des vapeurs en zone chaude et en refroidissant rapidement ces mêmes produits.

Lorsque le chauffage de l'échantillon de biomasse n'est pas beaucoup plus rapide que les réactions chimiques, il se produit un effet non-isotherme qui affecte l'évolution temporelle des produits Par ailleurs, un transport lent des espèces peut créer différentes zones avec des concentrations différentes à l'intérieur de la ligne de transfert, entraînant des limitations dues à la diffusion moléculaire, ce qui peut modifier les informations cinétiques en altérant leurs profils évolutifs dans le temps. Il est également important que les composés volatils soient transférés rapidement du milieu réactionnel vers le détecteur pour éviter les réactions secondaires.

Pour surmonter ces défis, différentes approches numériques, théoriques et expérimentales sont mises en oeuvre pour calibrer le système micropyrolyseur-spectromètre de masse (Py-MS) et améliorer la mesure cinétique de la pyrolyse rapide de la biomasse.

  Ces données corrigées ont été analysées à l'aide d'une méthode isoconversionnelle non linéaire et non discriminante pour interpréter et modéliser la dévolatilisation de la biomasse. Les tendances isoconversionnelles des énergies d'activation, Eα, pour la biomasse et ses composants (holocellulose et lignines) ont montré des variations considérables avec la conversion, confirmant la nature multi-étape du processus de pyrolyse rapide. À partir de cette étude préliminaire, des modèles basés sur la réactivité tels que le modèle d'énergie d'activation constante (CAEM), le modèle d'énergie d'activation variable (VAEM) et le modèle d'énergie d'activation distribuée (DAEM) ont été développés pour simuler la dévolatilisation rapide de la biomasse. Ces modèles ont été comparés aux cinétiques primaires empiriques déterminées à l'aide d'un réacteur constitué de tamis chauffés. L'utilisation de ce réacteur sous vide a permis de contrôler la pyrolyse primaire et de quantifier des produits de réaction d'intérêt tels que le levoglucosane et le cellobiosane au cours du temps.Mots-clés : Biomasse, Pyrolyse rapide, Py-MS, Chauffage par tamis, Cinétique intrinsèque, Méthodes isoconversionnelles, DAEM
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Appendices APPENDIX A

A.1. Simulated temperature fields of the empty microreactor

When the cup is released under the single-shot mode, the cup is free-falling under the action of gravity in the micro-furnace area. In this study, we have neglected the heating of the cup during the fall. Therefore, simulations were carried out in two steps to consider the introduction of a cold cup into a hot micro-rector. The first step consists in determining the temperature fields in the empty micro-reactor at the steady state by applying a power density of 1.13e7 W.m -3 inside the heating sleeve for the temperature to reach 773 K and by imposing a heat loss flux due to natural convection with convective heat transfer coefficient of 15 W.m - 2 .K -1 at the external surfaces of the insulator. 

APPENDIX B

B.1. Kinetic calculation: the case of beechwood

Biomass devolatilization kinetics was determined using the Friedman method at an extent of conversion ranging from 0.05 to 0. 

B.2. Averaged mass spectra of biomass samples obtained at different furnace temperatures
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