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Chapitre 5

Table 5.1 Les enjeux environnementaux actuels et la prise de conscience écologique collective combinés à l'accès de plus en plus limité à certaines fractions du pétrole poussent les entreprises à mettre sur le marché des produits ayant une empreinte écologique neutre, du choix des matières premières jusqu'à leurs fins de vie. Dans ce contexte, les domaines des matériaux et de la chimie évoluent afin de répondre aux nouvelles attentes sociétales et écologiques. Une chimie verte, en plein essor dans la dernière décennie est de plus en plus souvent développée. Elle se base sur 12 principes édités par les chimistes américains Paul Anastas et John C. Warner (Anastas and Warner 2000) en 1998 telles que l'utilisation de ressources renouvelables (7 ème principe), l'économie d'atomes (2 ème principe), la conception de produits chimiques plus sûr via des méthodes de synthèse moins dangereuses (3 ème et 4 ème principes) ou encore la réduction du nombre de dérivés (8 ème principe).

Les polymères, communément appelés plastiques, sont obtenus par multiple union de réactifs (monomères). Les macromolécules résultantes sont caractérisées par de hautes masses molaires et de de multiples unités répétitives. Les propriétés finales des polymères peuvent être maitrisées-contrôlées au travers de différents paramètres tels que de la structure des monomères, la séquence d'incorporation des monomères, le type de polymérisation, l'architecture macromoléculaire ainsi que la mise en oeuvre et la formulation (Mülhaupt 2013). De nos jours, la production mondiale de matières plastiques avoisine les 360 millions de tonnes en 2019 (Plastics Europe 2019) mais elle est majoritairement issue de ressources fossiles. D'autre part, la fin de vie des plastiques apparait comme étant problématique car mal maitrisée, notamment avec l'exemple des microplastiques dans les océans (Cozar et al. 2014). Les polymères sont donc de moins en moins bien acceptés, comme en témoigne l'interdiction récente en France de certains produits plastiques à usage unique et une certaine tendance au dénigrement de ces matériaux, le « plastic-bashing ». Les matériaux polymères doivent être entièrement repensés afin de s'inscrire dans le cercle vertueux de l'économie circulaire avec une approche renouvelable. Ce chemin passe par une production à base de ressources renouvelables afin de produire des matériaux ayant des propriétés au moins équivalentes à leurs homologues d'origine fossile et une fin de vie et un coût maitrisés.

Les matériaux alvéolaires ou mousses sont formés d'une matrice polymère expansée à l'intérieur de laquelle sont situées des alvéoles (cellules) de gaz ouvertes ou fermées. Ces matériaux hautes performances sont mis en oeuvre avec comme but d'alléger, amortir et/ou isoler et ceci avec des structures rigides à souples. Les différentes techniques de mise en oeuvre de matériaux alvéolaires sont décrites sur la Figure 0.1. La première consiste à introduire dans une matrice polymère ou un mélange de monomère un liquide à faible température d'ébullition qui va changer d'état pendant la transformation. Selon un principe similaire, un composé peut par réaction ou décomposition dégager du gaz et expanser un matériau formé ou en cours de polymérisation. Il s'agit dans ce cas d'expansion chimique. La seconde approche est basée sur l'expansion physique provoquée par la détente d'un gaz absorbé sous pression dans une matrice polymère. La troisième consiste à introduire de l'air par battage mécanique d'un latex ou d'une dispersion de polymère. La dernière technique repose sur la dissolution après mise en oeuvre d'un ingrédient préalablement piégé dans la structure polymère (Biron 2003). Au travers de différentes thèses, notamment, l'équipe BioTeam a développé de nombreux matériaux dans le domaine des polyuréthanes biosourcés issues de différentes biomasses (Furtwengler et al. 2017;Hablot et al. 2008;Laurichesse et al. 2014). Récemment l'expertise de la BioTeam dans le domaine des polyuréthanes s'est étendue aux matériaux alvéolaires au travers de différents projets. La synthèse de mousses à partir de tannins modifiés (Arbenz et al. 2016) est la genèse du développement de mousses polyuréthanes biosourcées au sein de l'équipe. Dans ce même projet, une preuve de concept a été établie concernant la formation de monomères adaptés à l'élaboration de mousses polyuréthanes à partir d'huile de microalgues (Arbenz et al. 2017). La présente thèse s'inscrit dans la continuité de ce projet.

Les huiles d'origines végétales ou animales sont depuis longtemps chimiquement transformées en produits du quotidien notamment dans un contexte d'oléochimie. La première transformation répertoriée est une saponification pour la création de savon dans les années 800 en Allemagne (List et al. 2017). La recherche sur les huiles a permis de caractériser leurs structures. Les huiles végétales sont principalement composées de triglycyérides dont la structure est présentée en Figure 0.3. Ils sont composés d'une molécule de glycérol estérifiée par des acides gras qui peuvent être saturés, monoinsaturés ou poly-insaturés. Ces acides gras, possèdent également des longueurs de chaine variables (jusqu'à 22 carbones) associés à la présence de groupes époxydes ou hydroxyles. La forme la plus couramment rencontré parmi les huiles végétales sont des acides gras de 16-18 carbones avec au maximum 3 insaturations. L'huile de microalgues étudiée au cours de cette thèse est aussi composée de triglycérides (Figure 0.3). Cependant, les acides gras qui les composent sont majoritairement plus longs (jusqu'à 22 carbones) et contiennent plus d'insaturations (jusqu'à 6). Les microalgues, outre la synthèse d'acides gras particuliers, présentent plusieurs avantages par rapport aux végétaux cultivés pour leur huile. Ces micro-organismes peuvent être cultivés dans les eaux douces, salées ou grises en consommant du CO 2 . Par ailleurs, contrairement à certaines huiles végétales, l'utilisation de l'huile de microalgues comme synthons, ne génère pas de concurrence avec l'alimentation et ne mobilise pas des surfaces de terres arables. En outre, les microalgues présentent un faible coût de production et une haute productivité. Cette biomasse a également la particularité d'être entièrement valorisée, ce qui en fait une ressource renouvelable d'avenir. Les lipides, saccharides, protéines ou minéraux sont transformés en monomères, pigments, produits chimiques de bases ou à hautes valeurs ajoutées. La transformation chimique des lipides par oléochimie permet l'obtention de synthons importants pour l'industrie des matières plastiques et plus particulièrement des polyuréthanes.

Le groupement uréthane fut découvert en 1846 par Charles Adolf Wurtz. Ce fût ensuite Otto de Bayer qui en 1937 synthétisa les polyuréthanes par polyaddition entre un diisocyanate et un polyhydroxyl (Figure 0.4), autrement appelé polyol. Au fil des années, cette famille de polymères s'est installée dans notre quotidien. A tel point que, les polyuréthanes sont classés 6 ème famille de polymères la plus produite avec une production approchant les 22 millions de tonnes et un marché de 50 milliards de dollars en 2016. Les polyuréthanes peuvent s'adapter à de très nombreuses applications de par la richesse et la diversité des polyols et des polyisocyanates disponibles. Le marché des polyuréthanes représente cette diversité d'utilisation de ce matériau. Il est inégalement divisé en cinq parts : les mousses (65% du marché), les revêtements (13%), les élastomères (12%), les adhésifs (7%) ainsi que les autres applications incluant le domaine du biomédical (3%). Les mousses polyuréthanes sont thermodurcissables et formées par une méthode appelée « one-shot ». Les composés excepté le polyisocyanate sont mélangés afin de former une émulsion. Le début de la mise en oeuvre est marqué par l'introduction du dernier élément : le polyisocyanate. L'expansion et la formation du réseau polymère doivent être coordonnées afin de former un matériau alvéolaire avec les propriétés souhaitées. Ainsi, chaque composé a un rôle précis, le polyisocyanate et le polyol forment le réseau polymère et donc la structure solide du matériau, l'agent gonflant permet l'expansion de la mousse. Dans le cas des matériaux polyuréthanes, il peut être chimique et réagir au contact d'un autre ingrédient de la formulation pour former du gaz ou physique et s'évaporer avec l'augmentation de la température dans le matériau généré par la polymérisation. L'équilibre entre l'expansion et la solidification du réseau, essentiel lors de la mise en oeuvre des mousses, est contrôlé par des catalyseurs. Les surfactants ont deux rôles distincts : (i) ils permettent le mélange intime des différents composants au début de la mise en oeuvre, et (ii) Ils assurent également un soutient des parois cellulaires les plus faibles lors de l'expansion du gaz.

L'objectif de cette thèse est d'élaborer des synthons pour la formation de matériaux alvéolaires. L'organisation des différents chapitres est présentée dans la Figure 0.5. Le deuxième chapitre présente une étude modèle de synthèse de polyols à partir de lipides. Les triglycérides sont souvent transformés en polyols via époxydation et ouverture de cycle. Cette étude vise à établir les équations et courbes cinétiques régissant l'ouverture des époxydes avec un nucléophile. L'impact des nucléophiles utilisés pour l'ouverture de cycle sur la vitesse de réaction des hydroxyles avec un isocyanate est aussi évalué.

Le troisième chapitre concerne la formation et la caractérisation de mousses polyuréthanes à partir de polyols dérivés d'huile de microalgues. Les protocoles de synthèse développés dans le deuxième chapitre sur une huile modèle sont appliqués ensuite à l'huile de microalgues. Après caractérisation, les polyols formés sont ajoutés jusqu'à 75% en remplacement d'un polyol conventionnel. La caractérisation des mousses résultantes permet l'évaluation de l'impact des polyols biosourcés sur les propriétés des matériaux alvéolaires.

Le quatrième chapitre étudie la formation de groupements oxazolidones par réaction d'huiles époxydées avec des isocyanates dans le cadre de la formation de mousses polyuréthanes. L'impact du remplacement du polyol par une huile époxydée sur l'élaboration d'une mousse polyuréthane est tout d'abord étudié. Les composés, non liés par liaisons covalentes au réseau polymère de mousses polyuréthanes formulées avec une portion d'huile époxydée, sont extraits et analysés. Finalement, l'huile époxydée et le polyisocyanate utilisés dans les mousses sont modélisés pour étudier en détail la formation d'oxazolidone avec différents catalyseurs.

Enfin le cinquième chapitre est une ouverture sur de potentiels futurs travaux qui pourraient mener à l'élaboration de mousses biosourcées plus sûres pour la santé et plus respectueuses de l'environnement dans une approche de développement durable. Le remplacement du polyuréthane par des polymères issus d'une chimie d'aza-Michael est évalué au niveau de la vitesse de réaction. Sur un système modèle, la réactivité de différents monomères est étudiée afin de classer les différents groupements réactifs. Puis le temps de gel d'un réseau polymère est mesuré par une méthode rhéologique multi-ondes. La variation des donneurs et accepteurs de Michael, les catalyseurs ainsi que de la stoechiométrie sont autant de paramètres qui permettent de contrôler, moduler la formation de gels des systèmes étudiés.

CHAPITRE 1. RELATIONS STRUCTURES-PROPRIÉTES DANS LES MOUSSES POLYURÉTHANES BIOSOURCÉES

Introduction chapitre 1

La synthèse bibliographique présentée dans ce chapitre est consacrée aux relations « structures-propriétés » dans le domaine des mousses polyuréthanes biosourcées. Elle se présente sous la forme d'une revue intitulée « Structure-properties relationships of cellular materials from biobased polyurethane foams » soumise dans Materials Science and Engineering -R: Reports.

La première partie pose les bases dans la synthèse de mousses polyuréthanes et l'impact des différents constituants de la formulation sur la phase d'expansion. Les différentes ressources renouvelables et leurs modifications chimiques afin de produire des composés pour la synthèse des mousses polyuréthanes, sont ensuite décrites. Les relations entre les architectures macromoléculaires formées par l'utilisation de monomères biosourcés et les propriétés des mousses polyuréthanes sont analysées dans le cas spécifique des mousses rigides. Les structures des monomères sont mises en relation avec les propriétés morphologiques, mécaniques et thermiques des matériaux alvéolaires produits. Enfin, des perspectives dans le domaine mousses polyuréthanes sont abordées sous plusieurs angles : La synthèse de polyuréthanes sans isocyanate par aminolyse de carbonates cycliques afin de produire des mousses, et le développement de nouveaux matériaux avec la chimie de Michael et la formation de mousses à l'aide de micro-organismes.

Structure-properties relationships of cellular materials from biobased polyurethane foams

Julien Peyrton and Luc Avérous

Review submitted in Materials Science and Engineering : R : Report

ABSTRACT

The polyurethanes (PU) are a very versatile family of materials mainly obtained by combinations of polyols and polyisocyanates. Based on their annual worldwide production of around 20 million tons and a global market of $50 billion ( 2016), PUs rank 6 th among all polymers. Through their value chain, PUs involve different players: (i) the chemists producing most of PUs raw materials, (ii) the PUs producers from the raw materials, (iii) the compounders/assemblers who formulate PUs into their final products, and finally (iv) the end-users. Due to the multiplicity of their structures, PUs can be used in various forms and applications. Cellular materials are the largest part of this market (more than 60%) with segments including the furniture, automotive, bedding, insulation, building or construction markets. Two main types of foam can be fabricated: (i) flexible with open cells, stress and tensile properties, e.g., furniture or bedding, and (ii) rigid with closed cells, low thermal conductivity, low density and high dimensional stability mainly for thermal insulation, e.g., building industries. The formulation step significantly influences the microstructure or morphology of these cellular materials and impacts the final foam properties. Even if some partially biobased compounds (polyols) can be used, commercial PU cellular materials are till now mainly based on fossil resources. However, future materials will combine high performance with low environmental impact in order to fulfill societal expectations. In this way, new biobased compounds combining different fields such as biotech, chemistry, science and materials engineering are more and more used in complex formulations for renewable foams, leading to specific renewable macromolecular architectures.

This review aims to highlight the main biobased components (polyols, polyisocyanates and additives) used in formulations for PU foams, in relation to the corresponding fabrications, morphologies and properties. The main renewable sources come from (mono and poly)sugars, oleochemistry, polyphenols (lignins, tannins …), or different compounds from white biotech processes from agro-wastes … The impact of these different components on material performances is discussed more particularly for rigid polyurethane foams. The structure-property relationships are analyzed with a scope on cellular morphology, mechanical, thermal properties, fire resistance, and insulation behavior. Finally, an analysis focus on future perspectives on biobased PU foams is conducted.

INTRODUCTION

The depletion of some resources from fossil-based refineries, the degradation of the environment and its connection with the climate is at the core of every recent international forums. In 2015, the United Nations developed an agenda of action for people, planet, and prosperity regrouped in 17 establish goals. The "goal 12" entitled "Ensure sustainable consumption and production patterns" sets the sustainable management and efficient use of natural resources by 2030 (UN 2015). In this hot context, the development of new and/or greener polymer materials with higher performances and lower environmental impacts from cradle to cradle than the traditional fossil-based equivalent is a priority (Manzardo et al. 2019). This recent trend is also driven by the development of innovative molecular architectures with new properties, which can be extracted or bioproduced from various types of biomass combining different disciplines such as biotech, chemistry, science and materials engineering.

The global production of plastics reached around 360 million tons in 2018 (Plastics Europe 2019). The bioplastics, defined as biobased or biodegradable polymers, represent less than 1% of this worldwide plastics production ('Bioplastic materials' 2019; Garside 2020). Biobased polymers are defined as polymers obtained more or less directly from biomass, i.e., from all the living organisms, with a positive level of C 14 . The interest in biobased polymers knows an exponential growth in the last decades due to the desire to reduce the fossil-based products dependency [START_REF] Babu | Current progress on bio-based polymers and their future trends[END_REF] and the environmental impact. The production of biobased monomers for sustainable plastics was extensively developed to design common-like polymers such as polyamides (Winnacker and Rieger 2016), polyesters (Jiang and Loos 2016;de Jong et al. 2012), polyethylenes (Aeschelmann and Carus 2015) or polyurethanes (PUs) (Furtwengler and Avérous 2018). On the other hand, biodegradable plastics are defined as materials degraded into CO 2 or/and CH 4 and water mainly by the action of microorganisms (Iwata 2015) in normalized conditions (time, temperature, media). However, biodegradable polymers can also be produced from fossil-resource such as polycaprolactone. The development of biodegradable polymers is also linked to the vast and increasing problem of dispersion and accumulation of plastics in the environment. With the actual growth of microplastics accumulation in the ocean (Cozar et al. 2014) and global warming, the urge is to design sustainable polymeric materials.

Although PUs can be obtained without isocyanates (Non-Isocyanate Polyurethanes or NIPU) by, e.g., the reaction between polycyclocarbonates and polyamines (Carré et al. 2019), they are till now mostly obtained by polyaddition between polyisocyanates and polyols to obtain linear or crosslinked architectures. PU is the most versatile polymer family in terms of applications. This diversity originates from the myriad of chemical structures of the polyols and polyisocyanates and the particular property of the carbamate group. PUs rank 6 th among all polymers with a production of around 22 million tons (Hicks and Austin 2017) and a global market of $50 billion (2016). The PU market is usually segmented in 5 uneven parts with the foams (65% of the market), the coatings (13%), the elastomers (12%), the adhesives (7%) and the others, including the biomedical field (3%) (Akindoyo et al. 2016;Wendels and Avérous 2021). Two main types of PU foams (PUFs) can be identified: the flexible foam (F-PUF) with an open cell structure and the rigid (R-PUF) one with a closed-cell structure. Of course, intermediate systems can also be developed, e.g., the spray foams are rigid with open-cell structures. PUFs structures and properties can be tailored by (i) the structure and quantity of the monomers, (ii) the catalysts, (iii) the surfactants and (iv) the blowing agents (BA). To this basic list, different other ingredients are also used, such as fillers, flame retardants (FR), pigments, or dyes.

F-PUFs representing the main part of the foams market (60%) are synthesized by molding or slabstock process (Randall and Lee 2002). As presented in Figure 1.1, PUFs are classified into several categories depending on their properties. The high resilience foams provide resilience and buoyancy compared to viscoelastic foams, which respond slower to stress. Integral skin foams are composed of a high-density skin and low-density core foam sandwich structure (Ashida 2007) obtained, e.g., by reaction injection molding (RIM). The foams formulation and processing are key points to obtain the required properties. The walls are melted after the cellular material synthesis to obtain very high consistency and controlled porosity for filter applications (Randall and Lee 2002). F-PUFs are used in various everyday life applications, such as filters, automotive and furniture/bedding cushioning (Figure 1.1).

The R-PUFs are classified into three categories (Figure 1.1) such as (i) the sprayed foams which are produced on-site with a high-pressure gun, (ii) the boardstocks are flat sheet products made with flexible facings and (iii) the sandwich panels encased by rigid facings (Randall and Lee 2002). The major R-PUFs are designed to be used as thermal insulation in appliances, construction, transport or pipe insulation. Despite the emergence of new materials with low thermal conductivity (Lang et al. 2016;Vėjelis et al. 2010;Zhan et al. 2019), the R-PUF remains a major material used as thermal insulation due to their low thermal conductivity and density, compared to mineral wool, polystyrene or lignocellulose product (Abu-Jdayil et al. 2019). Thermal insulation is nowadays a major strategic field, e.g. in 2018, one third of the worldwide energy consumption was used for the heating or cooling of buildings (IEA 2020). In this context, the development of new sustainable materials with better properties than their fossil-based counterparts is an actual fascinating challenge. The most significant variables to get the best environmental performances of PUF were linked to the low thermal conductivity and density of the biobased PUFs (Manzardo et al. 2019). In the field of biobased PUs, different partial overviews can be found. Sustainable PUs were partially reviewed for adhesive applications (Tenorio-Alfonso et al. 2020) or foams (Agrawal et al. 2017;Furtwengler and Avérous 2018;Hayati et al. 2018). The goal of this review is to complement, update and expand these previous states of the art. This work is also expected to provide a deep insight into the biobased PUFs field, especially in the study and analysis of the "structure-properties" relationships. The second section of this review gives an overview of basic information to know about PUFs, such as the isocyanate chemistry, the process of foam and the role of each component in the foam formation. The third section is focused on the renewable PUFs from biomass such as triglycerides, carbohydrates, polyphenols (lignins and tannins), wastes, and different molecules obtained by bioproduction as biobased building blocks for PUFs elaboration. The fourth section carefully reviews the relationships between these new biobased PU architectures, the cell morphology and the related properties such as the mechanical, thermal, fire resistance and acoustic behaviors. In the last section, very recent perspectives on the elaboration of foams from, e.g., NIPU, are analyzed and discussed.

PUF ENGINEERING AND FUNDAMENTALS

Isocyanate chemistry

The synthesis of urethane groups was first investigated in 1846 by Charles Adolf Wurtz (1817Wurtz ( -1884) ) with the study of the reaction between the cyanogen chloride and ethanol described in Scheme 1.1 (Wurtz 1846). Otto Bayer was a scientist in charge of finding a substitute for the Nylon 6.6 recently developed by Dupont when he discovered the PU by polyaddition between a diisocyanate and a polyester diol in 1937. The first thermoplastic PU (TPU) had elastic properties and was industrially developed during the Second World War as a rubber substitute from hevea in the USA. The development of isocyanate production and their fast reaction with hydrogen-labile groups helped the tremendous development of the urethane market (Szycher 2013). Nowadays, the PU synthesis is still and mainly based on the polyaddition between polyisocyanates and polyols due to the high reactivity of the isocyanate groups with hydrogen-labile compounds, explained by the carbon electron deficiency. The isocyanate addition is a reversible reaction, exploited, for instance, to produce vitrimers called vinylogous urethane (Denissen et al. 2015). However, the cyclization of the product or the generation of gas inhibits the reversibility. Figure 1.2 shows that the products of the isocyanate reactions can be classed according to the number of isocyanate additions (first, second and third) to yield it. The main PU synthesis results from the addition of isocyanate with an alcohol (A) yielding urethane group. This reaction is exothermic and releases 100 kJ/mol of heat (Ionescu 2005). Water has a similar reactivity as alcohol and, by reaction with isocyanate (B), produces unstable carbamic acid, which is instantaneously decomposed into CO 2 and amine (C). The water-isocyanate reaction releases almost two times more heat (197 kJ/mol) than the alcohol-isocyanate system. The gases released through the isocyanate additions are exploited to rapidly expand the polymer matrix for PUFs elaboration, mainly for soft foams with open cells. Analogously to the amine formation, the formation of amide by isocyanate and carboxylic acid addition (D) is accompanied by gaseous CO 2 formation. For instance, when formic acid is used as carboxylic acid, the reaction produces an amine, CO 2 and CO (E). Compared to the water-isocyanate addition, this particular reaction releases two moles of gas per mole of isocyanate. Furthermore, the amine formed by water or formic acid addition also reacts with isocyanate to form a disubstituted urea group (F). The isocyanate can also react with compounds without labile-hydrogen, such as epoxides (G). In this case, the oxygen atom from the epoxide ring attacks the carbon of the isocyanate; therefore, the reaction is less favored and requires high temperatures and specific catalysts to yield oxazolidone.

The high reactivity of isocyanate enables the 2 nd addition of isocyanate on the product resulting from a first addition. Both urethane and urea groups present labile hydrogens and can further react with isocyanate to synthesize allophanate (H) and biuret groups (I), respectively. Furthermore, isocyanate molecules can intermolecularly react and dimerize depending on the reaction conditions and catalysts into carbodiimide (J) or uretdione (K) (Fink 2018). Furthermore, the uretonimine group is irreversibly obtained after the third addition of isocyanate on carbodiimide (L). The combination of three isocyanate groups also leads to a stable and six-membered ring isocyanurate group. It was demonstrated that allophanate (M), biuret (N), oxazolidone (O) and uretdione (P) are intermediates in the synthetic pathway to isocyanurate (Al Nabulsi et al. 2018;Caille et al. 1990a;Gibb and Goodman 2013;Hoffman 1984). The polymerization of isocyanates with an appropriate catalyst was used to produce rigid foam exclusively composed of polyisocyanurate (PIR) network. The diversity of the isocyanate reactions and the numerous different structures of polyols and polyisocyanates available make the PU a very versatile polymer family. PUs diversity of properties and the efficiency of the processing endorsed a growing market, which is mainly based on PUFs, from the soft to the rigid foams based on open or closed cells, respectively.

PUF Formulation

PUFs elaboration is a complex association of polyols, polyisocyanates, BAs, catalysts, surfactants and additives such as fillers or FRs. The general formulation quantities for PUFs in Table 1.1 are expressed in part by weight of polyol (pbw). The quantities of all components are calculated on a basis of 100 g of polyols to simplify the scale up or down. The BA quantity ranges from 3 to 30 pbw and depends on the targeted density and the BA structure. The dominant components in a PUF formulation are the polyisocyanate and polyol. Their contents, linked to the type of foam (R-PUF, F-PUF or PIR foam) and the targeted applications, are controlled by the NCO/OH index determined as the ratio between the isocyanate and the hydroxyl groups multiply by 100. 

Foam component

Polyisocyanate Polyol BA Surfactant Catalyst Additives Quantity (pbw 1 ) 100-300 2 100 3-30 3 1-3 1-3 1-10 1 part by weight of polyol 2 Quantity depending on the ratio NCO/OH 3 Molar mass-dependent Figure 1.3 presents the effect of the NCO/OH molar ratio on the chemical architectures of PUFs, hybrid PU-PIR foams and PIR foams. The PUFs are produced with a NCO/OH index between 80-120 to promote the urethane group formation. As presented in Figure 1.3, the PIR foam elaborated mainly from isocyanate is highly crosslinked and, consequently, highly brittle or friable (Baumann and Dietrich 1981). However, the PIR foam has excellent thermal stability properties due to the isocyanurate group. In order to take advantage of the thermal stability of the isocyanurate and avoid the formation of a highly crosslinked network, hybrid PU-PIR foams were developed. They are formulated with NCO/OH index higher than 120 to form an isocyanurate group and lower than 600 to avoid high friability (Reymore et al. 1975).

The PU-PIR foams combined the thermal stability of the PIR network with the flexibility of the PUF (Nawata et al. 1975). They are classed among R-PUFs due to their similar mechanical properties and morphologies and consequently they are mainly used in thermal insulation. The PU-PIR foams are explicitly used when the fire hazard is high due to their higher thermal stability compared to R-PUFs. Several processes were developed industrially to produce PUFs, such as molding, slabstock, spaying, pour-in-place or frothing-in-place. In academic research, the two primary processes for the PUFs elaboration are the pour-in-place or molding method, described in Figure 1.4. The foaming process is based on the one-shot method, where the polyol and polyisocyanate are intimately mixed. The components are usually separated into two parts with (i) the A-part containing the polyol, the BA, the surfactant, the catalyst and the additives stirred vigorously to integrate air bubbles in the mixture and to obtain an emulsion (step 1 in Figure 1.4) and (ii) the B-part composed of the polyisocyanate. Both parts are then mixed under stirring (steps 2 and 3 in Figure 1.4). The reactive mixture is then poured into an open-cup for the pour-in-place process or in a closed mold with, depending on the targeted application, an optional control of the temperature for the molding process (step 4 in Figure 1.4) where the polyaddition releases heat and forms the polymer network. The BA vaporizes and expands through the heat generated by the reaction, and the foam rises (step 5 in Figure 1.4). In the end, a cellular material composed of gas-entrapping polymer cells is obtained (step 6 in Figure 1.4). 

Polyisocyanate

Several pathways can be used to synthesize isocyanate groups such as the Curtius, Hofmann or Lossen rearrangements but also the phosgenation of primary amine (Szycher 2013). At the industrial scale, although toxic for human health, the phosgene is the preferred pathway for the production of isocyanate due to the difficulty of handling the unstable azide groups in the rearrangement reactions (Cotarca and Eckert 2003;Knölker et al. 1995). The main used isocyanates are the toluene diisocyanate (TDI), the methylene diphenyl 4,4'-diisocyanate (MDI) and its polymeric form (pMDI) (Szycher 2013), which is mostly used since it presents lower volatility and reduced toxicity compared to the monomer form. The pMDI superior functionality compared to the other polyisocyanates is also a key point for R-PUF elaboration, which require highly crosslink network. On the contrary to the aromatic monomer polyisocyanates, the pMDI is liquid at ambient temperature, facilitating the implementation at industrial scale. In addition to the aromatic polyisocyanates, some aliphatic polyisocyanates are used, such as the hexamethyleneisocyanate (HDI), the isophorone diisocyanate (IPDI), or the 4,4'-methylene bis cyclohexyl diisocyanate (H 12 MDI). Their reactivities and structures are described in Table 1.2.

The stabilization of the mesomeric structures by the surroundings of the isocyanate group enhances the carbon electrophilic character and its reactivity. As shown in Table 1.2, the aromatic isocyanates are more reactive than the aliphatic or cycloaliphatic counterparts due to the delocalization of the negative charge on the aromatic ring. The reactivity of the aromatic TDI and MDI is two orders of magnitude higher than the aliphatic HDI, H 12 MDI and IPDI. Table 1.2 shows that the first addition of alcohol on a diisocyanate decreases the reactivity of the second addition. The foam elaboration requires high reactivity; therefore, aromatic polyisocyanates are used. Besides, the aromaticity brings several properties to the final products, such as, e.g., higher flame resistance and mechanical properties. In general, the MDI and TDI are used for F-PUFs and pMDI for R-PUFs. They are the primary polyisocyanates used in PUFs formulation. 

Polyol

Since PUF are mainly crosslinked networks and since polyisocyanates are mainly bifunctional, polyols must present, on average, a functionality (f) higher than 2. Polyol mixes are often used to obtain the suitable requirements. Polyols are usually viscous liquids containing at least two or more hydroxyl (OH) groups per molecule. They are characterized by their OHs density (I OH ) expressed in mg KOH/g. Both main types of polyols are oligomers of polyether and polyester with OH ending chains. First, polyethers are produced from the alkoxylation with ethylene (EO) or propylene oxide (PO) from a simple starter molecule containing several OH or amine groups, primary and secondary. The polyol-starters can be pentaerythritol (f=5), sorbitol (f=6) or glycerol (f=3) and the polyamine starters can be ethylenediamine (f=4) or diethylenetriamine (f=5). From the starter to the corresponding oligomer, the I OH is decreased. Similarly, the polyester polyols are produced from controlled polycondensation or polyaddition between a dicarboxylic acid or an anhydride with a polyol-starter molecule. In general, polyether polyols generally present a lower viscosity and higher dispersity than polyester polyols, due to the flexible ether links. They also provide higher softness, hydrolytic and aging stabilities compared to polyester polyols (Furtwengler and Avérous 2018). Polyols properties have a profound impact on the behaviors and structures of the final cellular materials. Polyols for R-PUF have I OH ranging between 350 and 800 mg KOH/g, with between 3 and 8 OH groups per molecule (Table 1.3). On the contrary, the polyols used for F-PUFs have lower I OH and functionality. The higher the functionality of the polyols is, the higher the crosslinking density and rigidity of the foam should be. As depicted in Table 1.4, the reactivity toward isocyanate is mainly related to the nature of the H-labile group. The primary and secondary aliphatic amines, generally toxic for human health (Greim et al. 1998), are 1000 times more reactive than their OH aliphatic counterparts. Water and primary aliphatic OHs have similar reactivities. Then, the reaction of water with isocyanate formed a primary amine, which reacts immediately due to its high reactivity compared to OH. The urea formed by the addition of the amine and isocyanate is half as reactive as a secondary aliphatic hydroxyl. Therefore, the formation of biuret is generally considered as a source of crosslinking in foams. The aromatic OH, usually found in phenolic resources (e.g., lignin), is around 300 and 1000 times less reactive than secondary and primary aliphatic OHs, respectively. This explains the need to chemically modified polyphenol molecules before their introduction in PUF as shown in a next section. 

Blowing agent

The choice of the BA is crucial to determine essential properties and morphologies which are related to the applications. Two main types of BA are used: (i) Chemical, where BA reacts with a system component during the polymerization to generate the gas. As presented in Figure 1.2, several H-labile compounds release gas by an exothermic reaction with isocyanates and, e.g., water or formic acid. (ii) Physical BA presents a phase change from liquid to gas during the polymerization using the energy released by the exothermic polyol-polyisocyanate reaction, with a strong and fast volume increase of the mix.

The key parameters of physical BAs are the molar mass, the boiling point, the heat of vaporization and conductivity in the gas phase. They are detailed in Table 1.5. Firstly, the molar mass of BA is essential for economic reasons. The quantity of gas and, by extension, the foam produced is inversely proportional to the molar mass. Therefore, in a formulation with a fixed mass of BA, the BA with a lower molar mass will generate a higher gas volume (Singh 2002). To obtain foams with similar densities starting from the same formulation, a higher amount of, e.g., trichlorofluoromethane (137.4 g/mol) than n-pentane (72.2 g/mol) would be used. Secondly, the boiling point of BAs determines the temperature and then the time when the foam starts to rise. It is the main parameter for the fine-tuning of the foam expansion kinetic. In the case of one component-foam, the BA agent has a propellant role. It is common to use a BA with an ebullition temperature under 0 °C. Thirdly, the heat of vaporization represents the energy needed to phase change a liquid into gas. The quantity of heat released by the PU formation must be controlled to avoid attaining the critical degradation temperature of the PU. The endothermic vaporization of the BA consumes the heat released and decreases the temperature during the polymer formation, preventing degradation. Finally, some BA properties are related to particular applications such as R-PUF for thermal insulation, where the thermal conductivity must be the lowest. The total thermal conductivity is related to the conduction through the polymer matrix, through the gas phase and the radiation. In this case, the gas contribution accounts for 65% of the total thermal conductivity (Ferkl et al. 2017;Jarfelt and Ramnäs 2006). The lower the conductivity in the BA gas phase, the lower the overall conductivity of the foam should be. However, with the foam aging, the BA diffuses out of the cells and it is substituted by air. 1 Chlorofluorocarbon, 2 Hydrochlorofluorocarbon, 3 Hydrofluorocarbon, 4 Hydrocarbon, 5 Hydrofluoroolefin, 6 Hydrochlorofluoroolefin.

Historically, water was the only BA used until the 1950s and remains the primary chemical BA used today in F-PUFs. Foams developed only with water as BA faced several challenges: (i) high exothermic reaction causing scorching or fire, (ii) reduced flowability in mold due to higher viscosity, (iii) higher cost because water-blown foams consume more isocyanates. The water-blown R-PUF has high surface friability, high thermal conductivity, and poor dimensional stability. Furthermore, the higher amount of heat released by the urea induces a faster expansion of the foam. In consequence, some cell walls can be broken.

The development of the physical BA from 1970 to nowadays was conditioned by environmental concerns. The Montreal in 1987 and Kyoto in 1992 protocols banned chlorofluorocarbons, hydrofluorocarbons, and hydrochlorofluorocarbons due to their high ozone depletion activities (Rowland and Molina 1975;Shine 2009). Indicators to measure the impact of a molecule on the environment, such as the ozone depletion potential, were implemented, i.e., the Global warming potential (GWP). Despite the ongoing utilization of forbidden substances by international protocols, the research turns toward new BAs more environmentally friendly such as hydrocarbons, hydrofluoroolefins or hydrochlorofluoroolefins (Table 1.5) (Mateu-Royo et al. 2019;Rigby et al. 2019).

Surfactant

Fine and homogeneous cell structure cannot be obtained without surfactants. Figure 1.5 details the principal surfactant structures used in PUFs formulation. The block and graft amphiphilic copolymers are based on hydrophobic siloxane groups and hydrophilic polyether grafted chains. The polyether/siloxane ratio, the EO unit content, the capping group (CAP in Figure 1.5), the molar mass and the molecular architecture of the surfactant can be finely tuned to fit with the different polyols-BAs systems (Hill 2019). The surfactant has two main roles in the cell formation process: (i) the emulsification of the reagents and (ii) the stabilization of the formation of the bubbles (Schmidt et al. 1984). Firstly, before the polyaddition starts, surfactants participate in the emulsification of the BA and the air in the monomers mixture, by reduction of the surface tension (Hill 2019). Placed at the BA-polyol interfaces, the surfactant increases their miscibility and reduces the emulsion particle size. It was demonstrated that lower surface tension leads to higher bubble density in the A-part and, consequently, finer cell structure in the final foam (Zhang et al. 1999).

The second role of the surfactant is the stabilization of the growing cells, along with the polymerization and foaming process. The cell growth is disrupted by two phenomena described in the left part of Figure 1.6: (i) the Ostwald ripening and (ii) the cell drainage. The Ostwald ripening is controlled by the pressure difference between large and small bubbles. To equilibrate the pressure, the gas in small bubbles transfer into the larger ones (Figure 1.6), and the exchange rate depends on the permeability of the cell walls (Voorhees 1985). As shown in Figure 1.6, this phenomenon tends to decrease the bubble density and to form coarser cells if not controlled. Surfactant molecules aggregated at the surface between air and foaming liquid limit the Ostwald ripening (Figure 1.6). The surfactant packing increases the permeability of the cell walls. Therefore, by limiting the gas transfer between two cells, a homogeneous cell structure is formed (Hill 2019).

On the other side, cell drainage is governed by the pressure difference and the viscosity of the liquid phase (Owen et al. 1967). Spherical bubbles collide when the gas volume fraction exceeds 70-75%, and distort into a multisided polyhedral (Zhang et al. 1999). The interface between two bubbles is described in the left bottom of Figure 1.6. The liquid between two expanding bubbles is forced, due to capillary pressures, to flow toward the exterior forming the Plateau border and a thin film between bubbles. Once the polymerization is completed, the thin film between two cells is called cell wall, and the Plateau border is named cell strut (Figure 1 The bubble expansion causes a gradient of surfactant concentration at the surface, as shown in Figure 1.6. However, this surface tension gradient produces an antagonist effect on the film drainage, called the Marangoni effect. As shown in Figure 1.6, surfactant molecules flow from the high to the low surfactant concentration to equally distribute the surfactant molecules at the interface. In this motion, surfactant drags along foaming liquid and delays the cell opening (Obi 2018a). The transport rate from the bulk phase to the interphase and the absorption-desorption kinetics of the surfactant affects the efficiency against drainage (Beneventi et al. 2001;Malhotra and Wasan 1987). The cell drainage is fast without control, causing film ruptures, bubble coalescences, and very dense foams. In F-PUF formulations, cell rupture is wanted, and the surfactant controls the stage of cell opening. On the contrary, in R-PUF, the surfactant controls the film drainage to obtain closed cells. The surfactant has critical roles in the formation and expansion of bubbles and, by extension, the properties of the material. The surfactant quantity is optimized to obtain a good performance-price compromise. There were extensive researches to find the optimized quantity of surfactants to obtain the higher mechanical, thermal and morphological properties (Choe et al. 2019;Kang et al. 2010;Lim et al. 2008). Between 1 and 1.5 pbw of the polyol are used in F-PUFs to control cell expansion and promote the cell opening. However, too low quantity promotes collapsing, densification and splits of the foams (Kaushiva 1999). On the contrary, higher quantities are used in R-PUFs to obtain closed-cell structures. The average amount of surfactant used is between 1 and 3 pbw of the polyol (Table 1.1).

Catalyst

The main catalytic mechanisms for the PU formation described in the literature follow mainly two potential pathways: (i) The increase of the carbon electrophile character of the isocyanate group or (ii) the increase of the nucleophile character of the H-labile compound (Silva and Bordado 2004). In order to control the reaction kinetics, different catalysts presented in Figure 1.7 can be used. Catalysts activities can favor the urethane network formation (gelling) or the generation of gas generally via the water-isocyanate reaction (blowing) (Van Maris et al. 2005). The tin salts, i.e., stannous octoate and dibutyltin dilaurate, have higher gelling activity compared to hindered amine such as 1,4-diazabicyclo [2,2,2]octane (DABCO). The PUF catalysts are trapped inside the polymer matrix and released over time. Therefore, a new generation of catalysts is designed with an H-labile group in their chemical structures to react with isocyanate and be part of the polymer network, to avoid a catalyst release. However, to obtain similar foaming kinetics, the catalyst loading tends to be higher due to the decreased catalytic activity linked to the loss of mobility.

In any case, the catalyst role is to equilibrate the blowing and gelling reaction to get the optimal foam. In the case of a fast gelling compared to the blowing reactions, the polymer gels faster and thus, the cells would not expand to the optimum volume [START_REF] Banik | Water Blown Soy Polyol-Based Polyurethane Foams of Different Rigidities[END_REF]. Therefore, the density increase and all the properties related will be affected. On the contrary, a slow gelling produces a lower viscosity when the cells expand. In this case, the emulsion is destabilized.The gas blows the cell and the polymer gels later around big open cells (Kim et al. 1997).

Other additives

A large range of additives is used on PUF formulations. Additives such as FRs, dyes, pigments, or fillers can be, for instance, added. As inert additive or reactive systems, FRs are used in PUFs. Inert additives are directly added during the formulation. They are mainly composed of halogen or phosphorous compounds, although melamine, aluminum trihydrate and magnesium hydroxide may also be used (Wilkie and Morgan 2010). Reactive systems are based on active groups that are chemically linked to the PUF network (Wilkie and Morgan 2010), which are based on bromine or phosphorous atoms. Besides, more thermally stable groups can be introduced in the polymer network, such as isocyanurate, uretdione or carbodiimide (Saiki et al. 1994).

PU can also be formulated with macro or nano-fillers to improve the mechanical properties, the fire resistance or the nucleation during the foaming steps. This specific domain was recently reviewed (Agrawal et al. 2017;Kausar 2018) and will not be further detailed in this review.

Evolution of the cells morphology during the PUF processing

Foam expansions are monitored by three characteristic times taken along the foam elaboration process. First of all, the cream time is defined as the moment where the foam changes color and starts rising. Secondly, the gel time related to the formation of the polymer network (gelation of the polymer) is usually determined when the formation of a continuous film or a fine string between the foam and a wooden stick occurs. The foam will continue to cure and reach the tack-free time when the surface of the foam will no longer have tacking properties. For a standard PUF formulation, the characteristic times are, for instance, 2-20 sec, 10-100 sec and 15-300 sec for the cream, gel and tackfree time, respectively.

The foam development was followed by instrumented setups, which record the foam height, the temperature, the pressure inside the mold and the dielectric polarization constant over time. Equivalent characteristic times are determined from the corresponding-measured parameters. The cream time is characterized as when the foam reaches 15% of the maximum expansion rate. Furthermore, 15% of the pressure derivative is defined as the gel time. Additional characteristic times are designated, such as the rise time when the 95-98% of the height is reached or the curing time when the dielectric polarization value is under 10% of the peak maximum. This curing time indicates the surface curing; the total curing time is proportional to the foam size. Generally, between 2 and 7 days at ambient temperature are sufficient.

Figure 1.8 shows the different phases of the cell morphology evolution correlated with the temperature and viscosity evolution over time. Phase 1 is the mixing of the A-part before the start of the polymerization. Phase 2 is the cell nucleation where two theories are in competition, or can also be concomitant. First, the classical theory of nucleation is based on the generation of cells from BA droplets after dispersion. A microphases dispersion of BA in polyols is obtained due to the BA low miscibility into polyol. The high-speed stirring splits the dispersed bubbles until an equilibrium is reached. These small bubbles are expanded to form the final cells when the polyaddition can start (Obi 2018b). A more recent theory is based on the effect of air pockets entrapped during the mixing stage (phase 1 in Figure 1.8) (Reignier et al. 2019). In this case, the BA migrates through the matrix into the air bubbles during the expansion.

The phase 2 in Figure 1.8 (expansion of the bubble) is controlled by the temperature and the viscosity of the mix. These two parameters are related to the kinetics of gelling and blowing steps and can be controlled by the catalyst. The temperature increase shown in Figure 1.8 comes from the exothermic polyaddition of isocyanate with water and polyol. The temperature increase is caused by a small portion of water that rapidly reacts and releases twice more heat than the reaction with an hydroxyl. After the cream time, a slight increase in temperature is enough to make the gas bubbles to expand. The bubble expansion is followed by a viscosity increase shown in Figure 1.8 since the bubbles act as thickener (Mcclusky et al. 1994).

The immediate drop in viscosity after the expansion of the cell around 60 seconds in Figure 1.8 is related to the thermal thinning of the reacting polymer. This drop in viscosity is beneficial for the cell expansion that starts to come into contact, forming the film, as shown in phase 4 of Figure 1.8. The temperature stabilizes after 70-80 seconds inside the foam because of the increased viscosity and thermal insulating material property of the foam (Figure 1.8). The increased concentration of urea groups formed by the reaction between isocyanate and water is responsible for a second viscosity rise. Urea groups strongly H-bond together and form hard domains in the polymer matrix, acting as reticulation points (Mcclusky et al. 1994). The next drop in viscosity shown in Figure 1.8 around 100 seconds is explained by the delay between hard segments formation and gelation of the urethane network. As explained in a previous Section, the cell wall drained by pressure difference is held by the surfactant until the network gelation occurs (phase 5 in Figure 1.8). The drop in viscosity is beneficial for the film breakage if the gelation of the network is too slow. Finally, the polyol reaction conversion with polyisocyanate reaches the gelation point, and the viscosity becomes infinite. The network gelation fixes the cell morphology of the foam. The profiles of temperature and viscosity in Figure 1.8 present a general case. Nevertheless, it can differ. For example, in PIR foams, catalysts for the trimerization are thermally activated (Okuzono et al. 2001). Therefore, the viscosity profile changes due to the additional reticulation points formed by the trimerization. Furthermore, in F-PUF, the drainage of the cell walls is controlled until the film rupture to produce open-cell.

FROM RENEWABLE SOURCES TO BIOBASED COMPONENTS FOR PUF

This chapter describes the different strategies recently developed to obtain the different renewable components to produce biobased PUFs from a large range of biomass, mainly from lipids, carbohydrates, polyphenols (lignins and tannins), and different others molecules from biorefinery obtained by biochemistry process, for instance. To a lesser extent than the polyols, the amines are used as raw materials in PU chemistry, either in the synthesis of polyureas or, in the case of low molar mass polyamines, as polyether polyol starters. As the production of biobased amines was recently reviewed (Froidevaux et al. 2016;Pelckmans et al. 2017), the amines will not be incorporated in this review.

The biorefinery converts the biomass into different outputs such as fuels, energy, food, feed and/or chemicals through jointly applied conversion technology (Cherubini 2010). Biorefineries are classified according to different and successive generations depending on their feedstocks. The first generation consumes edible crops such as starch, for instance. The second generation uses industrial residues and non-edible crops such as lignocellulosic compounds from wood, without food competition. Finally, the third one is based on algae and microalgae without arable land uses (Moncada et al. 2014). The utilization of different biological systems, i.e., enzymes, cell extracts or whole microorganisms (biotechnology), is increasingly integrated into the biorefinery conversion processes. The development of white biotechnology, defined as the industrial production of chemicals, increases the availability of biobased building blocks, e.g., for PUFs synthesis (Debuissy et al. 2018). The association between chemistry and biochemistry, also know as the chem-biotech approach, drives the evolution in the production of these renewable building blocks. Lipids are extracted from natural resources such as vegetables, seeds or micro-algae. They are composed of triglycerides, which can be decomposed in glycerol and three fatty acids per molecule, as shown in Figure 1.9. On the contrary to plants oil, microalgae do not compete with food nor need arable land to grow (Fabris et al. 2020;Zappi et al. 2019). They are an interesting source of lipids due to a higher average length and a higher number of double bonds per fatty acid. The diversity in fatty acids presented in Figure 1.9 relies on the chain length (mainly till 24 carbons), position, configuration and types of unsaturation and additional substituents such as epoxide or hydroxyl groups along the aliphatic chain (Gunstone et al. 2007). The diversity of fatty acids distribution of lipids, which are species and growing conditions dependent, was used to develop various PU macromolecular architectures.

Lipids: Triglycerides and fatty acids

Taking into account the literature and the different previous reviews on this field (Desroches et al. 2012;Ghasemlou et al. 2019a;Maisonneuve et al. 2016;Petrovic 2008;Pfister et al. 2011;Singh et al. 2020), the main highlights of this state of the art are mainly based on recent publications on the transformation of lipids into polyols, isocyanate or additives used in foam formulations. Esters and double bonds are the starting point of the oleochemistry described in Figure 1.10 to access to different PUF components. Figure 1.10 shows the diversity of the oleochemistry with different pathways to obtain polyols. The particular case of castor oil, which contains an OH group, is described in the synthesis of an additive. The epoxidation and further ring-opening are the main transformations and were used to produce both polyols and additives. The formation of epoxide is one of the most investigated ways to obtain polyols via double bonds modification. OH groups can be obtained in two steps from the double bonds with the epoxidation and the subsequent ring-opening synthesis. The electrophilic nature of the strained threemembered ring epoxide facilitates the nucleophilic attack to afford a beta-substituted OH group (Fallah-Mehrjardi et al. 2018). Among the large variety of nucleophile used for ring-opening reaction, mono-alcohols (Arbenz et al. 2017;Campanella et al. 2009;Kahlerras et al. 2020;Petrović et al. 2013;Peyrton et al. 2020), diols (Borowicz et al. 2019;Fan et al. 2013;Kurańska et al. 2020bKurańska et al. , 2019;;Pawar et al. 2016bPawar et al. , 2016a;;Zieleniewska et al. 2015), and carboxylic acids (Contreras et al. 2020;Fang et al. 2019;Herrán et al. 2019;Pawar et al. 2016bPawar et al. , 2016a;;Peyrton et al. 2020) were the most investigated. Weaker nucleophiles such as amines (Biswas et al. 2005;Harry-O'kuru et al. 2015;Yang et al. 2012), water (Campanella et al. 2009;Testud et al. 2017) or thiols (Sharma et al. 2006a) were also studied, but the ring-opening reaction was found to be slower. Nevertheless, polyols produced by ring-opening with secondary amines were demonstrated to have catalytic activity (Peyrton et al. 2020(Peyrton et al. , 2019)). Efficient ring-opening nucleophiles rarely investigated are the hydrogen halides (Guo et al. 2000;Peyrton et al. 2020), even if they are used to quantitate epoxide groups on lipids since 1956 (Durbetaki 1956).

The secondary OH group was also formed by the reduction of the epoxide group with H 2 and Nickel of Raney (Guo et al. 2000;Petrovic 2008;Pillai et al. 2018). Unfortunately, the method developed used an alkaline medium, which broke the ester, thus the triglyceride structure.

Miscellaneous double bond transformations

A recent trend in the modification of unsaturated triglyceride is the use of the "click" thiol-ene reaction where the double bond is transformed into thioether by radical addition of thiol under UV radiation. The mercaptoethanol was used to produced polyols for PUFs with castor, soybean or corn oil with high selectivity (Alagi et al. 2016;Ionescu et al. 2016;Ramanujam et al. 2019).

The cross-metathesis described in Scheme 1.2 is a reaction between the triglyceride double bond and an olefin yielding shorter monounsaturated fatty acid chains. The alkenes side products are hydrogenated to be suitable for diesel or jet propellant (Lutz 1986;Yelchuri et al. 2019). The previously developed double bond modification methods can be used to obtain polyols (Pillai et al. 2016). Another way to modify fatty acids is the 2+2 cycloaddition of oleic acid, and linoleic acid yields various six-membered cyclic diacids with long dangling chains, such as the theoretical structure shown in Scheme 1.2. OH groups can be introduced on this molecule by reduction or esterification of the carboxylic acid groups (Ghosh and Karak 2018). Oleon and Croda developed diols based on the dimerization of fatty acids. As shown in Scheme 1.2, the cyclotrimerization of oleic acid was used to transform the flexible fatty acid chains into an aromatic core with dangling chains bearing carboxylic acids (Lligadas et al. 2007).

Scheme 1.2 -Metathesis and cyclization reactions.

The ozonolysis of the double bonds of triglycerides was investigated on several substrates such as canola oil, soybean or trioline (Narine et al. 2007;Petrović et al. 2005). This reaction reduces the chain length of the fatty acid, sets the functionality at three and forms primary OH group.

Ester modifications

To obtain polyols, ester modification chemistry is largely less developed than the double bonds modification. There are only two possible pathways, such as (i) the transesterification of oil and (ii) the saponification of the ester, followed by esterification with a small polyol. The first method was extensively applied to castor oil due to the high content in ricinoleic fatty acid. The transesterification of castor oil was investigated with glycerol [START_REF] Bresolin | Polyurethane Foams Based on Biopolyols from Castor Oil and Glycerol[END_REF]Kaur and Kumar 2020;Li et al. 2016b;Veronese et al. 2011), ethylene glycol (EG) (Sahoo et al. 2016) or triethanolamine (Sahoo et al. 2016;Veronese et al. 2011). An acceleration was noted in the urethane formation kinetic with the hydroxy ketone group due to the activation of the OH group via hydrogen bonding assistance (Briou et al. 2020). The transesterification method was also applied to rapeseed (Prociak et al. 2018), soybean (Campanella et al. 2009), coconut (Paruzel et al. 2017) or andiroba oil (da Silva et al. 2018).

The second method comprises one more step, but the polyols produced have higher molar masses compared to the transesterification method. As an example, the glycerol monostearate was oligomerized with glutaric acid and yield a polyol with an average molar mass superior to 3000 g/mol and thus a low I OH (Ng et al. 2017). The esterification consumes OH groups, which could be used in PU networks formation, to form ester bond; therefore, the ester formation reduces the I OH . To avoid the reduction of I OH , a polyol was produced by esterification of polymerized glycerol with castor oil fatty acid that contains a OH. In this particular case, the obtained polyols had an I OH depending on the esterification time, around 550 mg KOH/g, suitable for PUFs synthesis (Hejna et al. 2018(Hejna et al. , 2017)).

Polyisocyanate

The most known diisocyanate produced from oleochemistry is the 2-Heptyl-3,4-bis(9isocyanatononyl)-1-pentylcyclohexane, commercialized by Cognis-BASF under the name DDI1410. This biobased isocyanate was used in thermoplastic (Charlon et al. 2014) or thermoset PU materials (Calvo-Correas et al. 2016;Li et al. 2014;Zhang et al. 2019a).

Other polyisocyanates were produced at a lower scale. Firstly, a dimer of oleic acid obtains by self-metathesis was transformed into diisocyanate by Curtius rearrangement (Hojabri et al. 2010). Secondly, sebacic acid and undecylenic acid derived from castor oil by alkali fusion and pyrolysis, respectively, were also transformed in diisocyanate via Curtius rearrangement (More et al. 2013). Thirdly, soybean oil was transformed by allylic bromination with N-bromosuccinimide, followed by substitution with silver isocyanate salt (Çaylı and Küsefoğlu 2008). This is the only report of polyisocyanates (f > 2) derived from lipids resources. 4.1.3. Some additives 4. 1.3.1. Surfactant Similarly to surfactant, lipids are constituted of long aliphatic and hydrophobic chains and a polar core with the ester groups. Linseed oil has been recently used as a renewable modifier in PUFs. Mechanical and thermal properties improvement has been reported in PUFs containing linseed oil as a unique surfactant (Członka et al. 2018). The sodium sulforicinate obtained by sulfation of castor oil dispersed in water was used in foam formulations, both as BA and surfactant (Arbenz et al. 2016). 4.1.3.2. FR The modification of the lipids double bonds to enhance the thermal stability was achieved through the epoxidation and ring-opening process with phosphoric acid. The phosphorous compounds are known for their fire-retardant properties, especially in PUFs (Chang et al. 2019). Another strategy based on fatty acid as a modifier for a well-known FR: the 9,10-dihydro-9-oxa-10phosphaphenanthrene-10-oxide (DOPO) can be applied. The synthesis procedure introduced the terminal fatty reactive epoxide group on the DOPO molecule (Lligadas et al. 2006b). With this modification, the labile FR molecule is then attached to the polymer network.

Carbohydrates

Initially, carbohydrates were defined as molecules exclusively composed of carbon, oxygen and hydrogen atoms following the formula C n (H 2 O) n (Grunwald 2016). However, the definition was enlarged to encounter the reduced, oxidized and heteroatoms (sulfur or nitrogen) containing molecules (Stick 2001). Carbohydrates are divided into two categories: (i) the monosaccharides composed of C5 or C6 molecules and numerous OH groups such as the sorbitol, sucrose and lactitol (Figure 1.11). (ii) The polysaccharides obtained by condensation of monosaccharide building blocks, i.e., starch and chitosan (Figure 1.11) (Yarema 2005). The polysaccharides with a high molar mass such as starch, neat chitin or de-acetylated chitin (chitosan) are largely used for polymers synthesis (Gandini et al. 2016;Halley and Avérous 2014;Rinaudo 2006).

The different pathways from carbohydrates (mono, di and long polysaccharides) to PUF components are described in Figure 1.11. The esterification and the alkoxylation are the two main pathways for transforming mono, di and polysaccharides into polyols. The chitosan was slightly modified to be introduced as additives in PUFs. The isosorbide obtained from sorbitol was a platform for the biobased diisocyanates synthesis. 

Polyols

The carbohydrates are multi-OH compounds that are of great interest to produce polyols for PUFs formulation. Unfortunately, most of the carbohydrates are solids at ambient temperature, so impossible to use without modification. Several strategies were developed to modify the carbohydrates to produce adequate polyols for PUFs.

Alkoxylation

The first strategy, commonly called alkoxylation, is based on the anionic ring-opening polymerization (ROP) of epoxides. This reaction initiated by small polyols (starters) forms polyether chains ended by OHs. The reaction product has a higher molar mass and the same functionality in OH as the starter. It was early shown that the alkoxylation of monosaccharides produced polyols with suitable properties for PUFs. BASF was the first company to patent PUFs based on alkoxylated carbohydrates (Austin et al. 1978a[START_REF] Austin | Polyurethane foam from an oxyalkylated product[END_REF]. The alkoxylation was successfully applied to sucrose (Ionescu and Petrović 2010), lactitol (Wilson et al. 1996), starch (Lubczak et al. 2020), sorbitol (Jiang et al. 2018;Ugarte et al. 2015) and reduced lactose (Hu et al. 1997) to produce PUFs. The major drawback of this reaction is the production of the epoxide reagents. 33 million tons of small epoxides such as EO, PO or, to a lesser extend, butylene oxide used for the alkoxylation are mainly fossil-based (Herzberger et al. 2016). However, epoxides could be bio-derived from ethanol, butanol or glucose, in a greener way (Arbenz and Avérous 2014;Gandini and Lacerda 2015;Lee et al. 2019). 4.2.1.2. Esterification Similarly to alkoxylation, the oligo-esterification increases the molar mass of monosaccharides with a reduction of the melting point and I OH . For example, sorbitol esterification was realized in one step with adipic acid and dioctanol mediated by enzymatic catalysis (Gustini et al. 2015). Polyester polyols from sorbitol, adipic acid and diols with various chain lengths produced in two steps were also reported (Furtwengler et al. 2017). The resulting polyols based on two primary and four secondary OH groups were added in PUF and PU-PIR foams formulations (Furtwengler et al. 2018a(Furtwengler et al. , 2018b)).

The sorbitol was also transformed through dehydration, as described in Scheme 1.3, to form isosorbide. This product, commercialized by, e.g., Roquette (France), raised much interest due to the bicyclic rigid structure (Dussenne et al. 2017). Suitable polyols for the PUFs industry were also obtained by esterification with fatty acid dimers (Khanderay and Gite 2019). The combinations between the rigidity of the isosorbide and the flexibility of fatty acids are an exciting way to obtain new properties. Neat Isosorbide was also directly added in PUFs with reduced thermal reversibility of the urethane bond (Shin et al. 2019b). This reversibility at low temperatures was exploited to weaken the modulus of polymer located in the fragile thin wall. A decreased modulus combined with the heat increased the open-cell content.

Scheme 1.3 -Isosorbide production pathway from sorbitol.

Miscellaneous transformations

Neat carbohydrates were used in the PU system in a pre-polymerization step with a default of diisocyanates (Konieczny and Loos 2019;Marín et al. 2011) or as crosslinkers (Javaid et al. 2020;Ugarte et al. 2014). Furthermore, the integration of chitosans of different molar masses into a PUF formulation was tested with a higher reaction yield of chitosans with low molar masses (Qin and Wang 2019).

Polyisocyanate

The too numerous OH groups of the carbohydrates limit the transformation into isocyanates. Therefore, the isosorbide was a molecule of choice due to its two OHs and their transformation into isocyanate groups was achieved through a traditional amination-phosgenation route (Bachmann et al. 2001). Another strategy was applied with succinic anhydride to form acid pending groups on isosorbide. The isocyanate groups were then formed by Curtius rearrangement (Zenner et al. 2013).

Additives

Chitosan was introduced in PU formulations with phosphate derivatives to improve the char layer formation and the FR properties (Liu et al. 2017;Zhang et al. 2018b). Furthermore, with the same goal, carbohydrates were modified with an alkyl chain to improve the mixing with the PUF components (Malwitz 1987). The synthesis of phosphorous-containing polyols with FR properties was achieved by the esterification of sorbitol and sucrose derivatives with dialkyl phosphonopropionate (Quinn 1970) or the treatment of propoxylated starch with polyphosphoric acid (Molotsky and Gramera 1976).

Polyphenols (Lignins and tannins)

Lignocellulosic resources presented in Figure 1.12 are primarily composed of cellulose (40-60%), hemicellulose (25-35%) and lignins (15-30%). Terpenes, alkaloids, or tannins are also accumulated by plants. Polyphenols such as lignins and tannins are then abundant. They are the first and second most abundant sources of aromatic biomolecules on earth, with an estimated worldwide production of 50 and 0.16 million tons per year, respectively (Laurichesse and Avérous 2014;Xu and Ferdosian 2017). Lignins can be defined as amorphous polyphenolic materials arising from an enzyme-mediated dehydrogenative polymerization of three monolignols: coumaryl, coniferyl and sinapyl alcohols (Figure 1.12) (Dence and Lin 1992). In softwood such as spruce, the lignin is primarily composed of coniferyl alcohol, while in hardwood (e.g., birch), the coniferyl and sinapyl monolignols are dominant. The coumaryl alcohol is mostly found in compression woods or grasses. It is mainly extracted from lignocellulosic resources through various processes (e.g., kraft, sulfite, solvent or soda pulping). Until recently, the lignin was considered as a waste by-product of the paper and ethanol/fuel industries and burned for power and heat generation (black liquor) (Xu and Ferdosian 2017).

Tannins are polyphenols defined as soluble compounds with a molar mass between 500 and 3000 g/mol or by their ability to precipitate protein. They present particular chemical and biological activities (HAGERMAN 2002). On the contrary to lignin, tannins are found in soft tissues and play a vital role, such as the defense against mushrooms or insects (Roux and Paulus 1962). The main categories of tannins presented in Figure 1.12 are the condensed tannins based on flavonoids structure, the hydrolyzable tannins composed of gallic esters derivatives and the phlorotannins (Singh and Kumar 2020).

Lignins and tannins chemical structures depend mainly on the extraction methods, botanical sources, locations, and seasons. Nevertheless, for both resources, phenol, aliphatic OH and carboxylic acid are the primary chemical groups available for transformation. The chemical transformation of lignins and tannins has been extensively reviewed (Arbenz and Avérous 2015;García et al. 2016;Karunarathna and Smith 2020;Laurichesse and Avérous 2014;Pizzi 2019). Main modifications are summarized in Figure 1.13 with a focus on the modifications for PUFs fabrication. The polyphenols sources were mainly divided into lignin and tannin structures. The liquefaction is one of the main pathways to obtain polyols from lignins, tannins or natural polyphenols sources. As shown in Figure 1.13, the aromatic structure of tannin was investigated to produce additives. As described in Figure 1.12, the plant cell walls are primarily composed of cellulose, hemicellulose and lignin. The solvolysis of this biomass in harsh conditions is called the liquefaction process and was recently reviewed (D 'Souza et al. 2017;Hu et al. 2014;Shao et al. 2019). This process was applied to produce polyols with lignins (Gao et al. 2015;Li et al. 2016a;Mahmood et al. 2016;Mohammadpour and Mir Mohamad Sadeghi 2020;Xu et al. 2014;Xue et al. 2015), woods (Maldas and Shiraishi 1996;Rastegarfar et al. 2018;Yue et al. 2017), barks (D 'Souza et al. 2014;Ge et al. 2000), celluloses (Kosmela et al. 2018) or wattle tannins (Ge et al. 2003). Furthermore, the direct hydrolysis of lignin with water under strong alkali conditions was investigated and afforded suitable polyols for PUFs formulation (Mahmood et al. 2013;Pérez and Tuck 2018;Xue et al. 2017). The liquefaction process is a fast and efficient way to obtain a mixture of aliphatic and aromatic polyols for PUFs.

Alkoxylation

Similarly to carbohydrates, the different and more or less accessible OH groups can be transformed into more active OH groups at the end of polyether grafted chains via alkoxylation reactions. Organosolv (Arshanitsa et al. 2014;Cateto et al. 2014Cateto et al. , 2009;;Kurańska et al. 2020a;Li et al. 2020a;Li and Ragauskas 2012a;Nadji et al. 2005), pyrolytic (Saffar et al. 2020), Kraft (Cateto et al. 2014(Cateto et al. , 2009;;Li and Ragauskas 2012b;Mahmood et al. 2015;Nadji et al. 2005;Wu and Glasser 1984), Soda (Cateto et al. 2014(Cateto et al. , 2009) ) lignins and tannins (Arbenz et al. 2016;Arbenz and Avérous 2014) were transformed into suitable polyols by this way. Epoxide rings for the alkoxylation can be synthesized from double bonds presents in biomass products. Nevertheless, the propylene carbonate, a well-known and non-toxic O-alkylating agent of phenol was used to graft polyether chains originated from phenol groups. Similarly to the alkoxylation reaction, the average number of polyether units per chain increase with the excess of propylene carbonates (Duval and Avérous 2016). The investigation with several carbonates demonstrated the potential of this solvent-free, fast and quantitative reaction to transform non-reactive phenol into reactive primary or secondary OHs toward isocyanate groups (Duval and Avérous 2017). The utilization of a kraft lignin polyol derived by this technique for PUFs production was realized using polyethylene glycerol (PEG) as a solvent (Zhang et al. 2019f).

Neat Polyphenols

Contrary to polysaccharides, lignins with adapted extraction technics and also tannins can be used directly without modification, neat, in PUFs formulation. Nevertheless, the solid and powdery aspect of the extracted lignin is the major drawback for this utilization. The dissolution in different polyols such as di-(DEG), tri-ethylene glycol (TEG), PEG, alkoxylated sucrose or molasses circumvented this problem, and the mixture can be introduced in the formulations (Hatakeyama et al. 2013(Hatakeyama et al. , 2004;;Hatakeyama and Hatakeyama 2005;Hayati et al. 2018;Liu et al. 2009). The properties of the corresponding PUFs can be adjusted depending on the lignin content. The utilization of biobased fatty acid and glycerol to disperse lignins was also investigated (Carriço et al. 2016). On the contrary to some works where the lignin is used as fillers (Thakur et al. 2014), the utilization of neat organosolv and kraft lignins as a polyol in PUFs formulations resulted in the integration of the lignin into the network architecture with covalent bonds (Pan and Saddler 2013). The dispersion of tannin in polyols was also applied with alkoxylated fatty amine to act as a reticulation agent (Basso et al. 2014b). Otherwise, the mildly-sulfided quebracho wood tannin was mixed with furfuryl alcohol to form aromatic PUFs (Basso et al. 2014a).

Miscellaneous transformations

The production of fully biobased polyol was achieved through the esterification of lignin with oleyl chloride and further epoxidation-ring opening of the oil double bonds (Laurichesse et al. 2014). Another strategy was the utilization of the Mannich reaction with lignin, diethanolamine and formaldehyde. The lignin-aminated was dissolved into PEG before the foaming process (Huo et al. 2012). Otherwise, alkali lignins were modified by hydroxymethylation, epoxidation and phenolation and then introduced in polyols. Despite the low portion of added lignin (1 wt%), the effect on the foam properties was notable (Yang et al. 2014).

Polyisocyanates

The pre-polymerization of lignin with a diisocyanate excess is the only strategy used to form polyisocyanate from neat phenolic biomass. The functionalization of lignin with pMDI was, for instance, realized (Zhang et al. 2018c). This surface-functionalized lignin was further introduced into PUFs (Zhang et al. 2019e, 2018c.

Additives

Lignins and tannins were widely investigated to form polyol thanks to the well-known increase of mechanical properties brought by the aromatic structure. However, aromatic structures are also known to be used as FR systems. The modified lignin contains primary OH groups to covalently linked to the PUFs network and phosphorous and aromatic compound for the FR properties (Xing et al. 2013). Another strategy was the transformation of a tannin monomer, the gallic acid (Howell et al. 2018). The production of industrial consumer goods inevitably generates wastes either from the production of non-compliant products or after the life of the product. This part is focused on the production of PUFs components based on three abundant wastes from industrial processes: biobased PUs, crude glycerol, and lignocellulosic residues presented in Figure 1.14. Alkoxylation and liquefaction are the main pathways to develop polyols from lignocellulosic residues, biobased PUs or glycerol, as shown with polyphenol resources. Actually, there are no developed routes from industrial wastes toward isocyanates. 4.4.1. Polyols 4.4.1.1. Biobased PUF One way to obtain biobased components for PUFs, such as polyols, is to use compounds obtained from recycling biobased PUs, such as chemical or biological recycling. Despite the recent and fast developments on the enzymatic degradation of PUs, there is still work to understand mechanisms and develop higher scale productions (Magnin et al. 2020). The chemical degradation of PUs is achieved through various processes such as hydrolysis, aminolysis, phophatation or alcoholysis. The two first methods yield amine, which can be further used in the epoxy resin formulation (Dai et al. 2002;Xue et al. 1995), and the third, based on phosphate reaction, will be detailed later. Aminolysis has been used on F-PUFs, followed by an alkoxylation reaction to produce polyols (Van Der Wal 1994). However, the first process to obtain polyols from PUs wastes is the alcoholysis. The process was applied to numerous wastes such as RIM (Modesti and Simioni 1996), foams (Nikje et al. 2006;Ulrich et al. 1978) or scrapped PUs (Sendijarevic 2007;Shin et al. 2019a). Green chemistry can be obtained, for instance, using transesterified coconut oil for the alcoholysis of PUs (Paruzel et al. 2017). The major drawback of this strategy is the high-energy consumption, which is balanced by the valorization of "plastic" wastes.

Products from industrial wastes

Glycerol

The biodiesel produced from the transesterification of triglycerides generates a considerable amount of glycerol as side products. This crude glycerol contains sodium generally used as the catalyst for the transesterification, residue of oils and water, which can be removed to obtain high purity glycerol (J. C. Thompson and B. B. He 2006). This triol with a high I OH is introduced neat in a small portion as crosslinker with low I OH co-polyol in PUFs formulations (Furtwengler et al. 2017;Narine et al. 2007;Ng et al. 2017). Glycerol can be polymerized to reduce the I OH value and obtain long polyol chains (Ionescu and Petrović 2010;Piszczyk et al. 2014). Recently developed, the formation of a ketal between glycerol and the methyl levulinate derived from wheat straw was reported. The methyl ester was further transesterified with EG to form a diol introduced up to 100% in PUFs (Li et al. 2020b).

Liquefaction of waste from industrial process

Industrial processes such as sugar extraction from sugar cane generates biobased solid wastes composed mainly of the solid part of plant cell walls (Figure 1.12). It can be valorized into polyols for PUFs by the liquefaction process as detailed in the lignins and tannins section. This reaction was used with food industry wastes (Abdel [START_REF] Hakim | Preparation and characterization of rigid polyurethane foam prepared from sugar-cane bagasse polyol[END_REF][START_REF] Hakim | Preparation and characterization of rigid polyurethane foam prepared from sugar-cane bagasse polyol[END_REF]Amran et al. 2019;Lee et al. 2000;Pavier and Gandini 2000a;Sendijarevic et al. 2020;Zhang et al. 2019bZhang et al. , 2020Zhang et al. , 2019c)), straws (Hu et al. 2012;Jasiūnas et al. 2020), digested sewage sludges (Jasiūnas et al. 2020) or microalgae biomass (Hejna et al. 2018).

Additives

As previously presented, the PU can be degraded by phosphate. This strategy was employed to produce urethane oligomers with high phosphorous content (Troev 2000). Otherwise, a glycerol derivative was transformed in FR via a Michael addition. The thioglycerol was added to diethyl allyl phosphonate to produce a polyol with low viscosity and intrinsic FR properties due to the phosphorous compound (Bhoyate et al. 2018).

Products from white biotechnology

This part is linked to Figure 1.15. From different biobased molecules extracted from biomass mainly by biotechnology in biorefineries such as limonene, β-pinene, eugenol, malic and citric acid, furan, vanillic and syringic acid, oil cashew nut shell liquid (CNSL) or derived from amino acids, different PUFs components can be elaborated. One of the most common building blocks obtained by biotechnology for PU is the 1,4-butanediol. This diol is obtained industrially through hydrogenation of succinic acid obtained by biotechnology (Debuissy et al. 2018). Genomatica developed another strategy by bioengineering an Escherichia coli strain to directly produce 1,4-butanediol from renewable carbohydrate feedstocks (Yim et al. 2011). The 1,3-propanediol is another important diol bioproduced either from glycerol or glucose (Debuissy et al. 2018). In PUFs, these biobased diols are used as chain extenders (Li et al. 2020a;Rashmi et al. 2013) or through the synthesis of polyols (Furtwengler et al. 2017). 

Polyols

Different compounds can be more or less directly extracted from biomass to produce polyols. The processes are often integrated into biorefineries based on biotechnology and chemical steps.

For example, it is the case of the limonene, which is obtained, e.g., from orange peels or produced by microorganisms (Jongedijk et al. 2016). Based on a cyclic structure with two double bonds suitable for chemical transformation, it can be transformed into a Mannich polyol with 1,3-Nhydroxyethyl oxazolidine (Gupta et al. 2015). Otherwise, limonene was mercaptanized with hydrogen sulfide and then reacted with glycerol-1-allyl ether via Michael addition to form a polyol for PUFs (Zhang et al. 2018a). In another study, the malic acid, a dicarboxylic acid potentially obtained by microbial fermentation (Kövilein et al. 2020), was oligomerized with 1,6 hexanediol to produce a polyol which is used in PUFs formulation. The presence of one OH group on malic acid increases the I OH of the produced polyol (Yang et al. 2019).

As previously seen, carbohydrates are an important source for the elaboration of biobased molecules. The β-methyl-δ-valerolactone, a six-membered ester ring, was, for instance, synthesized from glucose with mevalonate as an intermediate (Xiong et al. 2014). It was transformed into a polyol via acid-catalyzed ring-opening transesterification with trimethylolpropane ethoxylate (Schneiderman et al. 2016).

Otherwise, alkoxylated (Shrestha and Ionescu 2018) or not (Hu et al. 2020) eugenol extracted from cloves was transformed through thiol-ene chemistry to produce polyols. In another study, the natural rubber was transformed through controlled oxidative degradation, followed by a reduction to obtain a OH-terminated natural rubber (Jaratrotkamjorn and Tanrattanakul 2020).

Another source of recent innovation in terms of new molecules is the CNSL, which is composed at 90% of anacardic acid, a particular lipid formed by a phenol with a carboxylic acid in the ortho position and an unsaturated carbon chain in the para position. The decarboxylation of anacardic acid by heating yields cardanol (Quirino et al. 2014). It was transformed into polyols via alkoxylation (Reese et al. 2010) or Mannich (Gandhi et al. 2015;Ionescu et al. 2012;Zhang et al. 2014) reaction. A hybrid polyol has recently been developed based on cardanol, composed of catalytic tertiary amine and polysiloxane chains similar to surfactants (Huo et al. 2019).

Additives

Cardanol was modified to obtain a FR molecule composed of 66% of cardanol and 3.4% of phosphorous (Amarnath et al. 2018). The trimerization of vanillic acid, guaiacol and DOPO to form a FR containing phosphorous was developed for the epoxy resin, but it could be adapted to be used in PUFs formulation (Liu et al. 2020). Another example, the guanidine acetic acid (glycocyamine), which is derived from the hydrolysis of proteins (i.e., glycine), was modified to form a FR compound (Wan et al. 2020).

Polyisocyanates

With lignin and tannins derivatives, aromatic isocyanates can be synthesized. Syringic and vanillic acid can be dimerized and further converted into isocyanate via Curtius rearrangement (Kuhire et al. 2017). This method has the particularity to produced diisocyanate with a control chain length between the two aromatic moieties.

The amino acid lysine was transformed into diisocyanate by esterification with ethanol and phosgenantion of the amines. The ethyl ester (L) Lysine diisocyanate obtained is well known, especially in biomedical or coating applications (Acik et al. 2019;Calvo-Correas et al. 2015;Gustini et al. 2016;Li et al. 2015). Another synthetic route toward diisocyanate from β-pinene is described in Scheme 1.4. The β-pinene distilled from pine was transformed through several steps into a diamine and further in diisocyanate by phosgenation (Kobilka et al. 2019). The furan derivatives obtained by dehydration of monosaccharides could be good candidates for the replacement of aromatic structures. Extensive researches are conducted on the furan and a major component to produce PEF (equivalent to PET) the polyethylene 2,5-furan dicarboxylic acid (de Jong et al. 2012). The furfuryl amine obtained from the biotransformation of furfural (Zhang et al. 2019d) was dimerized with acetone under mild conditions; the obtained difurfurylamine was transformed via phosgenation into diisocyanate (Cawse et al. 1984). The reactivity of furan isocyanates was found to be similar to aromatic analogs (TDI) (Belgacem et al. 1993;Boufi et al. 1995Boufi et al. , 1993)). A novel strategy to develop foams from furan derivatives was based on the modification of two carboxylic groups of the bis(5-carboxyfurfuryl)ether into carboxylic-azide. This precursor was introduced with polyols and heated to induce the Curtius rearrangement to form isocyanate from azide. The nitrogen released by this reaction served as a BA for the foam network composed of the newly formed diisocyanate and the polyol (Neumann et al. 2011).

STUDY OF "STRUCTURE-PROPERTIES" RELATIONSHIPS IN THE CASE OF BIOBASED R-PUF

The goal of this chapter is to study the relationship between the structure or morphology of the foams and some specific properties. This chapter is mainly focused on biobased R-PUFs, which are mainly used as insulation materials. The characterizations of these foams are then targeted and focussed on the application and largely less diverse than the F-PUFs. Besides, the processing and the additives differ from R-PUF to F-PUF, increasing the complexity to draw a general conclusion on the effect of the biobased components on all PUFs properties. R-PUFs are at least mainly based on six components, such as the polyisocyanate, polyol, BA, surfactant, catalyst and additives (Table 1.1). The conventional polyisocyanates and surfactants are usually pMDI and polyether siloxane, respectively. The BAs and catalysts structures evolve in the formulation to reach the optimum properties in accordance with the targeted application. The comparison between the data of the literature is often difficult due to the multiplicity of foam formulations with different NCO/OH indexes, catalysts/surfactant loadings and structures, foaming environments or BAs.

Morphological and structural data

In R-PUFs, the cells are generally defined by a polyhedron shape close to an honeycomb structure. The faces of the polyhedron are called the walls, and the thicker edges the struts. In a partially open system such as a cup often use as a mold, the cells are elongated in the vertical direction. This phenomenon was explained by the constraint expansion by the cup walls inducing a faster growth in the vertical direction than the horizontal direction (Hawkins et al. 2005). The cell morphology is defined by the density of the foam, the cells size and shape, and the closed-cell content. The related properties are affected by the foaming process and linked parameters (viscosity, surface tension, kinetics) and materials properties (phase separation).

Viscosity

Generally, the viscosity of polyols for R-PUFs is between 2 and 50 Pa.s (Table 1.3). Figure 1.16 represents the dependence between cell size and viscosity. The data were compiled from the literature of foams made with a biobased sole polyol. As shown in Figure 1.16, when the viscosity of the polyol is under 5 Pa.s, the produced foam presents dispersed cell sizes. On the contrary, the cells obtained with a moderately viscous polyol (5-25 Pa.s) are homogeneous and smalls, around 200 µm. Finally, few examples of cell size from foams realized with highly viscous ( > 25 Pa.s) polyols are presented in Figure 1.16. The size varies from 250 to 490 µm.

The high viscosity of biobased polyols can originate from triglycerides crystallization (Ng et al. 2017), branched structure of phenolic compounds (Arbenz et al. 2016;Carriço et al. 2016;Hayati et al. 2018;Xu et al. 2014 p. 201), solid residues in the polyol [START_REF] Hakim | Preparation and characterization of rigid polyurethane foam prepared from sugar-cane bagasse polyol[END_REF] or high molar masses (Furtwengler et al. 2018a;Ghaderian et al. 2015;Shin et al. 2019a). Moderate viscosity is requested to reduce the cell-size due to the limitation of bubble coalescence and expansion (Arbenz et al. 2016;Kurańska et al. 2020b). For example, the cell diameters of foam obtained from alkoxylated glycerol (0.2 Pa.s) and tannin (6.9 Pa.s) were 440 and 290 µm in the rise direction, respectively (Arbenz et al. 2016). The authors attributed this decrease in cell size to the high viscosity and functionality of the alkoxylated tannin. Furthermore, the nucleation of cells is heavily affected by the viscosity of the foaming liquid. In more viscous polyols, the concentration of air bubbles is higher due to the limited diffusion and coalescence. The nucleation was enhanced by the branched and pendant chains of triglycerides polyols (Fan et al. 2013) or solid lignins dispersion in the polyol (Hayati et al. 2018;Mohammadpour and Mir Mohamad Sadeghi 2020). The incorporation of 10 wt% of the unmodified lignin particles in the polyol improved the nucleation and can decrease the average cell size from 510 to 430 µm (Hayati et al. 2018). The introduction of long aliphatic segments enhanced the flexibility and decreased the viscosity; therefore, coarser and more irregular cells were obtained (Gaidukova et al. 2017). However, too high polyol viscosity was also observed to cause coarser and less uniform cells. The polyols prepared with 40 wt% of lignin were highly viscous (16.7 Pa.s) and caused less uniform and coarser cells (Pan and Saddler 2013). A similar trend was observed with soybean oil-based polyol. An increase in viscosity from 7 to 23 Pa.s of the soybean-polyols clearly produced PUFs with coarser cells affecting the nucleation process (Fang et al. 2019). The high viscosity of polyols induces mixing drawbacks and therefore a higher dispersity in cell sizes, as shown in Figure 1.16. 

Surface tension

The surface tension was shown to play a crucial role in the formation of small cells. The growth of bubbles is closely related to the surface tension of the foaming mixture by the Laplace equation (Furtwengler et al. 2018b). The increase in surface tension induced by the sorbitol polyester polyol slows down the growth of the cell. Cell size can be partially controlled by formulation, cells were reduced from 410 to 270 µm in the longitudinal direction by the addition of polyester polyol from 10 to 35 wt% (Furtwengler et al. 2018b).

Reaction kinetics

In the same study (Furtwengler et al. 2018b), the faster gelling of the polymer network was shown to help the generation of small cells. As previously explained, the expansion of bubbles is closely related to the equilibrium between blowing and gelling reaction. Significant modification in the formulation, such as the substitution of the polyol, alters the gelling/blowing balance. Figure 1.17 represents the evolution of the temperature, viscosity and cell morphology over time in different cases: the balance is in favor of the blowing (Figure 1.17A), equilibrium of the blowing/gelling balance (Figure 1.17B) and the balance in favor of the gelling (Figure 1.17C).

In the case of high blowing efficiency, the foam size increases rapidly due to a sudden temperature increase (Figure 1.17A). Therefore, the cell size and elongation increase and the density decrease as represented in Figure 1.17A in comparison with Figure 1.17B. Moreover, fast cell expansion often induces breaks in the thin walls to form open cells (Figure 1.17A). A decrease of density from 102 to 66 kg/m 3 attributed to the increased blowing efficiency was observed when the polytrimethylene ether glycol content was increased in the foam formulation (Ugarte et al. 2015). The hydrophilic character of the polyol and thus, its water content could explain this increased blowing activity, as it was observed with linseed oil used as a surfactant (Członka et al. 2018). Higher water content promotes the rapid and sudden release of CO 2 producing larger cells with thinner walls (John et al. 2002). Furthermore, the closed-cell content decreased under 10% with higher foaming rate polyols (Furtwengler et al. 2018a). Nevertheless, the primary effect observed, coupled with a higher blowing activity, is related to the decrease of the gelling activity. Figure 1.17A represents the evolution of the viscosity over time when the gelling is lower than the blowing activity. In this case, the longer gel time is characteristic of a slow network formation around the growing bubbles; thus, cell drainage and Ostwald ripening get a longer time to deteriorate the closed-cell morphology (Figure 1.17A). Therefore, the cells are coarser, and the closed-cell content decrease (Amran et al. 2019;D'Souza et al. 2014;Furtwengler et al. 2018a;Li et al. 2016a;Mahmood et al. 2016). For example, the introduction of less reactive liquefied lignin compared to conventional polyols was observed to produce a broader cell distribution (Li et al. 2016a). In another study, the introduction of liquefied biomass formed large and widely distributed cells. The coalescence of cells by Ostwald ripening explained the difference of the mean diameter between the reference foam made with PEG-glycerol (660 µm) and the biobased system (780 µm). The authors pointed out the low reactivity of phenols from the biobased aromatic polyols (Amran et al. 2019).

The lower reactivity of the polymer network formation was also explained by lower I OH (Maldas and Shiraishi 1996;Ugarte et al. 2015). The OH density is related to the functionality of the polyol, and it is well known that the higher the functionality is, and the lower the conversion to reach the gel point will be (Flory 1941;Stockmayer 1944). Furthermore, with similar I OH , the decrease in gelling rates can be explained by the lower reactivity of the secondary (Fan et al. 2013;Peyrton et al. 2020) or even phenolic OH groups (Amran et al. 2019), compared to primary OHs. Furthermore, a high acidity of the polyols resulting from the biomass transformation can reduce the amine catalysis activity and forms coarser cells (Arshanitsa et al. 2014;Peyrton et al. 2020). The gel time was proved to increase from 200 to 510 s with the substitution of 50 wt% of the polyol by lignin. The authors explained that lignin contained free acetic/formic acid, which, once bonded with an amine catalyst, reduced its activity. This hypothesis was further supported by the decrease in density explained by the free carboxylic acid reaction with isocyanates forming amide and CO 2 (Arshanitsa et al. 2014). If the gelling is very low compared to the blowing, the cells burst, and the foam falls back before the polymer solidifies (Campanella et al. 2009;Fan et al. 2013;Hejna et al. 2017).

On the contrary, when the gelling reaction is favored, the polymer solidifies faster than the gas expands. This is represented in Figure 1.17C by a rapid increase in viscosity compared to Figure 1.17B. Therefore, smaller cell size, higher closed cell content and an increase in density are generally observed (Figure 1.17C). Polyols with high I OH makes the polymer network gel faster because less conversion is required to form a crosslinked structure. For example, the transesterification of castor oil with crude glycerol produces polyols with lower I OH (350 mg KOH/g) than neat glycerol (540 mg KOH/g). The crude glycerol polyol formed lighter foams (95 vs 245 kg/m 3 ) with bigger cells (600 vs 400 µm) [START_REF] Bresolin | Polyurethane Foams Based on Biopolyols from Castor Oil and Glycerol[END_REF]. Similar results were observed on biobased polyols with high I OH produced with oils (Riyapan et al. 2019), carbohydrates (Furtwengler et al. 2018b) or liquefied lignins (Li et al. 2020a). Furthermore, the shrinkage reduced from 4 to 0.4% and the collapsing from 2.3 to 0.1% within foam elaborated from 250 mg KOH/g polyol instead of 100 mg KOH/g (Riyapan et al. 2019). This is due to the thicker cell walls presented in Figure 1.17C compared to Figure 1.17B.

The higher content of more reactive primary OHs increased the gelling rate of foam (Piszczyk et al. 2014;Sendijarevic et al. 2020). As shown in Figure 1.17C, a faster gelling form low cell size compared to Figure 1.17B. A decrease in cell size of 150 µm was observed with the introduction of more reactive polyols obtained from liquefied spent coffee grounds. This phenomenon was explained by the reduction of the coalescence due to the faster polymerization (Sendijarevic et al. 2020). Another way to increase the gelling activity of the polyol is the incorporation of catalytic sites inside the polyols structure. The introduction of a tertiary amine in model fatty ester alcohol was proved to increases the reaction rate between the OH group and isocyanate (Peyrton et al. 2019). In PUFs, it was achieved with Mannich reaction on limonene based polyols (Gupta et al. 2015), triglycerides epoxidation and ring-opening with amine (Peyrton et al. 2020) and modified cardanol (Huo et al. 2019). However, this kind of polyol cannot substitute the standard polyol without a complete disequilibrium between the gelling and blowing balance. For example, the substitution of 25 wt% of conventional polyol by epoxidized microalgae oil ring-opened with diethylamine was proved to increase the kinetics of the foam and deteriorate the cell morphology (Peyrton et al. 2020). However, in the same study, the epoxidized soybean oil ring-opened by diethylamine was successfully used as a unique catalyst to form low-density foams (36 kg/m 3 ). Another strategy can balance blowing and gelling with a cardanol based "autocatalytic" polyol (Huo et al. 2019).

In some rare cases, the substitution of biobased polyols did not affect the foaming process (Figure 1.17B). For example, the introduction of alkoxylated lignin produces foam with similar reactivity compared to fossil-based polyol. It was assumed that a similar structure composed of PO units plays a key role in similar kinetics (Mahmood et al. 2016). Despite the lower reactivity observed with an oil-based polyol, the foaming process and the cell morphology were not affected (Borowicz et al. 2019;Herrán et al. 2019).

Microphase segregation

A particularity of the PU networks is the capacity to segregate into (i) strongly H-bonded hard segments and (ii) long flexible chains called soft segments. The microphase separation in PUFs generally explains a defect in the foam, such as irregular pores (Arbenz et al. 2017;Ng et al. 2017) or wrinkles (Jiang et al. 2018). The activity of the soft segments formed by the long and flexible chain on the microphase separation is not yet fully understood. Some theories claimed that the higher flexibility of this soft segment allows a better migration of the surfactant with the formation of coarser cells and lower densities (Borowicz et al. 2019;Contreras et al. 2020). It was also noticed that the small molar mass molecules in liquefied bark polyols had a plasticizing effect increasing the drainage and opencell content. Otherwise, the decline in the free volume of polymer with the gradual substitution of glycerol by lignin extended the density from 60 kg/m 3 to 115 kg/m 3 with 10 wt% and 40 wt% of lignin, respectively (Carriço et al. 2016). Nevertheless, these effects need to be further investigated with more in-depth analysis.

To summarize, the cell morphology is highly influenced by the structure of the biobased component via its reactivity, viscosity, nucleation capacity, surface tension or resulting microphase separation. In most cases, the foams are formulated by substitution of a weight portion of the fossilbased polyol by the biobased one, with every other parameters being constant. The advantage of this method is to show the influence of the biobased compound on the foaming process by the characterization of the density, cell size and closed-cell content. Formulation optimization should always complete this approach because the biobased polyol, by its structure difference, have certainly different interaction compared to the fossil-based. Furthermore, the morphology of the cell profoundly affects other properties such as mechanical, thermal or fire resistance. Consequently, the biobased compound impact on these properties is never really isolated and then determined.

Mechanical properties

Cellular materials are a combination of excellent mechanical properties on lightweight materials (Erjavec 2011). In PUFs, the compression strength is the most common measurement to evaluate the mechanical properties of the material. The compression behavior of foams can be decomposed into several stages: First, the linear region is governed by the compression and bending of the cells struts, then the stretching of the cell walls and finally, the compression of the trapped gases (Weißenborn et al. 2016). The effects of the cell morphology, the crosslink density and the structure of the biobased component on the compression strength properties of PUFs are given below.

Morphological structure of cells

The compression strength highly depends on the density of the material. The lower the density is, the lower the compression strength will be (Ghaderian et al. 2015;Yang et al. 2012). Figure 1.18A shows the evolution of the density and the compressive strength of foams with a gradual introduction of lignin-based polyol (Li et al. 2016a). Figure 1.18A shows that the increase in compressive strength follows directly the increase in density. Furthermore, the compression strength (σ) was correlated with the foam density (ρ) with a power-law model expressed in Equation 1.1.
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Figure 1.18B represents the compressive strength evolution over the density in logarithmic scales, modeled by Equation 1.1. The linear regression slope value was 1.5 in Figure 1.18B for a series of water-blown foams realized with varying amounts of water. This value was in agreement with the literature value ranging between 1 and 2 (Thirumal et al. 2008). The compressive strength can be normalized according to Gibson-Ashby (Gibson and Ashby 1997) equation, expressed in Equation 1.2 to compare foams with different densities.
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Where σ n is the normalized compressive strength, σ m the measured, ρ f the measured density of the PUF, ρ s the density of solid PU (1200 kg/m 3 ) and X the density of normalization (Shin et al. 2019a). The compressive strength of the flexible cell foams relies on bending and cell wall axial deformation. On the contrary, in closed-cell foams, the air inside the cell and the walls contribute to the compressive strength (Arbenz et al. 2016;D'Souza et al. 2014;Gibson and Ashby 1997). It is worth mentioning that open-cell foams have higher compressive strength than closed-cell material with cell walls ruptured. The broken walls are unable to contribute to stress reinforcement and will initiate rupture when the cells are under load (Narine et al. 2007). The homogeneity and cell size also affect the mechanical properties such as compression. R-PUFs with small and organized cells have higher compression strength due to homogeneous repartition of the load (Amran et al. 2019;Cateto et al. 2014;D'Souza et al. 2014;Fang et al. 2019;Li et al. 2016b;Ng et al. 2017;Pan and Saddler 2013;Zhang et al. 2019f). 

Crosslink density

I OH represents the OH groups density of a given system. In the final material, OHs are transformed into urethane groups; therefore, the higher the I OH of the polyol is, the higher the density of urethane and crosslinking will be. This property indicates the strength of the polymer network and profoundly affects the mechanical properties. A high I OH gives high compressive strength [START_REF] Hakim | Preparation and characterization of rigid polyurethane foam prepared from sugar-cane bagasse polyol[END_REF]Arbenz et al. 2016;Hayati et al. 2018;Hejna et al. 2018;Kosmela et al. 2019;Kurańska et al. 2020a;Mahmood et al. 2016;Maldas and Shiraishi 1996;Ng et al. 2017;Riyapan et al. 2019) and vice-versa (Amran et al. 2019;Jiang et al. 2018;Pan and Saddler 2013;Ramanujam et al. 2019;Ugarte et al. 2015). For example, an increase in compressive strength from 26 to 81 kPa has been obtained with an increase of I OH from 100 to 250 mg KOH/g (Riyapan et al. 2019). Furthermore, the gradual substitution from 0 to 70 wt% of fossil-based by crude glycerol-based polyol demonstrated a constant increase in compressive strength in parallel and perpendicular directions (Hejna et al. 2018). Finally, the compressive strength of foams realized with an increasing portion of liquefied biomass was shown to increase due to the larger crosslink density of the sample. The authors confirmed this hypothesis with the decrease of the soluble fraction in the foam elaborated with the highest I OH (Kosmela et al. 2018). However, the introduction of biobased polyol with lower I OH can be detrimental to the mechanical properties as Eceiza and coworkers showed with the introduction of 30 wt% of polytrimethylene ether glycol. The specific compressive properties decreased from 9.9 to 6.0 kPa.kg - 1 .m 3 with the substitution of the fossil-based (444 mg KOH/g) by the biobased (80 mg KOH/g) polyol.

Molecular structure

The different biomass sources, previously described, present a large range of chemical structures. This variety of biobased components induces a multitude of new macromolecular architectures. The compression strength of the PUFs depends on the molecular level interactions in the studied system. The next part aims to detail the impact of the different biobased structures on the mechanical properties.

The triglycerides are composed of different long aliphatic chains. The corresponding increase of flexibility in the polyols gives higher elastic properties to the polymer network and then impacts the compression strength. The foam realized with 50 wt% of polyol synthesized from mercaptoethanol thiol-ene addition with corn oil had a compressive strength of 120 kPa (Ramanujam et al. 2019). This value was lower than foam with similar density realized by epoxidation and ring-opening with ethanol of microalgae oil (270 kPa) (Peyrton et al. 2020). This difference can be explained by the higher I OH due to the higher double bonds quantity of the microalgae compared to corn oil, for instance. Furthermore, the concentration of unfunctionalized long fatty chains called dangling chains higher in corn oil caused higher flexibility.

The increasing portion of dangling chains is said to plasticize the network, reducing the compression strength (Narine et al. 2007 p. 20;Ng et al. 2017;Pillai et al. 2016;Zieleniewska et al. 2015). Narine and coworkers studied the effect of the dangling ends in PUFs. They used different polyols with similar I OH synthesized by various methods. The authors found that the compressive strength of soybean polyol realized by epoxidation and ring-opening was the lowest with the plasticizing effect of the dangling ends (Narine et al. 2007). The PUF realized with rapeseed oil-based polyol had compression strength 15% lower than the fossil-based reference due to the plasticizing effect of dangling chains-ends (Zieleniewska et al. 2015).

As previously explained, the epoxidation followed by ring-opening is one of the most popular ways to obtain polyols from vegetable oil. The ring-opening reaction is often accompanied by side reactions such as epoxide polymerization, which can modify the final properties. Then, an unexpected increase of compressive strength was obtained for foams with 30 to 50 wt% of epoxidized soybean oil ring-opened by EG. The authors hypothesized that the polyether network formed by this polymerization supported the network (Fan et al. 2013).

Lignins produced with different extraction methods are often a powder. Unfortunately, the foam processing is not adapted for the integration of solid polyols at high content. This is shown in Figure 1.19, by the compressive strength evolution over the lignin/polyol ratio. The introduction of a small portion (25 wt%) of raw lignin instead of the polyol made the compressive strength drop from 500 to 250 kPa without significant change in density (Pan and Saddler 2013). In Figure 1.19, the gradual introduction of lignins into PUFs showed a plateau in compressive strength from 25 to 60 wt%. However, after 60%, the poor dispersion of lignin into the matrix results in a ruin of mechanical properties (Figure 1.19). As previously detailed, the liquefaction or alkoxylation of lignin was explored to introduce a higher lignin content into PUF. The liquefaction and alkoxylation products are a mixture of lignin with flexible chains bearing OH groups with unreacted low molar mass glycols. It is well-known that the alkoxylation generates free homopolymer chains of polyethers as by-products. This homopolymer can be removed by solvent extraction. However, to avoid extra steps, this by-product is often let in the mix (Pavier and Gandini 2000b). These small polyols increase the flexibility of the polymer network and thus decrease the compression strength (Cateto et al. 2014;Li et al. 2016a;Li and Ragauskas 2012b). The introduction of 25 wt% of liquefied lignin polyol in PUFs decreased the compressive strength despite similar I OH and density. The authors explained this trend by the flexibility of PEG 400 used for the liquefaction of the lignin (Li et al. 2016a).

The addition of alkoxylated lignin as a unique polyol increased the compression strength of the network from 100 to 140 kPa due to the rigid aromatic and 3D structures of the lignocellulosic resources (Li and Ragauskas 2012b). Furthermore, polyols made from rapeseed oil or lignin with similar I OH were gradually introduced up to 30 wt% in PUFs. The compressive strength of the ligninbased foams was always superior to the one realized with triglycerides. The authors explained this behavior by the presence of aromatic rings, which increase the rigidity (Kurańska et al. 2020a). Another example, the increase in mechanical properties in PUFs made with alkoxylated lignin could be related to the PPO chains, which enhance the miscibility of modified lignin in the network (Saffar et al. 2020).

Another possibility to produce biobased polyols with an aromatic structure is the alcoholysis of biobased PUs with small diols or triols. The capacity of the aromatic to stack added with a high crosslink density generates a highly rigid and brittle structure detrimental to the compressive strength. A polyol was obtained from liquefied aromatic waste by transesterified coconut oil. The long and flexible chain of coconut oil avoided the excessive rigidity and brittleness of the PUFs. Furthermore, the authors claimed that the combination of rigid aromatic and aliphatic flexible structure provided optimal block segregation (Paruzel et al. 2017). CNSL combined rigid aromatic structures like lignins and flexible aliphatic chains as triglycerides. The introduction of a higher portion into PUFs was found to increase the compression strength thanks to the rigid aromatic structure (Ionescu et al. 2012).

Thermal properties

R-PUFs are widely used as thermal insulation material in the building industry or for transportation where the thermal conductivity is a primary property (Zhang et al. 2017b). The thermal insulation is related to the cell morphology, e.g., cell size, closed-cell content and density, the material properties, e.g., conductivity and complex index of refraction of the polymer and the conductivity of the gas entrapped in the cells (Ferkl et al. 2017). From a physical point of view, the thermal conductivity (λ) of the foams is related to the total heat transfer (q t ) passing through a thickness of foam (L) induced by a delta of temperature ΔT, as described by Equation 1.3.
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Where q t is a sum of three components which are described in Equation 1.4 with the conduction through the polymer matrix (q PUR ), through the gas phase (q gas ) and the radiation (q rad ). The convection transfer is negligible for closed-cell porous materials with a cell size inferior to 3 mm (Gibson and Ashby 1997).
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The different contributions were physically examined and detailed in Equations 1.5, 1.6 and 1.7 (Hilyard et al. 2012).
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Where δ is called the void fraction, ρ f the foam density and ρ s the solid polymer density, y i is the mole fraction of the i th gas in the foam, N the number of gases in the foam, kg i the thermal conductivity of the pur i th gas and A ij a complex coefficient depending on the viscosity, molar mass and temperature of gases.
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Where k p is the conductivity of the polymer and a/b the cell aspect ratio.
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Where d is the cell diameter, f s the solid fraction, σ is the Boltzmann constant and k W the extinction coefficient of the solid polymer. Equation 1.7 is known as the Rossland equation.

These equations show the multitude of factors that affect the total thermal conductivity. Figure 1.20A shows the evolution of the modeled thermal conductivity of R-PUFs over the closed-cell content. The conductivity through the gas phase accounts for 70% of the total thermal conductivity. The conduction through the polymer matrix is 20%, and the radiation is 10% (Ferkl et al. 2017). Figure 1.20A demonstrates that the reduction of the total thermal conductivity with the porosity depends on the reduction of the conduction through the solid part of the foam.

The major contribution depends on the gas mixture enclosed in cells, which tends to flow out and be substituted by air over time. The thermal conductivity was measured on PUFs samples over 900 days to study the diffusion of the BA gases out of cells, and the results are shown in Figure 1.20B Within 100 days, the substitution of low conductivity BA gases (16.4 mW.K -1 .m -1 for CO 2 and 12.8 mW.K -1 .m -1 for cyclopentane) by atmospheric air (25.6 mW.K -1 .m -1 ) raise the initial 21 mW.K -1 .m -1 thermal conductivity to almost 27 mW.K -1 .m -1 (Santiago-Calvo et al. 2019). Figure 1.20B shows the thermal conductivity value plateau around 29 mW.K -1 .m -1 after one year of aging. Therefore, the thermal conductivity must be analyzed in the utilization conditions and not considered as a constant property (Berardi and Madzarevic 2020). 

Effect of closed cell-content

Low closed cell content enhances the diffusion phenomenon and the substitution of BA gases by air; thus, decreasing the overall thermal conductivity of foams. As previously described, the utilization of biobased components directly impacts cell morphology. As a result, the decrease of the closed-cell content reduced the thermal conductivity (Arbenz et al. 2016;Borowicz et al. 2019;Hayati et al. 2018;Hejna et al. 2017;Piszczyk et al. 2014). For example, the decline of closed-cell content from 95 to 85% implied an increase in thermal conductivity of 5 mW.K -1 .m -1 (Hejna et al. 2017). The thermal conductivity decreased linearly with the closed-cell content (Piszczyk et al. 2014).

Furthermore, it has been proved that the increase in average cell diameters from 250 to 600 µm caused an increase in the thermal conductivity coefficient by almost 50% (Randall and Lee 2002). This variation is explained by the Rossland equation (1.7), where the lower cell size (d) contributes to the reduction of the radiative transfers (Arbenz et al. 2016;Furtwengler et al. 2018b;Ugarte et al. 2015). Besides, in denser materials, the heat transport passed through more quantity of solid; therefore, the contribution to the foam overall conductivity of the conduction through the polymer matrix (q PUR ) is more important in denser materials (Hejna et al. 2017). The thermal conductivity increases with the density of the material due to the increased quantity of solid material by which the heat must be transported (Ugarte et al. 2015).

Effect of the chemical structure

To some extent, the thermal conductivity was directly correlated to the chemical structure of the biobased components. The addition of long dangling chain-end in the polymer network with triglycerides polyol seems to enhance the diffusion of heat in the material (Borowicz et al. 2019). An increase in thermal conductivity from 20 to 25 mW.K -1 .m -1 with the increased substitution of fossilbased polyol by modified mustard oil was shown. Otherwise, the utilization of 2.5 to 5 wt% of kraft lignin as polyol was beneficial for the thermal conductivity, which was observed to decrease from 25.6 to 24.7 mW.K -1 .m -1 due to the increased aromaticity, which reduces the gas transfer outward of the foam and therefore increases the thermal conductivity (Hayati et al. 2018).

Fire resistance

The test of the FR-based materials depends on the application and, thus, the corresponding fire risk scenario. In PUFs, the assessment of the enhancement or degradation of the FR properties by a biobased material is performed with thermogravimetric analysis (TGA) measurement, burning test or determining the limiting oxygen index (LOI).

TGA is a dynamic measurement of material degradation. The weight of a material is followed over a determined temperature cycle, generally a rise at 10 or 20 °C/min. The degradation of PUFs samples takes place in two steps: (i) the urethane and urea bonds dissociation in the hard domain (200-300 °C) and (ii) the decomposition of the fragments and the isocyanurate structures (400-500 °C) (Furtwengler et al. 2018b;Kurańska et al. 2020b). The burning test is the application of a flame, for 15 or 30 s depending on the test condition, on a foam specimen, and the flaming time is recorded (EN ISO 11925-2). The LOI is an international normalized test (ISO 4589-2). A candle-like flame is applied to the top of a specific PUFs specimen under a controlled atmosphere. The objective is to find the minimum oxygen concentration in nitrogen that will induce a combustion of at least 3 min (Wilkie and Morgan 2010).

Thermal decomposition and degradation must be dissociated. The first one is the degradation of material properties due to exposure to heat, and the latter is related to the free-radical bond cleavage and subsequent pyrolysis of smaller molar mass fragments of a polymer upon exposure to heat (Wilkie and Morgan 2010). The relations between the enhancement or degradation of the FR properties of PUFs and the structure of the biobased polyol defined by the I OH , the rigidity, the molecular composition, the low molar mass compounds added through chemical transformation and the insoluble content are given below.

OH Index

In TGA analysis, characteristic temperatures are recorded at 5, 10 and 50% of weight loss to measure the FR of the related materials. Furthermore, the quantity of samples at the end of the measurement called char residue is also an indicator of the fire resistance of the foam. The evolution of the char residue, weight loss at 5, 10 and 50% over the average polyol I OH is represented in Figure 1.21. The data were compiled from the literature of foams made without FR additive. The general trend observed in Figure 1.21 is an increase of the characteristic temperature with I OH augmentation. The char residue presented in Figure 1.21A is close to 0% when the I OH is inferior to 200 mg KOH/g. Such polyols are often used in F-PUFs (Table 1.3), producing open-cells morphology. As discussed previously, low closed cell content decreases the thermal insulation properties. Therefore, the heat transfer is facilitated, and the material burns completely. In the case of higher closed-cell content, the heat transfer toward the center is hindered by the numerous cells wall. Figure 1.21A shows an increase in char residue after 200 mg KOH/g. This is linked to the foam structure formed by a higher crosslink density, which limits heat transfers (Riyapan et al. 2019). Besides, a crosslinked network requires higher activation energy to initiate chain movement and decomposition compared to less branched polymers (Rastegarfar et al. 2018;Ugarte et al. 2015).

Figure 1.21B, Figure 1.21C and Figure 1.21D present a high distribution of value directly linked to the difference in foam formulations. However, the general trend observed is the increase in the temperature at 5, 10 or 50% weight loss with the average I OH of polyol increase. The thermal decomposition of PUFs starts with the urethane bond dissociation around 250 °C. The high density of OH groups will be transformed into urethane groups in the final materials. Therefore, a polyol with high I OH will produce a material that will take an extended time to dissociate (Furtwengler et al. 2018b;Huo et al. 2019). Finally, the increase of FR properties with the I OH presented in Figure 1.21 is low, and other factors such as the molecular energy, the molar mass and the structure of the polyol affect the fire resistance of the foam. 

Activation energy

The activation energy of materials decomposition is directly related to the mobility of the chains. A very stable alkane structure forms the dangling chains in lipids-based polyols. Therefore, PUF realized with similar I OH, but different dangling chain quantities had different thermal stability. The polyol prepared via ozonolysis, which reduced by 60%, the end chains had the fastest first loss at 335 °C compared to castor oil or epoxidized and ring-opened soybean oil-polyol (380 °C) (Narine et al. 2007). On the contrary, the rigid structure formed by isosorbide polyol needs higher energy to initiate decomposition (Jiang et al. 2018). The 3D structure of lignin, liquefied or alkoxylated, is stiffer than fossil-based polyol and degraded at higher temperatures (Li et al. 2016a;Saffar et al. 2020).

Low molar mass compounds

Low molar mass polyols such as PEG or glycerol are introduced into foams via biobased polyols synthesis (e.g., alcoholysis of wastes, lignin liquefaction or dispersion) or as an additional polyol. Their thermal stability was also investigated; for example, PEG is known to enhance the thermal stability of foams due to the thermally stable ether bonds and the increase in crosslink density (Li et al. 2016b;Ng et al. 2017;Rastegarfar et al. 2018). For example, the temperature of 50% weight loss shifted from 379 to 370 °C, with the integration of 0 to 100% of palm oil polyester polyol. The authors explained this trend by the decrease in PEG added as co-polyol (Ng et al. 2017). In another study, foam realized with 40 wt% of EG had a higher LOI value (25%), than without (20%) (Li et al. 2016b). Furthermore, the addition of crude glycerol increased the onset temperature in TGA measurements from 210 to 223 °C with 0 and 70 wt% of crude glycerol, respectively (Hejna et al. 2018).

Molecular architecture

As introduced in the last section, the polyol structure plays a key role in the degradation of cellular materials. For instance, the presence of sulfur in the chemical structure of the mustard oil polyol increases the LOI value from 23 to 26% and thus, the thermal stability of the PUFs. Sulfur has several oxidation levels and is transformed into SO 2 and SO 3 acids in the decomposition process. This oxygen consummation, combined with the catalytic activity of these acids for the decomposition of a fire intermediate (ionic peroxide), inhibited the chain reaction of oxidation (Borowicz et al. 2019).

The epoxidation and further ring-opening reactions produced numerous lipids based polyols was previously detailed. To reduce the synthesis steps, 25 wt% of epoxidized oil were directly introduced in PUFs formulations and compared to polyols formed one step further. The weight loss for the first degradation peak was improved from 45 to 40% with a polyol and with epoxidized oil, respectively. Some authors hypothesized the enhancement to originate from the formation of thermally stable oxazolidone groups (Arbenz et al. 2017). However, the oxazolidone formation was not evidenced in PUFs with epoxidized oils.

Otherwise, polyester polyol based on sorbitol had a low onset temperature (170 °C) compared to conventional PUFs (200-250 °C). The authors explained that the ester scissions happen at lower temperatures than ether groups. Therefore, the decomposition of the soft segment is detected at a lower temperature in TGA (Furtwengler et al. 2018a).

Aromatic structures are well known to improve the thermal degradation with smoke production, which expands the char layer. This expanded layer is denoted as intumescent and protects the material from flame exposition and limits the transfer of oxygen toward the flame (Duquesne et al. 2001). The improvement of thermal stability by an increased aromatic content was observed with tannins (Arbenz et al. 2016), lignins (D 'Souza et al. 2014;Li et al. 2020a), PUFs wastes (Paruzel et al. 2017;Shin et al. 2019a) and CNSL (Ionescu et al. 2012), for instance. Foam realized with oxypropylated tannin had a lower peak of heat released and propagation of the flame rates than oxypropylated glycerol. The authors explained that the aromatic structure of the tannin is coke forming. This hypothesis was supported by the measurement of the total smoke release, which was higher with tannin than glycerol-based polyol (Arbenz et al. 2016). With 15 and 30 wt% of fractionated and alkoxylated lignin, the maximum loss rate was lower than without. Furthermore, the temperature at half mass loss and the residual mass at 800 °C was also higher than the reference foam. This degradation profile seems to be linked to the higher density of the aromatic structure.

It is well-known that the presence of thermally stable fillers increases the overall thermal stability of the foams by increasing the residue amounts (Delucis et al. 2018). The evolution of the foam flammability over the content of insoluble residue in the liquefaction mixture of the polyol is represented in Figure 1.22. The trend was clear; the flammability decreased with the increase of insoluble residue (Figure 1.22). The recalcitrant liquefaction residue of lignin improved the FR properties of the PUFs made thereof. This improvement is explained by the inorganic components present in liquefied bark polyol (Ge et al. 2000). 

Some advanced properties

Glass transition temperature

The glass transition temperature (T g ) of a polymer is critical information to know the network better. In thermosets like PUFs, the α-transition temperature determined by temperature-dependent dynamic mechanical analysis in temperature is linked to the T g determined by differential scanning calorimetry. Transition temperatures depend on the isocyanate index, cross-link density, aromaticity, plasticizer and PIR content in PUFs (Wu et al. 2008). When phase separation occurred, two T g are identified, the first one for the soft segment around -50 °C and the second for the hard segment found between 50 and 80 °C in R-PUFs. The substitution of fossil-based polyol by a biobased one induces a change in the network structure, which can be seen by a T g shift. The dangling chains and the long flexible structure of lipids based polyols are responsible for a plasticizing effect and a decrease in T g (Kahlerras et al. 2020;Zieleniewska et al. 2015). The small reactants present for the polyglycerol formation are also plasticizers of the PUFs network (Piszczyk et al. 2014). Furthermore, the T g heavily depends on the PEG length used to plasticize lignins (Hatakeyama et al. 2004). The other effect observed with biobased polyols is the correlation between the T g increase and the augmentation in crosslink density explained by the reduced chain motions (Hayati et al. 2018;Kosmela et al. 2019;Narine et al. 2007;Pawar et al. 2016a).

Acoustic property

R-PUFs are principally used in thermal insulation, and their acoustic properties are often overlooked because open cell structures are considered good sound absorbers. It was proved that lower closed cell content resulted in higher sound absorption (Zhang et al. 2012). However, foams based on palm oil with closed cell structure has been elaborated for such applications. High sound absorption coefficients (< 90%) defined as the ratio of the acoustic energy absorbed by the foam to the incident acoustic energy, were obtained. They explained that the damping effect from the increased urethane group content and network density dissipated sound energy into heat (Riyapan et al. 2019).

The R-PUFs properties can be affected by numerous factors represented in Figure 1.23, and the structure of the components and the cell morphology are the dominant effects. 

PERSPECTIVES ON BIOBASED PUF

Polyols are one of the main biobased compounds used in PUFs formulations. However, it represents often less than 50 wt% of the PUF (Table 1.1). Another major component are the polyisocyanates, which are more rarely biobased. Besides, the toxicity for human health (Brugsch and Elkins 1963;Peters 1970) of the isocyanate group is highly problematic. Moreover, their industrial synthesis is based on hazardous compounds (e.g., phosgene). The isocyanate reduction and elimination in the foam elaboration join the sustainability approach discussed in this review. In the next part, NIPU and other chemistries are outlined to produce greener biobased foams without isocyanate for a more sustainable and safe future.

Non-isocyanate polyurethane

Urethane groups are usually formed by addition of isocyanate and hydroxyl groups. However, several alternative pathways presented in Figure 1.24 to form NIPU can be developed (Guan et al. 2011;Kreye et al. 2013;Maisonneuve et al. 2015;Rokicki et al. 2015;Suryawanshi et al. 2019). Carbamoyl chloride, ring-opening polymerization, chloroformate, aziridine and alkyl-carbonate routes presented in Figure 1.24 involve precursors synthesized via toxic phosgene derivatives, or the precursor itself (e.g., aziridine) is hazardous (Ghasemlou et al. 2019b). Furthermore, all theses routes require elevated temperatures. The polyaddition between cyclocarbonates and amines forming polyhydroxyurethane (PHU) networks can be carried out at ambient temperature, and no toxic phosgene is involved. Moreover, PHU precursors have manageable toxicity and can be conveniently obtained from a wide range of renewable and sustainable resources (Carré et al. 2019;Ghasemlou et al. 2019b;Suryawanshi et al. 2019). In the green chemistry frame, the cyclic carbonate route is the most sustainable pathway to obtain NIPU. Figure 1.24 shows that polyamines and 5 or 6-membered cyclic carbonates are the main building blocks toward a biobased PHU network. Although very few natural amines are available (i.e., chitosan and lysine), sustainable amines can be produced through various chemical processes from carbohydrate, lignins or oleochemical sources (Froidevaux et al. 2016;Pelckmans et al. 2017). One promising route toward sustainable diamines was recently highlighted as dianiline was recovered from the enzymatic recycling of PUs (Magnin et al. 2019).

Cyclocarbonates were initially synthesized from the reaction between diol and phosgene (Nemirowsky 1883). However, the current and industrial common pathway transforms epoxide into cyclocarbonates with high pressure of sustainable and naturally occurring CO 2 (Carré et al. 2019), for instance from fermentation process. The production of fully biobased carbonates was achieved through the carboxylation of epoxidized oil (Mann et al. 2008;[START_REF] Pérez-Sena | Aminolysis of cyclic-carbonate vegetable oils as a non-isocyanate route for the synthesis of polyurethane: A kinetic and thermal study[END_REF].

In PHU synthesis, no difference in reaction conditions, kinetics, products, nor side reactions was observed between structurally similar biobased and fossil-based monomers (Carré et al. 2019). Similarly to conventional PUs, the nature of the renewable source directly impacts the properties of the PHU. Therefore, the development of innovative molecular architectures extracted or bioproduced from various biomass types can bring new properties for the PHU networks. Very recently, the synthesis of the PHU network from carbonated biobased triglycerides and glycine was patented. The authors claimed similar mechanical properties as conventional PUs (Dong et al. 2020).

Figvosky patented the first NIPU solution to substitute conventional PUFs in 2004. In this study, acrylic NIPU was foamed by radical polymerization of acrylate with pentane as BA (Figovsky et al. 2004). The first foam realized with the reaction between cyclic carbonate and diamine to obtain PHU networks was recently developed by Caillol and coworkers. The reagents were mixed with polymethylhydrogenosiloxane, which H 2 release after reaction with diamine and heated at 80 °C (Cornille et al. 2015). The corresponding foams were dense (200-300 kg/m 3 ) compared to conventional PUFs. The method was improved by adding thiourea as a catalyst; therefore, the curing temperature was reduced until ambient (Cornille et al. 2016). The resulting foams were still dense (270-300 kg/m 3 ). Furthermore, the open cells of the NIPU foams were coarser (300-1300 µm) compared to conventional PUFs (350-850 µm). Due to the bigger open-cells, the thermal conductivity was higher (100 vs. 67 mW.K -1 .m -1 ), and the thermal stability was slightly inferior compared to the conventional PUFs.

The synthesis of closed and small cells NIPU foams was achieved with supercritical CO 2 at high temperature or high pressure. The samples were foamed by fast depressurization of the cell leading to a density of 110 kg/m 3 with small pores (10 µm) and high thermal conductivity (50 mW.K - 1 .m -1 ) (Grignard et al. 2016). Mulhaupt and coworkers used a liquid hydrofluorocarbon to produce NIPU foams at 80 °C (Blattmann et al. 2016). The authors produced dense foams (142 kg/m 3 ) with cell size similar to R-PUFs (171 µm). Pizzi and coworkers recently developed self-blowing NIPU foams. The reaction was performed between a synthesized glucose-NIPU with maleic acid and glutaraldehyde as a crosslinker. The soft foam was formed within 5h at ambient temperature (Xi et al. 2019). Recently, self-blowing NIPU foams were elaborated by amine and thiol reaction with cyclocarbonates catalyzed by 1,8-diazabicyclo[5.4.0]undec-7-ene (Monie et al. 2020). As the reaction thiolcyclocarbonate reaction forms hydroxythioether and carbon dioxide, thiol is used as chemical blowing agent Unfortunately, as most of the other, these NIPU foams are slow to form, mainly open cells and flexible. In order to improve the mechanical properties of NIPU foams by aminolysis, rigid cyclocarbonate such as lignin could be used (Salanti et al. 2016). Another development axis toward green foams, could be the adaptation of new chemical BAs, a subject recently reviewed (Coste et al. 2020), to new polymers or formulations. However, the route toward a large substitution of R-PUF and F-PUF by NIPU foams or equivalents is still long.

Other potential approaches

The question linked to the future of the foams could be not only related to PU macromolecular architectures. As previously described, the formation of reactive foams needs an exothermic and fast reaction associated with a BA. The development of the well-known epoxide chemistry with epoxidized oil was widely investigated to produce foams (Dworakowska et al. 2015;Huang et al. 2019;Khundamri et al. 2019;Negrell et al. 2017). Furthermore, some recent investigations raised some exciting new pathways toward biobased foams. The modification of soybean oil was achieved to introduce alkoxysilane groups. They were subsequently used in a Piers-Rubinsztajn reaction, which released methane to expand the polymer and produce foams. PDMS added as chain extender controls the density and Young's modulus of the produced foams (Gale et al. 2019). Carbon-Michael chemistry has been investigated as a new way of foam elaboration. First, they quickly transformed polyols used in PUFs into poly-acetoacetate, a Michael donor, via transesterification. These new molecules were added into a mix of polyacrylates (Michael acceptor), surfactants, catalysts and physical BAs. The foams had entirely raised in less than 5 minutes, with more than 80% of closed cells and a low density of around 35 kg/m 3 comparable to conventional PUFs (Sonnenschein et al. 2016). Another approach has been recently developed. A fully biobased foam with closed-cell was developed by Pelletier and coworkers, based on fungal mycelium. It was found to be promising fully biobased alternatives for acoustic shielding to the traditional fossil-based polymer based on synthetic fibers (Pelletier et al. 2019).

Conclusion Chapitre 1

Cette synthèse bibliographique a présenté les mousses polyuréthanes biosourcées de la synthèse à la caractérisation en passant par leur mise en oeuvre. Les phénomènes physiques décrits dans la première partie permettent de comprendre la complexité des phénomènes chimiques, physique et physico-chimique rencontrées lors de l'élaboration d'une mousse polyuréthane.

Les voies de synthèse pour la production de polyols, polyisocyanates ou additifs adaptés aux mousses polyuréthanes à partir de différentes biomasses sont ensuite développées. L'étude de la transformation des lipides permet de sélectionner les modifications les plus prometteuses pour l'intégration de l'huile de microalgues dans les mousses polyuréthanes. L'époxydation des doubles liaisons suivi de l'ouverture par divers nucléophiles apparait comme une voie pertinente dans la synthèse de polyols et d'additifs.

Le coeur de cette synthèse bibliographie est consacré aux relations « structures-propriétés » dans les mousses polyuréthanes rigides, lesquelles étant au coeur de ce travail de doctorat. Dans le volet synthèse, les polyols ont été identifiés comme étant le composé biosourcé présentant les structures les plus diverses et les plus souvent biosourcés. L'impact prépondérant de la structure et paramètres des polyols est détaillé autour des différentes propriétés clés des mousses polyuréthanes rigides : la morphologie (taille de cellule, densité, pourcentage de cellules fermées), la résistance à la compression ainsi que la conductivité et stabilité thermique. La réactivité est un point essentiel pour obtenir des cellules fermées formant des mousses polyuréthanes rigides.

L'avenir des mousses polyuréthanes est discuté, dans le cadre de la synthèse de polyuréthanes sans isocyanate. Seule l'addition des carbonates cycliques et des amines est en adéquation avec les principes d'une chimie verte. Les premières mousses rapportés dans la littérature par cette voie de synthèse sont généralement flexibles et très denses aussi sur ce thème qui ne sera pas abordés dans ce travail de doctorat, laisse la porte ouverte à de futurs grands développements. A l'avenir, la synthèse des mousses peut aussi se tourner vers d'autres chimies réactives plus durables, comme les époxydes ou les additions de Michael ceci fera l'objet du dernier volet complet de ce travail de doctorat.

Introduction Chaptitre 2

Ce chapitre se présente sous la forme d'un article intitulée « New Insight on the Study of the Kinetic of Biobased Polyurethanes Synthesis Based on Oleo-Chemistry » publié dans Molecules.

L'état de l'art du chapitre précédent a exposé les transformations existantes pour synthétiser à partir de biomasses des polyols adaptés à la formulation de mousses polyuréthanes. La stratégie de synthèse la plus employée pour les lipides est la formation d'époxyde à partir des doubles liaisons présentes sur les acides gras puis son ouverture par un nucléophile. Cette voie de synthèse maintes fois utilisée pour la formation de polyols, a cependant rarement été étudiée en détail notamment d'un point de vue cinétique. Or la connaissance des paramètres cinétiques est crucial notamment pour le passage à l'échelle industrielle.

Le chapitre précédent a aussi rappelé l'impact des cinétiques de formation des mousses polyuréthanes sur les propriétés finales des matériaux alvéolaires. Le remplacement d'un polyol d'origine fossile par un équivalent biosourcé peut altérer l'équilibre entre la formation du réseau polymère et l'expansion du système. Cette balance est critique pour obtenir une mousse polyuréthane aux propriétés équivalentes aux standards visés. Comme démontré dans le chapitre précédent, les voies de synthèses choisies modifient les propriétés du polyol. L'étude approfondie de la réactivité des polyols permet de valider leurs propriétés, en amont de l'introduction dans la formulation de la mousse polyuréthane.

L'objectif de ce chapitre est donc d'étudier et de caractériser la formation de polyols à partir de triglycérides pour la formulation de mousses polyuréthanes. La voie de synthèse du polyol à étudier est l'époxydation des doubles liaisons présentes sur l'huile suivie d'une ouverture de cycle par divers nucléophiles. Pour les besoins de l'étude, l'huile de microalgues composée de multiples doubles liaisons est modélisée par un ester méthylique d'acide gras comportant une double liaison. 

ABSTRACT

Nowadays, polyols are basic chemicals for the synthesis of a broad range of polymers, such as polyurethane foams (PUF), which are produced with several other compounds, such as polyisocyanates. During the last decades, the oleo-chemistry has developed several routes from glycerides to polyols for the polyurethanes (PU) industry to replace mainly conventional fossil-based polyols. An extensive range of biobased polyols can now be obtained by epoxidation of the double bonds and ring-opening (RO) of the subsequent epoxides with different chemical moieties. In preliminary studies, the RO kinetics of an epoxidized model molecule (methyl oleate) with ethanol and acetic acid were investigated. Subsequently, polyols that were derived from unsaturated triglycerides were explored in the frame of, e.g., PUF formulations. Different associations were studied with different mono-alcohols derived from epoxidized and ring-opened methyl oleate while using several ring-openers to model such systems and for comparison purposes. Kinetic studies were realized with the pseudo-first-order principle, meaning that hydroxyls are in large excess when compared to the isocyanate groups. The rate of isocyanate consumption was found to be dependent on the moiety located in β-position of the reactive hydroxyl, following this specific order: tertiary amine >> ether > ester. The tertiary amine in β-position of the hydroxyl tremendously increases the reactivity toward isocyanate. Consequently, a biobased reactive polyurethane catalyst was synthesized from unsaturated glycerides. These approaches offer new insights regarding the replacement of current catalysts often harmful, pungent, and volatile used in PU and PUF industry, in order to revisit this chemistry.

INTRODUCTION

The polyurethane (PU) is a very versatile family of polymer that is mainly obtained by polyaddition between polyols and polyisocyanates (Bayer 1947). PUs can be used in various forms to fulfill different applications for a worldwide market of $50 Billion in 2016 due to the multiplicity of their structures. With more than 60%, foams are the most significant part of this market, with segments including the furniture, bedding, insulation, building, or construction materials. Foams are elaborated through a complex formulation that is based on polyols, polyisocyanates, blowing agents, and several other additives (Furtwengler et al. 2018a;Obi 2018c). Commercial foams are mainly formulated with fossil-based components. However, increasing foams are obtained from renewable resources nowadays.

The abundance and versatility of vegetable oils are the key points for replacing petrochemical products in polymer synthesis and developing very promising renewable compounds while using a well-established oleo-chemistry. During the last decades, starting from unsaturated triglycerides, extensive research (Maisonneuve et al. 2016;Petrovic 2008;Zhang et al. 2017a) has been performed to obtain new macromolecular architectures. Multiple strategies were developed to obtain polyols from unsaturated glycerides for the PU industry (Pfister et al. 2011) (i) the hydroformylation and ozonolysis, followed by a catalytic reduction are developed at an industrial scale, (ii) the transesterification, (iii) the introduction of hydroxyl groups via double-bonds with microorganisms is promising (Takeuchi et al. 2013), and (iv) the epoxidation of the double bonds and subsequent the ring-opening (RO) of the epoxides. The last way keeps the initial glyceride structure and the opportunity to synthesized different polyols structures, even at an industrial level.

In the case of vegetable oils and fats, the epoxide is mainly disubstituted and, consequently, less reactive than a terminal one. Nevertheless, several different types of reagents can be considered for the RO, such as amines (Biswas et al. 2005;Durán Pachón et al. 2003;Yang et al. 2012), alcohols (Chen et al. 2015;Dai et al. 2009;Turco et al. 2017), carboxylic acids (Schuster et al. 2008;Shuo et al. 2015), or hydrogen halides (Durbetaki 1956;Guo et al. 2000). The epoxidation procedure is carried out while using a short carboxylic acid (Petrović et al. 2002). Although it is not entirely new, for instance, few publications are focused on the study of the RO kinetics of epoxide by acetic or formic acid (Gan et al. 1992;Zaher et al. 1989).

The presently studied way to obtain PUs from polyunsaturated triglycerides contains three steps: 1. Epoxidation of double bonds, 2. RO reaction, and 3. Polymerization with polyisocyanate. In our study, the polyunsaturated triglycerides were modeled by a fatty ester only containing one doublebond: methyl oleate. The double bond was chemically converted into epoxide by a peracetic acid that was formed in situ. The objective of this preliminary study was to understand the acid-catalyzed RO of a disubstituted epoxide. To do so, a new kinetic method that was based on Nuclear magnetic resonance (NMR) was developed to monitor the epoxide RO reaction. Subsequently, it was applied to the kinetic study of acid-catalyzed RO reactions of epoxidized methyl oleate. In the second part of this paper, the reactivity of different alcohols (models) that were obtained from the RO of epoxidized fatty esters with various conditions was compared in the frame of PU synthesis. The model-alcohols were synthesized by the RO of the epoxide, with acetic acid, ethanol, hydrogen halide, or diethylamine.

MATERIALS AND METHODS

Materials

Fatty Acid Methyl Ester of Very High Oleic Sunflower Oil (FAMEVHOSO) with 3.32 mmol double bond/g was kindly supplied by the ITERG group (Canéjan, France). The FAMEVHOSO is composed of 83% of oleic acid. Table S2.3 presents the distribution of fatty methyl esters of unsaturated FAMEVHOSO. Glacial acetic acid (AA), toluene (99%), H 2 O 2 30%, ethyl acetate (99%), and ethanol (99.9%) were obtained from Fisher Scientific (Illkirch-Graffenstaden, France). Amberlyst ® 15H (strongly acidic cation exchanger dry), Amberlite ® IR120H (strongly acidic hydrogen form), CDCl 3 , phenyl isocyanate (98%), dibutyl amine (DBA) (99.5%), HBr (48% in water), HCl (37% in water), and diethylamine (99%) (DEA) were provided by Sigma-Aldrich (Saint-Quentin-Fallavier, France). Ethanol absolute (EtOH) was purchased from VWR (Briare, France). All of the chemicals were used without any purification.

Epoxidation of FAMEVHOSO

According to a previously described protocol (Arbenz et al. 2017), 200 g of FAMEVHOSO (0.66 mol, 1 eq.), 50 g of Amberlite ® IR 120H (25 wt% of FAMEVHOSO) were introduced in a 1 L three-neck flask that was equipped with a reflux condenser, a magnetic stirrer, and a dropping funnel. 20 mL of acetic acid (0.35 mol, 0.5 eq.) and 200 mL of toluene were added. The mixture was heated to 70 °C under vigorous magnetic stirring. Afterward, 90 mL of H 2 O 2 30% (1.15 mmol, 1.7 eq.) was added dropwise by the dropping funnel for 30 min. to prevent overheating and epoxide RO. The mixture was heated at 70 °C for 7 h additional hours. At the end, the mixture was recovered in 500 mL of ethyl acetate. The Amberlite ® IR 120H was filtered off. The organic phase was washed with saturated NaHCO 3 solution until neutral pH. Afterward, it was washed with a brine solution, dried with anhydrous sodium sulfate, and then filtered. The solvent was evaporated under reduced pressure. The epoxidized FAMEVHSOSO (EVHOSO) was dried overnight in a vacuum oven at 40 °C. The yield was 90 mol%.

Ring-Opening of EVHOSO with Acetic Acid

The reaction was carried out in a round bottom flask that was equipped with a reflux condenser and a magnetic stirrer. The flask was filled with 50 g of EVHOSO 3.05 mmol epoxide/g, (0.24 mol, 1 eq.) and 100 mL of acetic acid (2.8 mol, 11.5 eq.). The mixture was stirred at 90 °C for 7 h. At the end, the mixture was recovered in 300 mL of ethyl acetate. The organic phase was washed with saturated NaHCO 3 solution until neutral pH. Subsequently, it was washed with brine solution, dried with anhydrous sodium sulfate, and then filtered. The solvent was evaporated under reduced pressure. The ring-opened EVHOSO with acetic acid (EVHOSO-AA) was dried overnight in a vacuum oven at 40 °C. The yield was 82 mol%.

Ring-Opening of EVHOSO with Ethanol

The protocol was adapted from a previously published work (Palaskar et al. 2012). The reaction was carried out in a round bottom flask that was equipped with a reflux condenser and a magnetic stirrer. The flask was filled with 50 g of EVHOSO 3.05 mmol epoxide/g, (0.15 mol, 1 eq.) and 2 g of Amberlyst ® 15 H. 100 mL of ethanol (1.7 mol, 11.5 eq.). The mixture was stirred at 70 °C for 9 h. At the end, the mixture was recovered in 300 mL of ethyl acetate. The organic phase was washed with saturated NaHCO 3 solution until neutral pH. Subsequently, it was washed with brine solution, dried with anhydrous sodium sulfate, and then filtered. The solvent was evaporated under reduced pressure. The ring-opened EVHOSO with ethanol (EVHOSO-EtOH) was dried overnight in a vacuum oven at 40 °C. The yield was 92 mol%.

Ring-Opening of EVHOSO with Diethylamine

The protocol was adapted from a previously published work (Harry-O'kuru et al. 2015). The reaction was carried out in a round bottom flask that was equipped with a reflux condenser and a magnetic stirrer. The flask was filled with 5 g of anhydrous ZnCl 2 (0.5 eq.). 25 g of EVHOSO 3.05 mmol epoxide/g (76 mmol, 1 eq.) was dissolved in 20 mL of diethylamine (193 mmol, 2.5 eq.). The solution was added into the flask. The mixture was stirred at reflux for 15 h. At the end, the mixture was recovered in 300 mL of ethyl acetate and deionized water. The organic phase was washed with saturated NaHCO 3 solution until neutral pH. Afterward, it was washed with a brine solution, dried with anhydrous sodium sulfate, and then filtered. The solvent was evaporated under reduced pressure. The ring-opened EVHOSO with diethylamine (EVHOSO-DEA) was dried overnight in a vacuum oven at 40 °C. The yield was 90 mol%.

Ring-Opening of EVHOSO with Different Hydrogen Halides

The reaction was carried out in a round bottom flask that was equipped with a reflux condenser and a magnetic stirrer. The flask was filled with 25 g of EVHOSO 3.05 mmol epoxide/g (76 mmol, 1 eq.) dissolved in 15 mL of acetone. The halogen halide (1.5 eq.) was added dropwise for 15 min. to avoid overheating. The mixture was stirred at room temperature for 30 min. At the end, the mixture was recovered in 300 mL of ethyl acetate and deionized water. The organic phase was washed with saturated NaHCO 3 solution until neutral pH. Subsequently, it was washed with brine solution, dried over anhydrous sodium sulfate, and then filtered. The solvent was evaporated under reduced pressure. The ring-opened EVHOSO with hydrochloric acid (EVHOSO-HCl) or hydrobromic acid (EVHOSO-HBr) was dried overnight in a vacuum oven at 40 °C. The yield was 99 mol%.

Kinetic Study of Epoxide Ring-Opening with Ethanol

In a typical procedure, 0.5 g of EVHOSO (1.7 mmol, 1 eq.) and between 4 to 20 wt% (depending on the experiment) of Amberlyst ® 15H in a 50 mL round bottom flask was heated to the desired temperature while using a hot plate that was equipped with magnetic stirring. When the temperature was attained, 3.8 mL of absolute ethanol was added (65 mmol, 38 eq.). A few drops of the reaction mixture were taken at different reaction times and recovered in ethyl acetate and washed two times with water to remove any trace of acid. The solvent was evaporated on a rotary evaporator. The drops of oil were recovered with CDCl 3 and analyzed by NMR.

Kinetic Study of Urethane Formation

In a typical procedure, 3 g of VHOSO-AA (7.2 mmol, 11.5 eq.) was introduced in a round bottom flask that was equipped with a magnetic stirrer. The flask was heated to the desired temperature. The flask was put under vacuum for 15 min. and then flushed with argon. 1 mL of a 0.62 mol/L solution of phenyl isocyanate in toluene was introduced. The conditions were set to avoid any contact with humidity or another nucleophile. The isocyanate content ([NCO]) over time was determined by taking aliquots of 0.4 mL quenched by a DBA solution.

[NCO] was determined by potential titration of the excess of DBA by an acid.

3.9. Kinetic Model of Ring-Opening 3.9.1. Mechanism of Ring-Opening

The RO of the epoxide is catalyzed by acid (Parker and Isaacs 1959), as shown in Scheme 2.1. The nucleophilic attack is favored by the enhancement of the electrophilic character of epoxide group carbons. The nucleophilic species can be alcohol, carboxylic acid, water, hydrogen halide, etc. The reaction forms a secondary hydroxyl and another group, depending on the nature of the nucleophile. Reactions with acid groups, such as carboxylic acid or halogen halide, are self-catalyzed.

Kinetic Equations

The activation step that is presented in Scheme 2.1 is considered to be fast. Subsequently, the nucleophilic attack is the rate-determining step. The acid-catalyzed RO rate is described by Equation 2.1:

(2.1)
where k is the reaction rate constant, [Ep] is the epoxide concentration, [B] the RO reagent concentration, [Cat] the catalyst concentration, and α, β and δ are the respective partial orders. The consummation of epoxide over time, depending on the reaction rate, is written as Equation 2.2:

(2.2)       ** r k Ep B Cat                Cat B Ep k dt Ep d * * *  
The kinetic parameters were determined while using a pseudo-first-order assumption (Espenson 1995). The nucleophile (B) was in large excess as compared to the epoxide groups (Ep). Subsequently, the concentration of the nucleophile ([B]) was considered to be constant during the reaction. Furthermore, the catalyst is regenerated along the reaction, [Cat] is a constant over time. When considering these hypotheses, the rate of reaction that is expressed in Equation 2.2 is transformed in Equation 2.3:

(2.3)
where k app is a constant, as expressed in Equation 2.4:

(2.4) 3.9.3. NMR

The NMR analyses were realized on a 400 MHz Bruker spectrometer. The 1 H number of scans was set to 32. Each spectrum was calibrated with the CDCl 3 signals, being set at δ=7.26 ppm.

NCO Concentration Measurement

The isocyanate content [NCO] was determined by the adaptation of ISO 14896:2009. Aliquots were dissolved in a 20 mL solution of 5 × 10 -3 mol/L dibutyl amine in toluene. The resulting mixture was stirred for 20 min. Afterward, 20 mL of acetone was added to avoid a dephasing of the solution, and the excess of dibutyl amine was titrated with an automatic titrator by a 4.6 × 10 -3 mol/L molar solution of HCl. The equivalence was determined by a potential leap. [NCO] was calculated with Equation 2.5:

(2.5) with V Bl the equivalence volume of 20 mL of dibutyl amine solution, V eq the equivalence volume of the aliquot, [HCl] the chlorhydric acid concentration, and V aliquot the volume of solution taken from the solution for each kinetic measurement. (Kenaston et al. 1955). An NMR measurement was undertaken to control the double bond quantity before the epoxidation. 0.93 double bonds per molecule were calculated by the integration of the proton of the double bond on the NMR spectrum (Figure S2.11). The FAMEVHOSO was in-situ epoxidized with peracid in a biphasic system. The reaction converts 90% of the double bonds in epoxides (Figure S2.12). Side reactions, such as RO by acetic acid, limit the reaction yield. The number of epoxides per molecule is only 0.83.

RESULTS

Synthesis of EVHOSO
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Kinetics of Epoxide Ring-Opening by Ethanol

The NMR method that is described in Section 7.2 on the RO with acetic acid was applied to the RO with ethanol.

Determination of the Epoxide Partial Order

The epoxide partial order was determined at three temperatures, with all other parameters remaining equal. The pseudo-first-order was applied by introducing a large excess (11 eq.) of ethanol and constant catalyst content. Integrating Equation 2.3 with α = 1 gives Equation 2.6: The model of a partial order of 1 for the epoxide is well confirmed by experiments at 30, 50, and 70 °C, respectively. The range of validity of the method is between 20-95% of conversion due to the exponential character of the conversion against time, as demonstrated with the acetic acid kinetic experiment (Figure S2.13-S2.17).

Determination of the Catalyst Partial Order

Experiments with catalyst content variations from 4 to 20 wt% were performed at 30, 50, and 70 °C to determine the partial order of [Cat]. k app_EtOH were determined by the linear regression of ln([Ep] 0 /[Ep]) as a function of time, and Table S2.4 presents the results. The catalyst is an acidic resin of divinylbenzene and styrene sulfonated (Rios 2003). The correlation between [H + ] and the mass of catalyst was determined by the pH measurement of 49 mg to 1 g of resin in 20 mL of water (Figure S2.18). Equation 2.7 expresses the application of Equation 2.4 in the ethanol RO:
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where [EtOH] and [H + ] are the concentration of ethanol and acid, respectively. The partial order of catalyst was determined by the slope of the linear regression of ln(k app_EtOH ) as a function of ln([Cat]), as presented in Figure 2.2. The coefficients of determination are between 0.93 and 0.98, and the three slopes are tending toward 0.5, which represents the catalyst partial order. It was expected that the catalyst would have a more substantial influence on the reaction rate. The catalyst is decreasing the activation energy in the thermodynamic side of the reaction, but it has less influence on the kinetics. The right amount of catalyst can be selected, depending on the thermal sensibility of the epoxidized studied molecule.

Determination of the Ethanol Partial Order

Experiments with [EtOH] variations from 15 to 4.5 mol/L were performed at 70 °C to determine the partial order of [EtOH]. The catalyst loading was kept constant then, with the volume variation, [H + ] was varying along experiments. k app_EtOH , as expressed in Equation 2.7, can be expressed as a function of the total volume of solution, giving Equation 2.8:

(2.8) where V EtOH is the volume of ethanol introduced in the solution, m cat , the mass of catalyst, and IA eq is the acid equivalent of the resin determined by Figure S2.18. By logarithmic transformation and rearrangement, ln(k app_EtOH ) is expressed in Equation 2.9 as a linear function of ln(1/V t ), with the sum of partial order as the slope.

(2.9) where K is a constant, including V EtOH , d EtOH , m cat , IA Eq , and k EtOH . Figure 2.3 represents the experimental results. The sum of the partial order of [H + ] and [EtOH] is 2, as the partial order of [H + ] was determined to be 0.5, the partial order with respect to [EtOH] is 1.5. These results were confirmed by an experiment design to compensate for the dilution of catalyst that was induced by the change of concentration. Equation 2.10 describes the final equation rate:
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(2.10)

The major factor impacting the reaction rate is the [EtOH], followed by the [Ep] and then the [H + ]. This order is only accurate if the catalyst is present; otherwise, the reaction is slower. In this case, there is no activation step when compared to the mechanism presented in Scheme 2.1.

Thermodynamics Data

Once the reaction rate determined, the thermodynamic constants were calculated and are summarized in Table 2.1. The sum of the catalyst partial order and the ethanol is the same as the partial order of [AA]. It can also confirm hypotheses that are given in the literature (Gan et al. 1992;Zaher et al. 1989) regarding the autocatalysis of the acetic acid due to its acidic properties. The separation between the catalysis and the reagent action in the acetic acid case would be possible by the isolation of the reaction intermediate. Overall, the order of the reaction is the same for both reactions: third order. (Petrović et al. 2002).
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The rate constant at 70 °C, k (70 °C), is an indication of the rate of a chemical reaction at this specified temperature (Menzinger and Wolfgang 1969). The corresponding unit depends on the reaction order. From a kinetic point of view, the ethanol RO is faster when compared to the case with acetic acid due to the two decades difference in terms of k (70 °C). The reaction constant is a function of the temperature following an Arrhenius law, as described by Equation 2.11:

(2.11) where A is the frequency factor, E a the activation energy of the reaction, R the gas constant, and T the temperature in Kelvin. E a is determined by the slope of the linear regression of ln(k) as a function of the inverse of the temperature (Figure S2.19). It represents the energy barrier to overcome to form the intermediate state. E a can be decreased while using a catalyst, but the catalyst loading does not affect it (Figure S2.19). The EVHOSO-EtOH intermediate state requires less energy to be formed than EVHOSO-AA. The enthalpy of activation (ΔH ‡ ) is the energy difference between the reagents and the intermediate state (Avery 1974). It was calculated according to Equation 2.12:

(2.12)

An exothermic reaction has a negative ΔH ‡, and both intermediate RO reactions are endothermic. They absorb energy from the environment to reach an intermediate state. The entropy of activation variation (ΔS ‡ ) is a measurement of the disorders of the reaction. Negative ΔS ‡ represents the loss of freedom or an order increase (Avery 1974). Kinetics data ΔS ‡ is calculated via Equation 2.13:

(2.13) where h is the Planck constant, k the Boltzman constant, k b the rate constant, T the temperature, and R the gas constant. In RO, by acetic acid or ethanol, the intermediate states have fewer degrees of freedom than the reactants. The entropy variation is more important in a previous publication (Zaher et al. 1989) because the model molecule studied is based on epoxidized soybean oil
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with more than one epoxide. The loss of freedom degree is then higher and can explain the gaps in ΔS ‡ and E a .

The sign of the free enthalpy of activation ΔG ‡ is the combination of the entropic and enthalpic contribution, representing the spontaneity of the reaction (Equation 2.14).

(2.14) A negative ΔG ‡ indicates a spontaneous reaction (Avery 1974). From the thermodynamic point of view, both RO intermediates are not spontaneously formed. Thermodynamics is then not favorable to reach the intermediate of the RO of epoxide with acetic acid or ethanol, but the temperature and the kinetic are making the reaction possible in less than 10 h.

Kinetic Study of Urethane Formation from Fatty Acid

The kinetics of the reaction between an isocyanate and alcohol derived from a fatty acid was investigated. The phenyl isocyanate was chosen to model the methylene diphenyl diisocyanate (MDI) that was used in foaming processes. EVHOSO-AA was the alcohol used for this study. The measurements were made while using the pseudo-first-order principle (Avery 1974) by putting the hydroxyl moieties in large excess and measuring the concentration of isocyanate [NCO] over time. The same model as for the RO kinetic can be applied. The reaction proceeds without catalyst and Equations 2.15 and 2.16 are then expressed.

(2. 15) where α is the partial order of the isocyanate concentration ([NCO]), and k app_U is:

(2.16)

The determination of the isocyanate content method was tested with known phenyl isocyanate contents before starting the kinetics measurement (Figure S2.20). The precision of the method was around 96%, and the studied concentration range was from 7 × 10 -3 to 0.6 mol/L.

Determination of the Isocyanate Partial Order

The isocyanate partial order was determined by the variation of the temperature, with all other parameters being equal. The pseudo-first-order was applied by introducing a large excess (11 eq.) of VHOSO-AA. While considering Equation 2.15, the logarithm of [NCO] 0 /[NCO] was represented as a function of time in Figure 2.4. The partial order of 1 for the isocyanate is well confirmed by experiments at different temperatures, which are 42, 53, 62, and 74 °C. For the conversion above 99%, the limit of the titration techniques was attained. The back titration of the [NCO] is determined by Equation 2.5, and a 1% difference between V eq and V bl is the limit of detection of the titration method.
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Determination of the Hydroxyl Partial Order

The determination of the hydroxyl partial order is made by varying the concentration of hydroxyl while maintaining the significant excess as compared to the isocyanate group. The variation of concentration was made by diluting the solution with toluene. The determination of k app_U with 0.51, 0.72, 1.24, 1.51, 1.73, and 1.98 mol/L of hydroxyl are, respectively, presented in Figure S2.21. The slope of the linear regression of ln(k app_U ) in the function of ln([OH]) that is represented in Figure 2.5 can establish the partial order of hydroxyl. The coefficient of determination is 0.995. The partial order of [OH] can be round up to 1. Table 2.2 presents the final rate equation with the thermodynamic data of the intermediate state. The partial order of hydroxyl and isocyanate were both equal to 1. This result is in perfect agreement with the results that were found in the literature (Burkus and Eckert 1958;Dyer et al. 1949).

The energy of activation (44 kJ/mol) is in good agreement with the results from the literature. The energy of activation reported for a reaction between phenyl isocyanate and 2-butanol is 41 kJ/mol (Dyer et al. 1949) and 52 kJ/mol (Lovering and Laidler 1962) for a reaction with or without xylene as a solvent, respectively. The reaction rate constant that is presented in Table 2.2 (1.0 × 10 -3 L.mol -1 .min -1 ) is six times smaller than data from the literature (Dyer et al. 1949) for the reaction between secondary alcohol and phenyl isocyanate. The 2-butanol is less sterically hindered than the mono-alcohols that were derived from methyl oleate. For instance, the reaction rate constant ratio between 2-hexanol and 3-hexanol was recently proved to be 1.5 for a reaction with an isocyanate (Nagy et al. 2017).

From the value of the activation energy and the reaction constant of 6.0 × 10 -3 L.mol -1 .min -1, enthalpy, entropy, and free energy were calculated with Equations 2.12 to 2.14, respectively. The significant negative entropy of activation is an indication of the dissociation of the charged centers in the activation complex (Lovering and Laidler 1962). The difference of free energy of activation can be explained by better stabilization of the intermediate complex by toluene when compared to xylene (Sato 1962). The rate constant is similar to the one that was found for EVHOSO-EtOH with 20 °C of difference. By applying the Arrhenius Equation 2.11, the reaction rate at 70 °C for urethane formation is 1 × 10 -2 L.mol -1 .min. -1 . The reaction between hydroxyl and aromatic isocyanate is faster than the RO by ethanol of a disubstituted epoxide. The urethane formation is not catalyzed. Catalysts, such as tertiary amine or tin salt, substantially reduce the E a , which increases the reaction rate by several orders of magnitude. The frequency factor makes the rate of the RO with ethanol faster with temperature, despite the difference of activation energies (Figure S2.22). The ΔS ‡ of the urethane formation is higher than the one of RO with ethanol. The transition state has fewer degrees of freedom in urethane formation.

The kinetics and thermodynamics parameters of the reaction between fatty ester alcohol and an aromatic isocyanate were determined. These parameters are specific to the studied reaction, and they cannot be generalized to all isocyanates and hydroxyl substrates.
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Study of the Reactivity with Different Isocyanates Structures

This section aims to compare the reactivity of different isocyanate and fatty ester alcohol since different chemical architectures are available for polyols or polyisocyanates to produce a broad range of materials for the polyurethane industry. The reactivity of the system is an essential factor, especially for foam, where the polyaddition must be fast.

Different isocyanate structures were compared in terms of reactivity with our model EVHOSO-AA: aromatic, aliphatic, and cycloaliphatic. The results are presented in Figure 2.6, once again demonstrated the higher reactivity of the aromatic isocyanate on agreement with previous results [START_REF] Baker | The mechanism of aromatic side-chain reactions with special reference to the polar effects of substituents. Part XIII. Kinetic examination of the reaction of aryl isocyanates with methyl alcohol[END_REF]Sato 1960). The delocalization of the lone pair of electrons of the nitrogen atom on the aromatic cycle is increasing the electrophile character of the carbon [START_REF] Baker | The mechanism of aromatic side-chain reactions with special reference to the polar effects of substituents. Part XIII. Kinetic examination of the reaction of aryl isocyanates with methyl alcohol[END_REF]Sato 1960). It can be easily attacked by nucleophiles like hydroxyl moieties. Our model based on fatty ester hydroxyl confirms this trend. For foams, the necessary fast polyaddition can be reached by the use of p-MDI, due to its aromatic character, which also leads to higher mechanical properties. Our model reaction confirms that, despite the steric hindrance of the aromatic moieties and the secondary character of the corresponding hydroxyl, aromatic isocyanates are the most suitable chemical for foam formulation with hydroxyl that is derived from fatty esters.

Synthesis of a Mono-Alcohol Model from Epoxidized Fatty Ester

RO can be conducted with alcohol, carboxylic acid, hydrogen halide, and secondary amine leading, respectively, to ether, ester, halide, and tertiary amine groups plus a secondary hydroxyl group. A series of different alcohols derived from fatty ester were synthesized by epoxide RO, with ethanol, acetic acid, HCl, HBr, and DEA (Figure 2.8). There is clear disappearance of the epoxide signal (d) located at δ=2.8 ppm on the NMR spectrum for all the RO reagents. Signals that are characteristic of the proton located in alpha position to the newly created hydroxyl (d') are located in the δ=3.2-3.7 ppm zone. The signal located at δ=3.7 ppm, which is characteristic of the methyl close to the fatty ester bond (a), is constant in all products indicating non-significant ester breaking by transesterification, hydrolysis, or amidation. The RO protocols that were developed with the EVHOSO model molecule are efficient, and they cause no significant ester bond breaking. These characteristics are essential for the RO of more complex oils, such as triglycerides bearing several epoxide groups.

Evaluation of the Potential from Alcohols Derived from Fatty Acid in Polyurethane Application

The reactivity toward isocyanate of different models based on hydroxyl groups was investigated. The potential of the previously synthesized model alcohol in a urethane material was investigated through the scope of the reactivity. The reactions were carried out with a constant concentration of hydroxyl and isocyanate. The phenyl isocyanate concentration was followed over time by taking aliquots of the reaction. The results presented in Figure 2.9 show a clear tendency of reactivity with this evolution from the lowest to the highest, EVHOSO-HCl/HBr < EVHOSO-AA < EVHOSO-EtOH << EVHOSO-DEA. As demonstrated, the aromatic isocyanates are very reactive toward nucleophilic attack. The surrounding of the active hydrogen group impacts the reactivity. The electron releasing groups increase the electron density of the hydroxyl by the mesomeric or inductive effect. The studied groups have an inductive withdrawing effect. Except for tertiary amine, they are all electron releasing groups by mesomeric effect (Taft et al. 1959). In general, the mesomeric effect is predominant.

Furthermore, the inductive effect is decreasing with distance (Stock 1972). In our case, the two carbons distance between the inductive electron-withdrawing group and the hydroxyl decreased the effect. The reactivity is then explained by the difference in the strength of electron releasing groups according to the evolution that is presented in Figure 2.10. The EVHOSO-EtOH has a richer electron density around the hydroxyl group when compared to EVHOSO-AA and EVHOSO-Cl/Br. When considering the tertiary amine, the inductive effect reduced by the two carbons distance is counterbalanced by a catalytic effect. In the polyurethane industry, the catalytic activity of the amine by complexation with the isocyanate or by alcohol deprotonation is well established (Ionescu 2005;Silva and Bordado 2004;Van Maris et al. 2005). Afterward, the experiments confirmed the catalytic activity of the EVHOSO-DEA with aromatic or aliphatic isocyanate (Figure S2.23). The proximity of the reactive hydroxyl and tertiary amine must increase the corresponding catalytic activity.

CONCLUSIONS

This paper leads to different main and new results while considering the literature. An innovative NMR method was developed and successfully applied to determine the complete kinetic parameters of the EVHOSO RO reaction with ethanol. The calculated activation energy was determined, with 54 and 63 kJ/mol for the RO reaction with ethanol and acetic acid, respectively. This study led to a better understanding of the acid-catalyzed RO reaction of epoxides.

Model-alcohols were successfully synthesized by epoxide RO reaction with acetic acid, ethanol, hydrogen halide, and diethylamine. The reactivity comparison with the phenyl isocyanate shows a clear tendency, with a clear evolution from the lowest to the highest, EVHOSO-HCl/HBr < EVHOSO-AA < EVHOSO-EtOH << EVHOSO-DEA.

This work can be considered as a model to better understand the oleo-chemistry approaches leading to biobased polyols. In this frame, the RO of multi-epoxidized oil with hydrogen halide, ethanol and acetic acid, or diethylamine is leading to biobased reactive additives, polyols or catalysts, respectively. The transition from model to practical application is often complicated due to the limitations of the model. However, these approaches offer new insights on the replacement of current catalysts, additives, and polyols often fossil-based, used in the PUF industry, in order to revisit this chemistry. In the future, the accuracy of the kinetic model for the RO reaction needs to be tested on more complex oils. The reactivity of future triglyceride based polyols could be adjusted, depending on the RO reagent used. The potential of each RO reaction to provide a biobased substitute for the actual additives or polyols in the PUF industry could be investigated.

SUPPORTING INFORMATION

FAMEVHOSO Characterization

The repartition in fatty acid was determined according by the ISO 12966-2 method comprising a methylation followed by a gas chromatography analysis. The average double bond per molecule is determined from the number of double bond per fatty acid.

The NMR spectra of the FAMEVHOSO and EVHOSO are presented on Figure S2.11 and Figure S2.12, respectively. In the literature, the acetic acid rate law was determined by chemical dosage (Gan et al. 1992;Zaher et al. 1989), and never by NMR. A new NMR method was developed to determine the kinetic of RO reactions. The reaction between EVHOSO and an excess of acetic acid was carried out in bulk. Aliquots were washed to remove the excess of acetic acid and then analyzed by NMR spectroscopy. The chemical shifts between the EVHOSO and the ring-opened are defined and detectable (Figure S2.13). where I d' is the integration of the d' signal, 1.66 is the integration of the d signal on the EVHOSO. Based on this calculation, the determination of the different partial orders and the activation energy were accomplished and compared to the literature for a validation method.

Determination of the Epoxide Partial Order

The reaction is done without catalyst, the Equations 2.3 and 2.4 applied to the acetic acid become Equation S2.2:

(S2.2)
where [Ep] is the concentration of epoxide over time, α the partial order of [Ep]. k app_AA is detailed by Equation S2.3:

(S2.3)
where k AA is the rate constant of the reaction, [AA] the concentration of acetic acid and β the partial order of [AA].

The epoxide partial order was determined by the variation of the temperature with an excess of acetic acid. The pseudo-first-order was applied by introducing a large excess (11 eq.) of acetic acid. The integration of the Equation S2.2 with α = 1 gives Equation S2.4:

(S2.4)
where χ is the yield of the reaction and t the time in minute. The logarithm of [Ep] 0 /[Ep] was represented as a function of time in Figure S2.14. The linear regression fit the experimental data with a correlation coefficient of 0.85 for 110 °C, 0.99 for 90 and 70 °C, respectively. The lack of correlation at high temperature is the result of the fast rates of reaction and so an increased error and the side reactions. 
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The model of a partial order of 1 for the epoxide is well confirmed by experiments at different temperatures. The precision diminishes when the conversion is less than 20% due to the noise on the NMR spectra. The average NMR precision on the conversion is around 5% on the 20-95% interval. The precision is similar to the one obtained in previous studies (Gan et al. 1992;Zaher et al. 1989).

Determination of the Acetic Acid Partial Order

The determination of the acetic acid partial order is performed by varying the concentration of acetic acid while maintaining a significant excess compared to epoxide. The acetic acid concentration was set at 8.6, 12.8 or 16. The partial order for [AA] was determined to be 2. The overall kinetic rate is expressed as Equation S2.6:

, (S2.6)
which is in agreement with the previous results found in the literature (Gan et al. 1992;Zaher et al. 1989). The rate constant k can be calculated from all the k app_AA by dividing them by [AA] 2 . The average k was calculated at 70, 90 and 110 °C. The temperature dependence of k was modeled with an Arrhenius law described by Equation 2.11. The linear regression of ln(k AA ) in the function of 1/T (Figure S2.17) was used to determined E A_AA . The energy of activation (63 kJ/mol) is in good agreement with the results from the literature. The energies of activation reported are 66 kJ/mol (Zaher et al. 1989) and 73 kJ/mol (Gan et al. 1992) for the RO with acetic acid of epoxidized soybean oil or epoxidized methyl ester of palm oil, respectively. The RO of disubstituted epoxide by acetic acid was studied. Despite the difference in systems and methods, the kinetic rate was found to be the same as the one in the literature, and the calculated activation energy is close to the one matching our system. This is validating our NMR method for the determination of the reaction rate. Thus, it can be applied to the study of the RO of ethanol with acid catalysis.
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Variation of kapp_EtOH with different temperature and catalyst quantity

By combining the linear regression slope of experiment performed at 30, 50 and 70 °C with 4, 12 and 20 wt% of amberlyst, respectively, Table S2.4 is obtained. In order to know the relation between the mass of catalyst and the proton quantity, an experiment was designed: Different mass of Amberlyst® 15H was put in a beaker with 40 mL of water, then the pH was measured. Experimental results are shown in Figure S2.18. The linear regression slope is 1.04. The error made on the dosage is 4% between 7*10-3 and 0.6 mol/L of isocyanate groups. 

Determination of k aap_U with hydroxyl concentration variation

Comparison between urethane formation and ring-opening with ethanol

Conclusion chapitre 2

Le but de ce chapitre était d'étudier la formation d'un polyol à partir de ressources lipidiques pour l'élaboration de mousses polyuréthanes. La double liaison d'une huile modèle a été époxydée. La réaction d'ouverture de cycles génère un groupement hydroxyle. Ceci a été suivi cinétiquement. Enfin, l'impact des nucléophiles utilisés pour l'ouverture des époxydes a été étudié. La réactivité du groupement hydroxyle formé a été évaluée par dosage de la teneur en isocyanates au cours du temps.

Les équations cinétiques des réactions d'ouverture des époxydes ont été obtenues par suivi de la quantité d'époxydes sur des systèmes modèles. Une nouvelle méthode de suivi de l'avancement par spectroscopie RMN simple et efficace a été validée. Les dosages des fonctions isocyanates permettent de déterminer que la réactivité des groupements hydroxyles est influencée par ses proches substituants. L'ouverture des époxydes avec la diéthylamine forme un groupement hydroxyle extrêmement réactif par rapport aux autres ouvertures étudiées. Ce résultat est expliqué par la présence d'une amine tertiaire à proximité du groupement hydroxyle. Cette structure est fréquemment utilisée dans la catalyse des polyuréthanes. Tous les polyols modèles étudiés possèdent une réactivité adaptée pour la formulation de mousses polyuréthanes.

Ces travaux démontrent clairement le potentiel des ressources lipidiques pour la fabrication de mousses polyuréthanes. La formation de polyols et de catalyseur par réaction d'époxydation et ouverture de cycle a été validée.

Les différents protocoles développés dans ce chapitre sur une huile modèle, seront ensuite appliqués à des huiles polyfonctionnelles. L'huile de microalgues sera particulièrement étudiée. Les polyols produits seront testés en formulation de mousses polyuréthanes afin de valider les résultats obtenus sur le modèle développé dans ce chapitre. Le chapitre précédent a évalué la synthèse de polyol via l'époxydation et l'ouverture des cycles correspondants sur une huile modèle. Les protocoles d'ouverture des époxydes par différents nucléophiles ont été développés dans le but d'obtenir les groupements hydroxyles avec une grande sélectivité. L'étude a aussi permis de déterminer l'impact des différents nucléophiles sur la réactivité des groupements hydroxyles formés. Les résultats ont mis en avant le potentiel des produits obtenus par ouverture avec la diéthylamine à la fois comme polyol et comme catalyseur.

Les polyols issus de ressources lipidiques précédemment synthétisés dans la littérature sont principalement issus d'oléagineux. Ces polyols ont des propriétés adaptées pour les mousses polyuréthanes. Cependant, cette utilisation des huiles végétales engendre une concurrence avec l'alimentation humaine, au contraire de l'huile de microalgues utilisée dans cette étude. En outre, la culture de microalgues ne mobilise pas de terre arable et consomme du CO 2 . Cette biomasse a également la particularité d'être entièrement valorisée, ce qui en fait une ressource adaptée pour une chimie plus respectueuse de l'environnement et durable.

Outre les aspects environnementaux, le développement récent des biotechnologies pour la production des microalgues fourni l'accès à des nouveaux synthons biosourcés. Les triglycérides notamment, sont généralment plus longs (jusqu'à 22 carbones) et contiennent plus d'insaturations (jusqu'à 6) par rapport aux huiles végétales. La formation de polyols à partir d'huiles de microalgues a été précédemment étudiée par époxydation suivi par l'ouverture de cycle (Arbenz et al. 2017;Petrović et al. 2013) ou par hydroformylation (Pawar et al. 2016a). Ces études préliminaires ont démontré tout le potentiel de l'huile de microalgues pour constituer des polyols biosourcés performants pour l'élaboration de mousses polyuréthanes.

L'objectif de ce chapitre est d'étudier en profondeur l'impact des polyols biosourcés issus d'huile de microalgues sur les propriétés finales des mousses polyuréthanes. Les polyols sont synthétisés à partir de l'huile de microalgues par époxydation puis ouverture avec divers nucléophiles. Ces polyols sont entièrement caractérisés. Ils se substituent ensuite à un polyol fossile conventionnel jusqu'à 75%, dans une formulation de mousse polyuréthane. Après mise en oeuvre, la morphologie, les propriétés mécaniques et thermiques des nouvelles mousses sont mesurées, analysées, commentées et comparées à une mousse de référence composée uniquement de polyol conventionnel fossile. 

ABSTRACT

Environmental concerns continuously drive research to find alternatives to fossil-based constituents in a greener way. Industrial polyurethane foams are usually obtained from the polyaddition reaction between fossil-based polyols and polymeric 4,4'-methylene bis(phenyl isocyanate). The very recent development at the industrial scale of microalgae production provides accessibility to original building blocks and new macromolecular architectures. In this study, the green chemistry principles were highly prioritized to synthesize different polyols from microalgae oil. The resulting microalgae derived polyols were structurally, chemically and physically characterized, and then compared. Polyurethane foams were synthesized using a conventional fossil-based polyol substituted incrementally by microalgae derived polyols. The corresponding cellular materials were extensively characterized in terms of reactivity, morphology and performances, and then compared to conventional foams. A new biobased foam formulation containing 25 wt% biobased polyols matched the compliance levels of a fossil-based reference foam. For the first time, a catalyst-free foam with a similar density as the reference was achieved with a biobased triglyceride catalytic polyol.

INTRODUCTION

Nowadays, our society is facing severe and urgent challenges. Among them, there is climate change, the depletion of some fossil resources and environmental degradation. To address these challenges, industries and academics of the material science community focus their research on the use of renewable sources. This recent trend is also driven by the development of new molecular architectures that can be extracted from various types of biomass. Nevertheless, these developments must be done without competition with food resources. In this way, the growth of engineered microalgae technology seems to fulfill this requirement.

Microalgae are unicellular photosynthetic organisms cultivated without the mobilization of arable land. The cultivation can be conducted in fresh, sea and waste-water using CO 2 as raw materials (Fabris et al. 2020). Microalgae are a diverse family with an estimated 20-800 000 different species (Oncel 2013), which can be engineered to biosynthesize particular unsaturated lipids and fatty acids compared to the conventional ones obtained from plants (Zhu et al. 2016). Lipids are mainly composed of triglycerides with fatty acid chemical structures that vary in terms of length (number of carbons), number of double bonds and with or without the presence of reactive groups such as epoxides or hydroxyl groups. The tremendous potential of lipids accumulation (Syrpas and Venskutonis 2020) of this resource captivates the interest of the biodiesel industry (Becker 2008;Olivieri et al. 2014;Ugwu et al. 2008) to supplant the 2 nd generation biodiesel, based on residues and non-edible crops. The advantages of the microalgae are the low production cost, sustainability, (Gordon and Polle 2007;Rawat et al. 2013) no competition with food and high productivity (Brennan and Owende 2010). The microalgae market is not limited to the production of lipids for biodiesel production; all biomass components can be valorized (Wijffels et al. 2010). Lipids, carbohydrates, proteins and minerals are transformed into monomers (e.g. lactic acid, diols) (Roesle et al. 2014), basic chemicals (e.g. ethanol, butanol, acetic acid) (Abdel-Rahman et al. 2013), added-value products (e.g. iodine, omega fatty acid) (Chew et al. 2017) or pigments (e.g. beta-carotene) (Borowitzka 2013).

As is the case of conventional vegetable oils, the fatty acid composition of microalgae is species and growing conditions dependent (Banerjee et al. 2018(Banerjee et al. , 2016;;Negrell et al. 2017). In comparison to vegetable oils derived from agricultural resources, microalgae oil (MAO) fatty acids can contain longer unsaturated chains, up to 24 carbons long. The triglyceride structure offers high functionality, which is often required in thermoset polymer synthesis (Galià et al. 2010). Then, a large variety of macromolecular architectures can be obtained.

The Oleochemistry produces biobased polyols mainly from vegetable oil, e.g., for polyurethanes (PU). This production based on several steps is now worldwide developed (Maisonneuve et al. 2016;Petrovic 2008;Pfister et al. 2011). For such a synthesis, epoxidation of the double bond is efficient and industrially accessible. The epoxide group can undergo a ring-opening reaction by several nucleophiles, leading to a myriad of biobased polyols (Biswas et al. 2005;Guo et al. 2000;Palaskar et al. 2012). Different PU morphologies can be tailored according to the used polyols. For example, PU foams (PUF) are obtained from a blowing agent expansion during the polyaddition between a polyisocyanate and a polyol. The substitution of fossil-based polyols in PUF has received significant attention due to environmental and economic concerns (Furtwengler and Avérous 2018). The synthesis of polyols for PUF derived from MAO has been only scarcely explored via two main pathways: i) epoxidation and ring-opening by methanol (Arbenz et al. 2017;Petrović et al. 2013), ethylene glycol (Pawar et al. 2016a) and lactic acid (Pawar et al. 2016a), and ii) hydroformylation (Petrović et al. 2013). The high potential of this bioresource for PUF has mainly been demonstrated through these preliminary studies. Complete and transversal studies from the elaboration to the full evaluation of the morphology and behavior of PUF were marginal in the literature.

The objective of this work is to present a complete and transversal study from the synthesis to an extensive characterization of biobased PUF with closed-cells using MAO derivatives in connection with potential applications. MAO chemical transformations were realized following, to the best extent, the main principles of green chemistry. In this approach, the numerous carbon-carbon double bonds in this oil were converted into epoxides to yield epoxidized microalgae oil (EMAO). This step was followed by the ring-opening reaction by the respective use of acetic acid (AA), diethylamine (DEA), ethanol (EtOH) or hydrochloric acid (HCl) to yield the corresponding biobased polyols. The biobased polyols synthesized were extensively characterized, most notably in terms of viscosity, molar mass, functionality, hydroxyl, epoxide and acid content. The biobased polyols were used in combination with a fossil-based polyether polyol for the elaboration of PUF. In the first set of experiments, 25 wt% of the fossil-based polyol was replaced by the respective newly synthesized biobased polyols for foam elaboration. In a second set 25, 35, 50 and 75 wt% of fossil-based polyol were exclusively substituted by one biobased derived polyol. A catalyst-free foam was achieved by the replacement of the conventional catalyst by a catalytic polyol synthesized by the ring-opening reaction of epoxidized soybean oil (ESO) by diethylamine. The PUF results were compared to an industrial fossil-based PUF reference in terms of foaming reactivity, cell size and density. In order also to evaluate this global and transversal process based on several green principles, the best performing biobased foams from microalgae were also characterized mainly in terms of performance by mechanical, thermal conductivity and flammability tests and indicated several perspectives for several potential applications.

EXPERIMENTAL SECTION

Materials and chemicals

MAO was kindly supplied by Fermentalg (France) and was extracted from microalgae (Schizochytrium sp.). The microalgae were cultivated in a 180 m 3 reactor in the dark with an external carbon source for energy (heterotrophic system). After cultivation, the unicellular biomass was lysed to liberate the lipids, which were then isolated by centrifugation. The process was carried out under a nitrogen (N 2 ) atmosphere to prevent the oxidation of the oil. The double bond content of MAO was 336 g I 2 /100 g (13.2 mmol double bond/g). The fatty acid composition of the unsaturated MAO was presented in Table S3.6 in supporting information (SI). Glacial acetic acid, toluene (99%), ethyl acetate (99%), methyl ethyl ketone (MEK), diethyl ether, cyclohexane, sodium thiosulfate, potassium iodide and Wijs solution were obtained from Fisher Scientific (France). Amberlyst® 15H (strongly acidic cation exchanger dry), CDCl 3 , HCl (37% in water), diethylamine (99%) and 2-chloro-4,4,5,5tetramethyl-1,3,2-dioxaphospholane were provided by Sigma-Aldrich (France). Absolute ethanol was purchased from VWR (France). Commercially available ESO Weepox01 was provided by Brenntag (Germany).

The polyisocyanate used is the polymeric 4,4'-methylene bis(phenyl isocyanate) identified as pMDI (NCO index = 31%), Desmodur 44V70L from Covestro (Germany). N,Ndimethylcyclohexylamine (DMCHA) provided by Sigma-Aldrich (France) was used as a balanced catalyst between blowing and gelling reactions. Tegostab B84501 from Evonik (Germany), a polyether polysiloxane copolymer, was used as a surfactant. Tris(1-chloro-2propyl) phosphate (TCPP, Shekoy-China) was used as a flame retardant. Isopentane (boiling point 28 °C) (Inventec-Dehon-France) and demineralized water were used as a physical and chemical blowing agent, respectively. Daltolac R570 (Huntsman-Germany) was used as the reference fossil-based polyether polyol. It is mainly composed of alkoxylated glycerol.

All chemicals were used without any purification.

Triglyceride modifications to obtain polyols

The epoxidation of MAO (1 eq.) was performed by ITERG (France) via an in-situ peracid formation using formic acid (0.33 eq.), toluene (0.5 L/kg of MAO) and H 2 O 2 (2.5 eq.) according to a previously described protocol (Arbenz et al. 2017;Petrović et al. 2013). The resulting EMAO was obtained with a 74 wt% yield. Polyols were obtained by ring-opening of EMAO by AA, HCl, DEA or EtOH to yield the corresponding respective polyols: EMAO-AA, EMAO-HCl, EMAO-DEA or EMAO-EtOH. The detailed synthesis procedures of the polyols are given in SI.

Foam synthesis

The isocyanate/hydroxyl molar ratio (NCO/OH) was set at 1.15 in all formulations. Every reactive hydroxyl in the formulation was accounted for, i.e., water and polyols, to determine the isocyanate quantity. The isocyanate group is very reactive with water present in the air. The polyisocyanate was introduced in excess to counter the side reaction with air humidity and maximize the conversion of hydroxyl into urethane. The fossil-based polyol was progressively replaced in weight by biobased polyols. Foams were prepared via an A-B composition. In a plastic cup, the A-part consists of the polyol mixture, the catalyst (DMCHA), the surfactant (polyether polysiloxane copolymer), the flame retardant (TCPP), the physical (isopentane) and chemical (water) blowing agents. They were weighed and mixed using a mechanical stirrer. The water, TCPP and surfactant were kept constant at 1.6, 10 and 2.5 parts by weight (pbw), respectively. The isopentane content was determined to obtain foams with similar densities. The B-part containing the polyisocyanate is quickly added. The final mixture is vigorously stirred with a mechanical stirrer for 5 seconds, and the foam is let to rise freely in a plastic cup for the reactivity study or poured into a mold for other characterizations. The foams were kept for one week at room temperature and 50% Relative humidity (RH) to allow the system to cure before analysis and to be stabilized.

Characterizations

Polyol analysis

The 1 H NMR analyses were realized on a 400 MHz Bruker spectrometer. Deuterated chloroform (CDCl 3 ) was used as solvent to prepare the samples. The 1 H NMR number of scans was set to 32. Each spectrum was calibrated with the CDCl 3 signal, being set at δ=7.26 ppm. Iodine value (IV) is the measure of the double bond content expressed in grams of iodine (I 2 ) per hundred grams of sample. It was determined using the Wijs method. Approximately 200 mg of precisely weighed sample was diluted in 10 mL of cyclohexane:acetic acid (1:1) solution. Then, 20 mL of Wijs solution composed of 1.0 M of iodine chloride in acetic acid was added. The solution was left in a dark place for one hour. 20 mL of potassium iodide solution in water and 100 mL of water were added to quench the excess of potassium iodide. The solution was then rapidly titrated with a 0.1 mol/L solution of sodium thiosulfate (Na 2 S 2 O 3 ). Starch was used as an indicator. IV is determined according to Equation 3.1.

  100 * 9 . 126 * * S TS eq Bl W C V V IV   (3.1)
Where V Bl is the blank equivalence volume, V eq the equivalence volume, C TS the concentration of the thiosulfate solution, 126.9 half of the molar mass of iodine molecule and W s the sample weight.

Epoxide index (EI) is expressed in wt% of oxygen in the form of epoxides in the fatty compound. In an Erlenmeyer flask, between 150 and 200 mg of sample was precisely weighed and dissolved in 5 mL of MEK. Exactly 10 mL of 0.4 mol/L HCl solution in MEK was added. The flask was closed and left to react at ambient temperature under magnetic stirring for 30 min. Then 3 mL of water was added. The excess of HCl is titrated with 0.1 mol/L KOH solution. Phenolphthalein was used as the equivalence indicator. The epoxide index is determined according to Equation 3.2.

  16 * 10 * * S KOH Ac eq Bl W C V V V EI    (3.2)
Where V Bl is the blank equivalence volume, V eq the equivalence volume, V Ac the volume of acid titration (without adding HCl solution), C KOH the concentration of the KOH solution, 16 is the molar mass of oxygen and W s the sample weight.

Acidity index (I A ) is expressed in milligrams of KOH required to neutralize all acid moieties in one gram of oil. Between 1 and 3 grams of sample was weighed in a beaker and dissolved with a 1:1 solution of ethanol:diethyl ether. The solution is directly titrated with a 0.1 mol/L KOH solution. Phenolphthalein is used as the equivalence indicator. The I A is calculated according to Equation 3.3.

S KOH eq A W C V I 1 . 56 * *  (3.3)
Where V eq the equivalence volume, C KOH the concentration of the KOH solution, 56.1 the molar mass of KOH and W s the sample weight.

Hydroxyl index (I OH ) is a key parameter in polyol characterization. It is expressed in milligrams of KOH equivalent to OH content in one gram of polyol. I OH can be determined by 31 P NMR-assisted titration method (Argyropoulos et al. 1993). According to a previously described protocol (Korntner et al. 2015), approximately 20 mg of precisely weighed sample precisely weighted was diluted in 500 µl of 1:1.6 CDCl 3 /pyridine mixture, 100 µl of 0.01 mol/L cholesterol solution (internal standard) and 100 µl of chromium acetylacetonate [Cr(acac) 3 ; 5 mg/mL] (relaxation agent) was added. After thorough mixing, 100 μl of 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (phospholane reagent) was added to the solution. The sample was stirred at room temperature for one hour and then transferred into an NMR-tube. 31 P NMR analyses were performed with the use of a Bruker 400 MHz spectrophotometer, and the number of scans was set to 128 at 25 °C. Peak analysis and quantitative analysis were performed according to previous reports (Dais and Spyros 2007).

Rheological measurements were carried out on a TA instrument discovery HR-3 using parallel plate geometry. The viscosity was measured with a shear rate varying from 10 -5 to 100 s -1 in 5 min, and after 10 min of rest, the shear rate varied from 100 to 10 -5 s -1 in 5 min. The viscosity values were taken at the plateau region for different temperatures.

The polyols functionality was determined based on the Flory-Stockmayer (Flory 1941;Stockmayer 1944) equation applied to a reaction between a polyisocyanate and a polyol, described in Equation 3.4.

) 1 )( 1 ( 1 *    NCO OH NCO f f p r (3.4)
This equation mathematically explains the relation at the gel point between the molar ratio of OH over NCO (r), the isocyanate conversion at the gel point (p NCO ) and the average functionality of the monomers (f OH and f NCO ). The equation relies on three hypotheses (i) all functions are equally reactive, (ii) there is no intramolecular reaction and (iii) the network is only formed by the reaction between the polyol and the isocyanate. The hydroxyl is in excess so that the conversion of isocyanate is complete. Moreover, the use of a diisocyanate transformed Equation 3.4 to Equation 3.5.

) 1 ( 1   OH f r (3.5)
A series of materials with different r ratios were produced. The full conversion of isocyanate was controlled by FTIR and the disappearance of the band associate to isocyanate at ṽ=2260-2240 cm - 1 . The rheological behavior at the gel point was described by Winter & Chambon (Chambon and Winter 1987;Winter and Chambon 1986). The rheological experiments were performed on a TA Instrument Discovery HR-3 using parallel 20 mm geometry. The samples were analyzed in oscillatory conditions, applying a strain of 0.1% between 0.01 and 80 Hz. The linear viscoelastic domain conditions were determined before the functionality determination by applying a strain from 0.001% to 5% at a frequency of 80 Hz on a sample with equimolar component (r = 1). For r = 1, one should obtain the most cross-linked material, which translates into the most brittle sample.

The size exclusion chromatography (SEC) experiments were performed with an Acquity-APC (Waters) in tetrahydrofuran (THF) equipped with three columns (Acquity APC XT 450 Å 2.5µm 4.6 x 150 mm, 200 and 45) heated at 40 °C. Before the injection, samples were dissolved in THF and filtered with a 0.2 µm PTFE membrane. Polystyrene standard samples were used for the molar mass calibration.

Foam analysis

The main foam characteristic times are the cream time (the beginning of the foam rising initiated by the water-isocyanate reaction), the gel time (linked to the formation of the thermoset network) and the tack-free time (time to cure the surface), which were recorded for each foam. Core temperature, foam height and expansion rate were recorded using a Foamat FPM 150 (Messtechnik GmbH, Germany). The apparatus was equipped with a cylindrical container (180 mm in height and 75 mm in radius), an ultrasonic probe (recording with ultrasound waves the foam height), a Pt sensor (for the temperature). The data were recorded and analyzed using dedicated software.

Closed-cell content was determined using an Ultrapyc 1200e from Quantachrome instruments based on the technique of gas expansion (Boyle's law). Cubic foam samples (roughly 2.5 cm × 2.5 cm × 2.5 cm) were cut for the first measurement, then the sample was sectioned once more into eight pieces, and measurement was re-run to correct the closed-cell content based on closed cells which were cut open during slicing. Measurements were performed according to EN ISO4590 and ASTM 6226 techniques.

Parallepipedic foam samples were measured with a caliper and weighed to determine the apparent foam density. Attenuated total reflection (ATR) Fourier transform infrared spectroscopy (FTIR) spectra were recorded on Thermo Scientific Nicolet iS210 instrument using a Smart Orbit Diamond. An atmospheric background was collected before each sample analysis (32 scans, resolution 4 cm -1 ).

Foam cell morphology was observed with a Vega-3 (Tescan) emission scanning electron microscope. Cubic foam samples were cut with a microtome blade and were analyzed in two characteristic orientations: parallel and perpendicular to the foam rise direction denoted as longitudinal and transversal direction, respectively. Before the examination, samples were coated with a thin layer of gold using a sputter coater (Quorum Q 150 RS, Quo-rum Technologies). Using ImageJ software (Open source program), the cell average size was measured as well as the cell anisotropy coefficient defined by Equation 3.6 (Andersons et al. 2016).

   n i F i F i D D n R 1 min max 1 (3.6)
Where D F max and D F min are the maximum and minimum cell Feret diameters and n is the number of measured cells for a given sample. The number of measured cells is ranging from 200 to 1500 in both directions. Thermogravimetric analysis (TGA) was performed using a TA Instrument Hi-Res TGA Q5000 under N 2 (flow rate 25 mL/min). Samples of 1-3 mg were heated from room temperature to 700 °C at 10 °C/min. The main characteristic degradation temperatures were determined at the maximum of the derivative of thermogravemetric (DTG) curve.

Foam fire behavior was evaluated according to the EN ISO 11925-2 standard method. This flammability test consists of exposing a plane foam sample for 15 seconds to a small direct flame (20 mm high). This flammability test is evaluated by measuring the maximum flame propagation on the plane surface of the foam. The persistence of flame on samples after exposure to the direct flame was timed.

The quasi-static compression tests were carried out with an Instron 3367 compression testing machine, equipped with a 30 kN load sensor, at room temperature and constant strain rate of 6 mm/min. The sample size for the compression test was 100 mm x 100 mm x 60 mm. Samples were compressed in the longitudinal direction (corresponding to the foam rise) until 10% of deformation is reached. The test was realized according to the EN 826 standard method, and the data were recorded and analyzed using the Bluehill 3 software.

Thermal conductivity measurements were carried out with a Heat flowmeter HFM 436 from Netzsch. The measurements were performed according to the EN 12667 standard procedure. Typically, the setup consists of a hot and a cold plate equipped with two thermocouples to determine their temperatures. The device is also equipped with sensors dedicated to the measurement of the heating time and the cycle time. The heat and cycle times were used to correct the maximum conduction heat flux, which is necessary for the determination of the thermal conductivity coefficient, through the Fourier law, assuming steady-state thermal condition. Specimens of different foams, with dimensions of 175 mm × 175 mm × 60 mm, have been used for the determination of the thermal conductivity coefficient. The data were recorded and analyzed using QLab software.

RESULTS AND DISCUSSION

Polyol synthesis

The oil extract from microalgae is an orange liquid with a marine smell. The highly unsaturated triglycerides structure explains the color. The MAO fatty acid composition was determined by gas chromatography and presented in Table S3.6 in SI. The predominant fatty acids in MAO were docosahexaenoic (C22:6) (60%), palmitic (C16:0) (22%) and docosapentaenoic (C22:5) (10%) acids. The 1 H NMR of MAO is shown in Figure 3.1, with the corresponding peak assignments of an ideal structure composed of the three primary fatty acids. The triglyceride structure is identified by glyceryl protons (i) and (h) at δ=5.3 ppm and 4.1-4.4 ppm, respectively. The signal at δ=0.88 ppm (a) is characteristic of the terminal methyl groups of fatty acids. When a double bond is located at the third carbon from the terminal methyl group (omega-3 acid), this group signal appeared downfield at δ=0.97 ppm (a'). The methylene protons (b) were located between δ=1.2 and 1.4 ppm. Signals of protons in the vicinity of the carbonyl groups (c) and (e) were observed at δ=1.6 and 2.3 ppm, respectively. In the case of C22:6 or C22:5 the vicinity of the double bond shifts those signals downfield at δ= 2.4 ppm (f). Allyls protons positioned between two double bonds (g) were located at δ=2.8 ppm. The vinyl protons, (j) were located at δ=5.4 ppm. According to NMR calculation, the average double bond functionality of MAO is 12. FTIR spectrum of MAO presented in Figure S3.8 in SI shows C=O stretching characteristic band of the ester group at ṽ=1742 cm -1 . The C=C and C=C-H vibration bands were located at ṽ=3012 and 1652 cm -1 , respectively. At first, MAO obtained from microalgae was epoxidized via the in-situ formation of performic acid to obtain an odorless, yellowish waxy product (EMAO). The NMR analysis of the EMAO structure is detailed in Figure S3.9 in SI. The successful epoxidation of the double bonds is indicative of the substantial decrease of vinyl protons at δ=5.4 ppm and the appearance of the epoxide signal at δ=2.8-3.2 ppm. According to NMR calculations, 80% of double bonds were transformed into epoxide groups, 6% were epoxidized and underwent ring-opening by the water in the medium and 14% were unconverted (Table S3.7 in SI). The transformation of the double bonds into epoxides is performed at the oil-water interphase. The incomplete reaction can be explained by the difficulty for the performic acid to access all the double bonds linked to the polyunsaturated MAO structure. The reaction can be further hindered by the increasing viscosity of the oil phase during the reaction. The reaction temperature was set at 70 °C to favor the epoxide formation, all the while minimizing further ringopening with water (Arbenz et al. 2017).

EMAO was used as a starting material to build a chemical platform of several polyols via ringopening reactions using of different nucleophiles including: ethanol (EMAO-EtOH), acetic acid (EMAO-AA), hydrochloric acid (EMAO-HCl) or diethylamine (EMAO-DEA). The detailed synthesis procedures of the polyols are given in SI. The ring-opening reactions were carried out to adhere to the best possible extent to the principles of green chemistry. In addition to the MAO, several ring-opening reagents can be biobased (EtOH and AA). The principle of atom economy was applied in all syntheses to achieve polyols. Reactions were carried in reactive solvents, except for EMAO-HCl, where the minimum amount of acetone (1.2 mL/g) was used. For the synthesis of EMAO-EtOH and EMAO-DEA, heterogeneous catalysts were used and can be recovered and re-used. The resulting polyols were then used without further purification from any side-products in order to minimize the generation of additional waste, in agreement with some principles of green chemistry. Green chemistry is an essential tool for the design of sustainable molecular architectures (Anastas and Eghbali 2010). The application to the best possible extent of the green chemistry principles was achieved, most notably by atom economy, catalysis, use of renewable feedstock and minimized use of solvents.

The synthesized polyols were characterized by the following characterizations: I OH , EI and I A , functionality, viscosity, melting temperature and TGA, and these results are summarized in Table 3.1. The I OH was determined by 31 P NMR titration using 2-chloro-4,4,5,5-tetramethyl-1,3,2dioxaphospholane as phospholane reagent. Detailed 31 P NMR spectra of the polyols are available in Figure S3.10 in SI. The phospholane reagent is also reacting with epoxides, and the suggested mechanism is described in Scheme S3.2 in SI. The 31 P NMR titration quantifies the sum of the epoxide and hydroxyl groups. The EMAO has an EI of 10%. The polyol synthesis was monitored by epoxide titration. The reactions were stopped when more than 90% of epoxide groups were consumed. The nearly complete reaction of the epoxide groups was confirmed by the low final EI values depicted in Table 3.1. As previously discussed, the I OH determined by 31 P NMR does not differentiate between epoxide and hydroxyl groups. The epoxide contribution to the 31 P NMR determined I OH of polyols is then negligible. The 31 P NMR measured I OH is then predominantly accounting only for hydroxyl groups for the synthesized polyols. The disappearance of the epoxide stretching band located at ṽ= 826 cm -1 on the FTIR spectra of polyols, depicted in Figure S3.11, is indicative of the total epoxide consumption. Furthermore, the appearance of the OH stretching band at ṽ=3400 cm -1 is indicative of the formation of hydroxyl groups.

For all the polyols synthesized, the conversion of epoxide to hydroxyl groups should be expected to be higher. However, during ring-opening reactions, side reactions can occur, as presented in Scheme 3.1. First of all, under acidic conditions (Lligadas et al. 2006a) or with a coordination agent (Del Rio et al. 2010), hydroxyl groups already formed can protonate and attack an epoxide on another molecule, leading to homopolymerization (Scheme 3.1-A). Under milder acidic conditions, only oligomers were formed. Wang et al. demonstrated ether oligomers formation by ring-opening of a fatty epoxide by carboxylic acid (Miao et al. 2008). Furthermore, the proximity of the epoxide on the EMAO molecules could lead to an intramolecular attack (Scheme 3.1-B). Depending on the ringopening position and attack of the hydroxyl, 4, 5 or 6 membered cyclic ethers could be formed. The low-intensity peaks detected between δ=3.2 and 4.0 ppm in the 1 H NMR spectra, presented in Figure S3.12 and Figure S3.13 in SI, are in the typical range of ether signals. Theses NMR peaks could be indicatives of the epoxide polymerization side reactions and thus accounts as to why such low I OH were observed. Another side reaction that can occur under acidic conditions is linked to the epoxide ringopening by the remaining moisture in the medium (Scheme 3.1-C) (Sharma et al. 2006b). However, the hydrophobic character of triglycerides reduces this side reaction (Caillol et al. 2012). Moreover, such a side reaction would increase polyols I OH . On the contrary, the epoxide ring-opening using a secondary amine and catalyzed by ZnCl 2 can induce epoxide isomerization (Scheme 3.1-D). This side reaction was observed for temperatures superior to 100 °C and ZnCl 2 was used as a catalyst (Weissberger 1964). The presence of acid is promoting this side reaction. The side reactions on the epoxide group can explain the average conversion of epoxide to hydroxyl.

The occurrence of side reactions during polyol synthesis can be further observed by SEC characterization. The calibration method for the SEC is defined using the molar mass of a polystyrene standard. The interactions between the columns and the studied samples do not coincide with polystyrene, therefore the exact molar mass was not determined. However, the samples can be studied and compared in terms of retention time. As a reminder, the smaller the molecules are, the higher their retention time will be. As shown in Figure 3.2, MAO and EMAO present a narrow distribution, which corresponds to the unsaturated and epoxidized triglycerides, respectively. Polyols present a broader distribution in molar mass. During epoxide ring-opening, chains with lower molar mass were formed, and this can be due to the ester scission side reactions, as presented in Scheme 3.1. Transesterification (Scheme 3.1-E & F) (Caillol et al. 2012) and transamination (G) (Harry-O'kuru et al. 2015) divide the triglycerides into diglycerides and fatty acids. Only EMAO-EtOH presents a significant portion of high molar masses with retention time close to the one of the EMAO distribution. For a portion of the EMAO-EtOH polyol, the triglyceride structure is conserved. As depicted in Table 3.1, this is confirmed by the average functionality of EMAO-EtOH, which is the highest. Significant portions of low molar masses were formed for EMAO-HCl, EMAO-DEA and EMAO-AA. In the PU industry, polyols are notably characterized by their acidity index. The acids can slow the PU network formation by coordination and thus induce deactivation of catalysts. The the I A of crude polyols was between 60 and 100 mg KOH/g. Basic washings were performed on the crude polyols using sodium bicarbonate (NaHCO 3 ) and should have removed most of the residual acid reagents. EMAO-AA and EMAO-HCl acidity index were 21.8 and 9.4 mg KOH/g, respectively. One reason for this high acidity can be related to the presence of fatty acid formed and residual acid reagents used for the polyols syntheses. The fatty acid formation during polyol synthesis via side reactions was also identified by high retention times in SEC characterization. In the case of EMAO-DEA, the tertiary amine present on the polyol structure shielded the acidity. Thus the acidity index could not be performed.

For the PUF synthesis, the viscosity of the polyol plays a crucial role. The quantity of air bubbles trapped in the liquid foam mixture and the diffusion of isocyanate molecules toward polyol is controlled by the viscosity. In the PUF industry, the polyol used are required to have a viscosity preferentially under 50 Pa.s (Ionescu 2005). As stated in Table 3.1, the measured viscosity of the fossil-based polyol is 0.7 Pa.s, and the biobased polyols range from 10 2 to 10 6 Pa.s. The viscosity of all bio-based polyols is high compared to fossil-based polyol. One reason for this high viscosity can be related to the crystalline structure of oils. The crystallization of triglycerides is a complex phenomenon (Gunstone et al. 2007) depending on numerous factors such as the symmetry of the chain, the number of carbon atoms, the interactions between the chains (H-bonding) (Knothe and Steidley 2005) and the fatty acid/diglyceride content [START_REF] Jacobsberg | Studies in palm oil crystallization[END_REF]. Differential scanning calorimetry (DSC) experiments realized on MAO, EMAO and the polyols, presented in Table 3.1 and Figure S3.14-19 in SI, show the primary crystallization and melting temperature. Among the EMAO derived polyols, EMAO-AA has the lowest viscosity. According to DSC, it also has the lowest melting temperature, lower than 20 °C. This melting temperature can be explained by the low I OH content in the polyol. On the contrary, the EMAO-DEA has an extremely high viscosity, exhibiting an almost solid behavior at room temperature. This high melting point can be explained by the presence of H-bonding atom, such as nitrogen in the polyol enhancing the crystal stability. The DSC results show a high melting point, superior to 40 °C, which explains the soaring viscosity. The significant thinning effect with the temperature is presented in Figure S3.20 in SI.

The thermal stability of the polyols was evaluated with thermogravimetric analysis. The main degradation temperature, determined at the maximum of the DTG curve of MAO, EMAO and the polyols are presented in Table 3.1. The detailed TGA and DTG results are presented in Figure S3.21-S3.26 in SI. The epoxidation reaction shifted the main degradation from 412 °C for MAO to 298 °C for EMAO. The introduction of a three-membered ring with oxygen increased chain scission and thus induces degradation. EMAO-AA, EMAO-EtOH and EMAO-DEA exhibit similar main degradation temperatures around 320 °C. The main degradation in EMAO-HCl polyols is around 365 °C. This 45 °C difference can be explained by the chlorine introduced in the polyols structure, which could trap radicals in the gas phase, thus limiting initial thermal degradation (Wilkie and Morgan 2010).

Rate of foams synthesis

The foams were prepared via an A-B composition procedure. The detailed formulations of the studied PUF were presented in Table 3.2. The foams are denoted according to the ring-opening nucleophile used for the polyol synthesis and the weight percentage of fossil-based substituted by the biobased polyol. For example, the foam made with 25 wt% of the fossil-based polyol substituted by EMAO-AA is denoted AA25. The A-part was composed of polyols, a catalyst, a surfactant, a flame retardant and two blowing agents. The catalyst was miscible in the polyol phase, and the surfactant reduced the surface tension between the polyol and the blowing agent phase. The low viscosity of this complex blend was driven by the primary component: the polyol mixture. As previously discussed, the biobased polyols were more viscous than the fossil-based polyol. Furthermore, the biobased polyols were not miscible into the fossil-based polyols at room temperature. To address this issue, each biobased polyol was mixed with a fossil-based polyol in the proportion described in Table 3.2, at 60 °C. The polyol mixture was cooled down to room temperature and then introduced into the A-part as a sole polyol. The B-part composed of the polymeric 4,4'-methylene bis(phenyl isocyanate) (pMDI) was then added to the A-part under vigorous stirring for 5 seconds. The foams were let to rise freely in a plastic cup. 1 Catalyst was set at 1.5 wt% in all formulations 2 N,N-dimethylcyclohexylamine 3 Tris(1-chloro-

2propyl) phosphate

The expansion behavior of PUF was first evaluated by two methods. The first method is the determination of characteristic times during PUF formation such as the cream, gel and tack-free times. The second method is based on temperature and expansion rates recorded with a Foamat device. As a reminder, the results of PUF foams containing biobased polyols were compared to a reference containing solely a fossil-based polyol formulation, identified as Ref. Figure 3.3 and Table S3.8 in SI present the PUF formation characteristic times. Characteristic times of Ref were 12, 47 and 62 seconds for cream, gel and tack-free time, respectively. The cream, gel and tack-free times were higher with the biobased polyols except in the case of EMAO-DEA polyol. The slow reactivities of HCl25 and AA25 were further confirmed by the corresponding increased expansion rates (Figure 3.4 and Figure S3.27 in SI). The lower reactivity of the biobased polyols can be explained by the hydroxyl group position, which was in the middle of a hindered chain. Moreover, the hydroxyl groups of the biobased polyols are secondary hydroxyls, whereas the fossil-based polyol contains primary hydroxyls and have an increased reactivity to isocyanate groups. The gel time of EMAO-DEA was 12 seconds faster than the Ref. The epoxide ring-opening with secondary amine forms tertiary amine in beta position of the hydroxyl. This tertiary amine included on the polyol catalyzes the reaction between isocyanate and hydroxyl groups (Peyrton et al. 2019). The expansion rate of DEA25 detailed in Figure 3.4, confirms the acceleration of the blowing reaction. The substitution of 25 wt% of fossil-based polyol by EMAO-EtOH in a PUF formulation has little influence on the foam reactivity. The corresponding lower I OH value seems to be balanced out by the higher functionality of this biobased polyol. The transition between 25 to 75 wt% of EMAO-EtOH in PUF results in an increased gel time from 53 to 91 seconds. PUF made with increasing amounts of EMAO-EtOH were less reactive than the reference. This is confirmed by the expansion profiles of these PUF (Figure S3.27 in SI), where the peak of the expansion rate was delayed in time. Moreover, the maximum rate and acceleration were lower than the Ref PUF. With increase weight substitution of EMAO-EtOH, the lower I OH became critical for the reactivity of the PUF. 

Analysis of the foam cell morphology

The cell morphology of PUF foams impacts their mechanical and thermal properties directly. The anisotropic coefficient (R) presented in Figure 3.5 is a parameter of the cells shape of the foams observed by microscopy. The R coefficients range between 1 (spherical cell) and 2 (ellipsoidal cell) (Furtwengler et al. 2018b). The cells were elongated in the longitudinal (parallel to the foam rise direction, Figure 3.5A) direction, as shown by a higher anisotropy coefficient of 1.6. Cells stretched in the longitudinal direction were characteristic of a partially free foaming process performed in an open cylindrical mold (Hawkins et al. 2005). For the reference PUF, in the transverse direction (perpendicular to the foam rise direction, Figure 3.5B), R was between 1.2 and 1.3, relatively close to a spherical cell. The emission scanning electron microscope (SEM) images of Figure 3.6 and Figure S3.28 in SI exemplify the spherical and ellipsoidal cell shapes in the transverse and longitudinal direction, respectively. The substitution of the fossil-based polyol by synthesized polyols in the formulation did not influence R in the transverse direction. However, in the longitudinal direction, the introduction of 25 wt% of EMAO-HCl, EMAO-DEA and EMAO-EtOH decreases significantly R. The polyols structure was composed of long non-polar carbon chains and chains with polar groups such as hydroxyls and esters. This combination of polar and non-polar groups is generally specific to surfactants (Beneventi et al. 2001). The lower R coefficient could be explained by reduced surface tension between the polymers mixture and the blowing agent. Furthermore, the substitution of the fossil-based polyol by biobased polyols increased the viscosity of the premix. In the case of AA25 and EtOH35, the anisotropy coefficient was 1.8 and 1.9, respectively. Higher R compared to Ref can be an indication of low compatibility between these polyols and the reference polyols. The introduction of 35 wt% of EMAO-EtOH could be a critical value for the polyols' compatibility. The decrease of R with the increasing portion of EMAO-EtOH after 35 wt% of substitution supports this theory. The cell sizes of PUF foams were measured on SEM images in the transverse and longitudinal direction, represented in Figure 3.6 and Figure S3.28 in SI, respectively. The wide distribution of cell sizes observed on SEM photos results in a high standard deviation for the cell size measurement. A portion of DEA25 cells in the transverse direction seem damaged (Figure 3.6). This unusual cell morphology was due to the fast expansion of the DEA 25 foam (Figure 3.4). In this case, the cream and gel times were 25% shorter than the Ref, which generates a more sudden foaming behavior of the reaction mixture. This faster reactivity allows less time for the organization of the cells in the medium before gelation. The corresponding distribution, modeled by a central binomial distribution, was represented in Figure S3.29 in SI. The EtOH75 cell sizes were larger than the reference ones. The EtOH75 formulation was the slowest to cross-link, with a gel time two-fold longer than the reference. The cell size was controlled by the polymerization of the solid PU struts and walls around air bubbles. The classical theory of nucleation is based on the generation of cells from the isopentane droplet (Pardo-Alonso et al. 2012). This theory is partially discussed and contested for the benefit of the pockets of air entrapped during the mixing stage (Reignier et al. 2019). The blowing agent droplets migrate into the air bubbles. In the case of a slow network formation, air bubbles and thus cells grow bigger through a coalescence phenomenon combined with Ostwald ripening (Voorhees 1985). Furthermore, the EtOH75 formulation has the lowest temperature throughout the foaming process, as depicted in Figure S3.30 and Figure S3.31 in SI. Thus, a long gel time combined with low exothermic behavior results in coarser cell morphology. Despite the various reaction times, expansion rates and cell sizes, the final synthesized PUF densities ranged between 28 and 32 kg/m 3 , and are detailed in Table S3.9 in SI. The foams were produced at 20 °C, and isopentane has a boiling point of 28 °C. Thus, a small increase in the core temperature of the material is sufficient enough to vaporize the physical blowing agent. The volume change from liquid to gas (expansion ratio) is around five times for the isopentane (Garg et al. 2013). According to the perfect gas law, in order for its volume to double, a mole of gas needs to increase its temperature of 300 °C. The principal volume change is done by the state change between liquid and gas. The reaction between isocyanate and water occurs first and liberates enough energy to vaporize the isopentane. Moreover, the reaction generates gaseous CO 2, accounting for a third of the total gas amount in the foam, thus contributing to the expansion.

Biobased catalyst

As previously described, the substitution of 25 wt% of fossil-based polyol by EMAO-DEA in a PUF increases the reactivity of the foam. The EMAO-DEA was described as a catalytic polyol because the structure contained tertiary amines that increased the isocyanate and hydroxyl groups reactivity. As previously discussed, EMAO-DEA exhibits an almost solid behavior at room temperature. This high viscosity caused mixing issues that made it difficult to be used solely as a catalyst. Thus, to achieve a biobased PUF catalytic polyol with lower viscosity, epoxidized soybean oil (ESO) underwent a ring-opening reaction by DEA to yield ESO-DEA. The detailed synthesis procedure of ESO-DEA is detailed in SI. The viscosity of ESO-DEA was 33 Pa.s at ambient temperature and six orders of magnitude lower than EMAO-DEA (Figure S3.20 in SI). The epoxide signal located at δ=2.8-3.2 ppm in 1 H NMR of ESO-DEA presented in Figure S3.32 in SI demonstrated an incomplete epoxide conversion. As previously discussed, the 31 P NMR I OH measurement is not selective toward hydroxyl groups. The detailed estimation of the epoxide and hydroxyl groups content in ESO-DEA is depicted in Equations S3.1 to S3.4 in SI. The epoxide conversion was estimated at 59% by 1 H NMR analysis, 66% by OH titration and 68% by epoxide titration (Table S3.10 in SI). ESO-DEA was a polyol with two different catalytic sites: tertiary amine for the urethane, urea and isocyanurate formation and epoxide for the isocyanurate formation (Williams et al. 1992). The retention time of ESO and ESO-DEA, determined by SEC analysis (Figure S3.33 in SI), were similar. In contrast to EMAO-DEA, the structure of the triglycerides of ESO-DEA is mainly conserved after the ring-opening reaction. A trial foam was carried out by a complete substitution of the fossil-based catalyst, as depicted in formulation ESO-DEAcat in Table 3.3. The other parameters were kept constant with respect to Ref formulation. The hydroxyl content of the ESO-DEA was taken into account to calculate the index and the isocyanate quantity. The ESO-DEAcat PUF rise time was 15 times longer than the Ref with fossilbased catalyst. The reactivity was sluggish (Figure S3.27 in SI), and the core temperature was close to room temperature (Figure S3.30 in SI). The slow reactivity can be possibly explained by the presence of hydroxyl groups near the tertiary amine. The electron-withdrawing effect of the hydroxyl groups decreased the catalytic activity of the tertiary amine (Van Maris et al. 2005). The slow rise of the foam led to cells almost twice as large as Ref cells (Figure 3.6 and Figure S3.28 in SI). ESO-DEAcat has a density of 36 kg/m 3 . The density is almost not impacted by the slow reactivity of the foam. As previously explained, the main volume change was due to the transition between liquid to gas state (Garg et al. 2013). The physical blowing agent, isopentane, vaporizes at 28 °C to form the foam. The foam produced with a biobased catalyst has an acceptable density but rather low reactivity and large cells.

Fire behavior, mechanical and thermal analysis of foams

The characteristic times and cell size investigation empowers the selection of foams with comparable reactivity and cell morphology compared to Ref for further characterization. EMAO-EtOH was the most suitable polyol and EtOH25 formulation was the closest to Ref in terms of reactivity. PUF EtOH25, EtOH50, AA25 and HCl25 were further thoroughly investigated by compression tests, flammability tests and thermal conductivity measurements. These properties are specifically linked to requirements for applications, such as, thermal insulations (foams for buildings, transportation and housing).

In order to reduce the flammability of the PUF (Duquesne et al. 2001), flame retardants Tris(1chloro-2propyl) phosphate (TCPP) was used in the formulations (Table 3.2). TCPP is a phosphorousbased compound used in the PU formulation and, in the presence of fire, creates a carbonaceous (char) barrier. The system is denoted as intumescent if the char layer is foamed by the gas released by the thermal degradation of the material (Duquesne et al. 2000). This barrier protects the material from flame exposition and limits the transfer of oxygen toward the flame (Duquesne et al. 2000). The intumescent behavior is heightened by the aromatic structure of the isocyanate (Duquesne et al. 2001). It acts as a radical scavenger, limiting the oxidation propagation and then forms a char layer by condensation of partially oxidized aromatic species (Duquesne et al. 2001). Figure 3.7 displays 18 cm long cross-section of the previously mentioned foams once exposed to a 2 cm long flame at the bottom of the foam. Two reference samples were performed for this test to determine the consistency of the flame persistence time. Prior to the test, the HCl25 was brown due to the dark color of the biobased polyol. Once the test performed, all samples present a carbonaceous black layer (Figure 3.7). The flame height and the carbon layer on the samples indicated flame propagation throughout the entire surface of the sample. All samples burned so fast that the flame retardant only limits the flame propagation. The char layer formed did not stop the propagation of the fire and it spread along the foam. The persistence of the flame was more significant in EtOH50. Furthermore, the foam had a cracked surface after the test. The substitution of 50% of fossil-based polyol by a biobased one decreases the intumescent character. The polyols synthesized at the lab scale could contain residual solvent, favoring fire propagation. As displayed in TGA thermogram of EMAO-EtOH Figure S3.24 in SI, some weight loss occurs at temperatures below 100 °C. This could correspond to some traces of ethanol or ethyl acetate. Moreover, MAO contains C16:0 fatty acids, long alkane carbonated chains that can quickly burn. As previously discussed, EMAO-HCl had higher thermal stability due to the presence of chlorine, so improved fire behavior of HCl25 was expected (Weil and Levchik 2004;Wilkie and Morgan 2010). Nevertheless, HCl25 has the same flammability results as reference materials. The result of this flammability test for HCl25 was insufficient to assess further the flame retardant activity of EMAO-HCl25.

The TGA results depicted in Figure S3.34 and Table S3.11 in SI showed a similar weight loss profile for all foams. The temperature at 5% (T 5% ) and 50% (T 50% ) weight loss were around 220 °C and 360 °C, respectively. The PU polymer matrix was characterized by three significant steps of degradation. The first degradation was characteristic of the hard segments, the second degradation stage was related to the rigid part of the PU network, and the last step was the degradation of the more thermally stable isocyanurate formed partially as a secondary product (Williams et al. 1992) ). The foam system is complex and composed of several different chemical groups (urethane, urea, ester, etc.) whose degradation can coincide.

The thermal conductivity (λ) of the foams is related to the total heat transfer (q t ) passing through the foam, as described by Equation 3.7.

T L q t   *  (3.7)
Where q t has three components described in Equation 3.8: the conduction through the polymer matrix (q PUR ), through the gas phase (q gas ) and the radiation (q rad ). The convection transfer is negligible for closed-cell porous materials with a cell size inferior to 3 mm (Kuhn et al. 1992).

conv rad gas PUR t q q q q q     (8)
The EN 12667 standard procedure requires the measurement to be performed at an average temperature of 10 °C. Nevertheless, at this temperature, water condensation could happen at the surface of the sample and thus distort the results. Thus, PUF were also measured at an average temperature of 20 °C to confirm the observed trend. As depicted in Table 3.4, the thermal conductivity of the reference foam was 23.9 mW/(K.m). The foams with biobased polyols have a similar thermal conductivity. The q gas represents 65% of q t (Jarfelt and Ramnäs 2006). Isopentane was used as a physical blowing agent for all foams; thus, the thermal conductivity was similar. The variation of thermal conductivity can be explained by the conduction through the matrix and the radiation. It was demonstrated that smaller cell size decreases lambda values via the expression of q rad by the Rossland equation (Furtwengler et al. 2018b;Hilyard and Cunningham 1994) The larger cells of EtOH50 and AA25 and the smaller closed-cell content could explain the higher thermal conductivity. The substitution of 25 wt% of the fossil-based polyol by EMAO-HCl or EMAO-EtOH did not influence λ. The foam mechanical properties depend on numerous factors such as the macromolecular architecture of polyol and polyisocyanate, density, cell sizes and morphology. As previously discussed, the foam densities were comparable. As depicted by the values in Table 3.4, compression strength measured in the longitudinal direction ranges from 261 to 334 kPa. The identification of the primary moieties present in the foams was performed by FTIR, presented in Figure S3.35 in SI. All foams present similar FTIR spectra and characteristic PUF peaks (de Haseth et al. 1993), such as the N-H stretching band between ṽ=3400-3200 cm -1 for the urethane group. The signal at ṽ=1715 cm -1 was due to the different C=O stretching of ester and urethane groups. The Ph-H stretching in the phenyl group from the polymeric isocyanate was located at ṽ=1595 cm -1 . Surprisingly, band at ṽ=1410 cm -1 attributed to the isocyanurate ring appears. Isocyanurates were isocyanate trimers formed by the isocyanate excess in the presence of an amine catalyst at high temperature during the foaming process (Al Nabulsi et al. 2018;Williams et al. 1992). The I OH value is a representation of the density of hydroxyl groups in the polyol. The microalgae derived polyols present a lower I OH than the fossilbased polyol. As the ratio NCO/OH was kept constant, a slightly higher cross-linking density was obtained with the reference foam. The mechanical properties of HCl25 and EtOH25 were similar to the reference. Compared to EMAO-AA, the value of I OH of EMAO-EtOH and EMAO-HCl is higher. The lower cross-link density could explain the lower mechanical properties of AA25.

The dimensional stability was performed by dimension measurement of foam specimen before and after being placed for 48 hours in a cold (-20 °C) or warm and humid (70 °C and 90% RH) environment. The dimensional stability at 70 °C under 90% RH demonstrates the soaking properties of the foam. As presented in Table 3.5, the dimension of all foams increased by a maximum of 1.4% in the warm environment. The humidity present in the chamber soaks the foam. Foams obtained with MAO derived polyols tend to absorb less water. The hydrophobic character of the polyol must be reducing the water absorption. This point was confirmed by the EtOH50 dimension evolutions, which were the lowest.

The cold environment reduces the pressure applied by the gaseous blowing agents on the closed-cell walls. The glass transition temperature of the PUF system is around -50 °C, so the decrease in temperature decreases the chain mobility. The shrinkage of the foam in a cold environment was minimal (inferior to 0.5%). Nevertheless, EtOH50 and AA25 have a slight tendency to contract more than the reference foam. The cells sizes impact the dimensional variation. A higher gas volume causes a more significant pressure drop. As a confirmation, AA25 and EtOH50 both have coarser cells and higher shrinkage than the reference. 

Ref

AA25 HCl25

EtOH25 EtOH50

48h at 70 °C, 90% RH

Length % 1.4 1.3 1.2 1.3 0.9 Width % 1.4 1.3 1.2 1.2 0.9 Thickness % 0.2 0.1 0.3 0.1 0.1 48h at -20 °C Length % -0.2 -0.3 -0.2 -0.2 -0.3 Width % -0.1 -0.3 -0.2 -0.2 -0.3 Thickness % 0.1 0.1 0.1 0.1 0.1
The substitution of a fossil-based by biobased polyols was performed, and the impact on the main foam properties was minimal. The introduction of MAO derived polyols slightly improves the dimensional foam stability in a warm and moist environment.

CONCLUSION

This study shows the great interest in developing closed-cell PUF from microalgae resources, more particularly polyunsaturated triglycerides from extracted oil, without competition with food applications. Several biobased PUF systems have been successfully elaborated using different green chemistry approaches. Compared to fossil-based systems, they present high performances in connection with, e.g., insulation applications.

The modification of unsaturated MAO into efficient polyols through epoxidation and ringopening was successfully accomplished. The biobased polyols reported lower overall hydroxyl functionality than expected due to the inherent side reactions of the ring-opening of epoxides via ethanol, diethylamine, acetic acid and hydrochloric acid. Nevertheless, the I OH of the newly synthesized biobased polyols were controlled and suitable for PUF synthesis. The substitution of a conventional fossil-based polyol by microalgae derived polyol was examined up to 75 wt% and wellperforming rigid PUF were obtained. The substitution of 25 wt% of the fossil-based polyol by EMAO-EtOH produces foams with low thermal conductivity of 24.0 mW/(K.m), which is comparable to commercial systems. The cells are slightly smaller than the fully fossil-based foam and the corresponding compression strength is 290 kPa. The other properties were similar in every aspect to the reference. In this study, for the first time, a catalyst-free rigid PUF was synthesized with a triglyceride-based catalytic polyol. Despite a slow expansion rate, ESO-DEAcat PUF has a density of 36 kg/m 3 . The regulation on volatile compounds in the building industry makes the catalytic polyol a viable solution. Nevertheless, the actual slow reactivity is a problem for the adaptation to an industrial process.

The perspectives of this work are vast. The optimization of the ring-opening reaction of epoxidized microalgae oil with ethanol could lead to biobased polyols which present high performance in connection with the targeted materials. The reduction of side reactions could be achieved by decreasing the temperature or the use of a solvent. This optimization should increase the I OH and functionality of the polyol and lead to higher reactivity, cross-link density and, thus, mechanical properties of the foam. The ring-opening of biobased oils with secondary amine paves the way to a new generation of biobased catalytic polyol. Future works should focus on the development of more efficient catalysts by the introduction of more sterically hindered secondary amine on oils. To further assess the intumescent properties of chlorine-containing polyols such as EMAO-HCl, limiting oxygen index or calorimetric cone experiments could be further investigated.

The ring-opening reaction on MAO could be used to produce surfactants by the introduction of a long alkyl chain or, similarly, a flame retardant component by the introduction of phosphorous moieties. With some additional studies, polyols, catalysts, surfactants and fire retardants could be synthesized by ring-opening of the platform molecule MAO. And finally, the utilization of biobased dimeryl diisocyanate could lead to a fully biobased PUF. IR: ṽ = 3012 (C=C vibration), 1743 (ester,C=O stretching), 1652 cm -1 (C=C-H vibration)

SUPPORTING INFORMATION

Characterization of MAO

EMAO synthesis

According to a previously described protocol (Arbenz et al. 2017), 11,1 kg of MAO (145 mol, 1eq), 6 L toluene and 2.2 kg of formic acid (48 mol, 0.33 eq.) were introduced in a 100 L reactor equipped with a reflux condenser, a mechanical stirrer and a dropping funnel. The mixture was heated at 40 °C under an inert atmosphere with a 250 rpm agitation for one hour. Then, 31.2 kg of H 2 O 2 (35%) (360 mol, 2.45 eq.) was added slowly over 5h not to raise the temperature above 75 °C under the agitation of 500 rpm. The mixture turned white and thickened along with the reaction. Once the addition finished, the temperature is stabilized between 70 °C and 75 °C and the mixture is stirred for 3 hours. The viscosity of the mixture was decreased by 5 L of toluene. The organic phase was washed with 20 L of water at 65 °C until neutral pH. The solvent was evaporated under reduced pressure. 9.89 kg of epoxidized MAO (EMAO) was obtained with 74 wt% and 80 mol% yield. 1 H NMR (400 MHz, CDCl 3 ): δ =5.63-5.45 (m, 1H; C=C)), 5.25 (tt, 1H; CH-Glycerine), 4.30 (d, 2H; CH 2 -Glycerine), 4. 15 (d, 2H; CH 2 -Glycerine), 3.2-2.8 (m, 2H; epoxide), 1.35-1.13 (m, 30H; aliphatic CH 2 ), 1.03 (t,3H; CH 3 -CH 2 -Epoxide), 0.88 ppm (t, 3H; CH 3 ). IR: ṽ = 3500 (OH vibration), 1738 (Ester, C=O Stretching), 826 cm -1 (epoxide vibration) The protocol was adapted from a previously published work (Peyrton et al. 2019). The reaction was carried out in a round bottom flask equipped with a reflux condenser and a mechanical stirrer. The flask was filled with 500 g of MAO 11 mmol epoxide/g (5.5 mol, 1 eq.) and 1.6 L of acetic acid (28 mol, 5 eq). The mixture was stirred at 90 °C for 24 hours. 500 mL of ethyl acetate were added to decrease the viscosity of the mixture. The organic phase was washed with saturated NaHCO 3 solution until neutral pH. Then it was washed with brine solution, dried with anhydrous sodium sulfate and then filtered. The solvent was evaporated under reduced pressure. The ring-opened EMAO with acetic acid (EMAO-AA) was dried overnight in a vacuum oven at 40 °C. The yield was 73 wt%. 1 H NMR (400 MHz, CDCl 3 ): δ=5.63-5.45 (m, 1H; C=C)), 5.25 (tt, 1H; CH-Glycerine), 1.35-1.13 (m, 30H; aliphatic CH 2 ), 0.88 ppm (t, 3H; CH 3 ). FTIR: ṽ = 3500 (OH vibration), 1734 cm -1 (Ester, C=O Stretching)

Ring-opening of EMAO with Ethanol (EMAO-EtOH)

The protocol was adapted from a previously published work (Palaskar et al. 2012;Peyrton et al. 2019). The reaction was carried out in a round bottom flask equipped with a reflux condenser and a mechanical stirrer. The flask was filled with 500 g of MAO 11 mmol epoxide/g, (5.5 mol, 1 eq.), 50 g of Amberlyst® 15H and 1.5 L of ethanol (25.7 mol, 4.7 eq.). The mixture was stirred at 90 °C for 24 hours. The catalyst was removed by filtration. 500 mL of ethyl acetate were added to decrease the viscosity of the mixture. Then the organic phase was treated with NaHCO 3 and water until the pH was neutral. Then it was washed with brine solution, dried with anhydrous sodium sulfate and then filtered. The solvent was evaporated under reduced pressure. The ring-opened EMAO with ethanol (EMAO-EtOH) was dried overnight in a vacuum oven at 40 °C. The yield was 76 wt%. 1 H NMR (400 MHz, CDCl 3 ): δ=5.63-5.45 (m, 1H; C=C)), 5.25 (tt, 1H; CH-Glycerine ), 1.35-1.13 (m, 30H; aliphatic CH 2 ), 0.88 ppm (t, 3H; CH 3 ). FTIR: ṽ = 3500 (OH vibration), 1733 cm -1 (Ester, C=O Stretching)

Ring-opening of EMAO with diethylamine (EMAO-DEA)

The protocol was adapted from a previously published work (Harry-O'kuru et al. 2015;Peyrton et al. 2019). The reaction was carried out in a round bottom flask equipped with a reflux condenser and a mechanical stirrer. The flask was filled with 500 g of MAO 11 mmol epoxide/g (5.5 mol, 1 eq.), 180 g of ZnCl2 (1.3 mol, 0.24 eq.) and 0.9 L of diethylamine (8.7 mol, 1.6 eq.). The mixture was stirred at 110 °C for 24 hours. The catalyst was removed by filtration. 500 mL of ethyl acetate were added to decrease the viscosity of the mixture. Then the organic phase was treated with NaHCO3 and water until the pH was neutral. Then it was washed with brine solution, dried with anhydrous sodium sulfate and then filtered. The solvent was evaporated under reduced pressure. The ring-opened EMAO with diethylamine (EMAO-DEA) was dried overnight in a vacuum oven at 40 °C. The yield was 78 wt%.

30H; aliphatic CH 2 ), 0.88 ppm (t, 3H; CH 3 ). FTIR: ṽ = 3500 (OH vibration), 1732 cm -1 (Ester, C=O Stretching) 7.3.4. Ring-opening of EMAO with hydrochloric acid (EMAO-HCl)

The protocol was adapted from a previously published work (Guo et al. 2000;Peyrton et al. 2019). The reaction was carried out in a round bottom flask equipped with a reflux condenser and a mechanical stirrer. The flask was filled with 500 g of MAO 11 mmol epoxide/g (5.5 mol, 1 eq.), 500 mL of HCl (6 mol, 1.1 eq.) and 0.6 L of acetone. To avoid overheating, the hydrochloric acid (1.5 eq.) was added dropwise in a water-ice bath. The mixture was stirred at room temperature for 2 hours. At the end, the mixture was recovered in 300 mL of ethyl acetate and deionized water. The organic phase was treated with NaHCO 3 until neutral pH. Then it was washed with brine solution, dried over anhydrous sodium sulfate and then filtered. The solvent was evaporated under reduced pressure. The ring-opened EMAO with hydrochloric acid (EMAO-HCl) was dried overnight in a vacuum oven at 40 °C. The yield was 86 wt%. 

Foams characteristic times and reactivity determined by Foamat measurements

Table S3.8 -Cream, gel and tack-free times and final height for the different foams. 

Ref

The density of the foams

Table S3.9 -Density of the different foams. 31 ± 2 29 ± 1 30 ± 1 31 ±1 28 ± 1 28 ± 1 30 ± 1 32 ± 1 36 ± 1 7.12. Synthesis and characterization of a catalytic polyol with ESO 7.12.1. Ring-opening of ESO with diethylamine

Ref

The protocol was adapted from a previously published work (Harry-O'kuru et al. 2015;Peyrton et al. 2019). The reaction was carried out in a round bottom flask equipped with a reflux condenser and a mechanical stirrer. The flask was filled with 100 g of ESO 4.1 mmol epoxide/g, (0.41 mol, 1 eq.), 10 g of ZnCl 2 (0.07 mol, 0.18 eq.) and 50 mL of diethylamine (0.48 mol, 1.2 eq.). The mixture was stirred at 90 °C for 24 hours. The catalyst was removed by filtration. 100 mL of ethyl acetate were added to decrease the viscosity of the mixture. Then the organic phase was treated with NaHCO 3 and water until the pH was neutral. Then it was washed with brine solution, dried with anhydrous sodium sulfate and then filtered. The solvent was evaporated under reduced pressure. The ring-opened ESO with diethylamine (ESO-DEA) was dried overnight in a vacuum oven at 40 °C. The yield determined by NMR was 59 mol%. 

Calculation of the real I OH from 31 P I OH and epoxide index

The epoxide index unit is changed from the percentage of oxygen to mol epoxide/g by Equation S3.1:

    1600 % / _ O EO g epoxide mol EO  (S3.1)
Assuming full conversion of epoxide in hydroxyl without side-reactions, the quantity in moles of epoxide is the same as the quantity of hydroxyl, but the molar mass is changing with the addition of the ring-opening reagent. In this case, the diethylamine (73.14 g/mol) was taken as the ring-opening reagent. From the EO (mol_epoxide/g), the theoretical I OH in mol OH/g can be calculated by Equation S3.2. Calculations were done on the partially ring-opened ESO by diethylamine and synthesized in Table S3.10. Real IOH (mg KOH/g) 120 ± 10 mmol OH/g 2.1 ± 0.1

The NMR conversion based on Figure S3.32 is 59%. 

Conclusion chapitre 3

Le but de ce chapitre était d'étudier l'impact des polyols dérivés d'huile de microalgues sur les mousses polyuréthanes. Cet objectif a été atteint avec une caractérisation complète des monomères, de la mise en oeuvre des mousses et des propriétés finales des matériaux.

Les protocoles développés dans le chapitre précédent ont été appliqués à l'huile de microalgues pour synthétiser des polyols. Après caractérisation en terme de viscosité, fonctionnalité, masse molaire, stabilité thermique, teneur en hydroxyle, époxyde et acide, le polyol obtenu par ouverture avec l'éthanol présente des caractéristiques très proches de polyols conventionnels classiquement utilisés pour les mousses polyuréthanes. La stabilité thermique légèrement supérieure du polyol obtenu par ouverture de cycle avec l'acide chlorhydrique, est attribuée à la présence d'atomes de chlore.

Les nouveaux polyols biosourcés synthétisés ont tout d'abord été introduits dans les formulation des mousses à hauteur de 25% en masse par remplacement du polyol conventionnel. Leur impact sur la formation de la mousse est mesuré en suivant la vitesse d'expansion, la température au coeur de la mousse et les différents temps caractéristiques. La mousse produite avec le polyol obtenu par ouverture de cycle avec l'éthanol présente des propriétés de mise en oeuvre très proches de la mousse de référence. Afin d'étudier en profondeur l'impact de ce polyol, trois mousses supplémentaires avec des taux de substitution plus élevés ont ensuite été réalisées. Les propriétés de mise en oeuvre de ces mousses se sont éloignées de la mousse de référence. Ces caractérisations mettent aussi en avant la réactivité élevée du polyol obtenu par ouverture de cycle avec la diéthylamine. La réactivité élevée des polyols obtenus par ouverture d'huile epoxydée avec la diéthylamine a été mise à profit pour former une mousse sans catalyseur. Dans ce cas, l'huile de soja a été utilisé du fait de sa plus faible viscosité par rapport à l'huile de microalgues. La vitesse d'expansion de cette mousse est très lente comparée à la référence. La densité de la mousse réalisée avec le catalyseur biosourcé est cependant similaire aux autres mousses réalisées dans cette étude. Ce résultat est une avancée significative pour le domaine des catalyseurs biosourcés pour les mousses polyuréthanes.

Les mousses proches de la référence en termes de paramètres de mise en oeuvre ont été plus amplement analysées. Leur morphologie, résistance à la compression et tenue au feu ont été mesurées et comparées à la mousse de référence fossile. La conductivité thermique a également été mesurée en pour évaluer un paramètre majeur pour des mousses rigides à cellules fermées : l'isolation thermique. Toutes ces caractérisations démontrent que le polyol d'origine fossile peut être partiellement remplacé par un polyol obtenu à partir d'huile de microalgues sans perte de propriétés.

Introduction Chapitre 4

Ce chapitre se présente sous la forme d'un article intitulée « Oxazolidone formation: myth or fact? The case of biobased polyurethane foams from different epoxidized triglycerides » soumis dans Polymer Chemistry.

Le chapitre précédent a mis en avant la possibilité de former des polyols adéquats par époxydation et ouverture de cycle pour la formulation de mousses polyuréthanes. Elles ont été obtenues par polyaddition entre un polyol et un polyisocyanate. En théorie, les époxydes régissent aussi avec les fonctions isocyanates pour former des hétérocycles à 5 membres : les oxazolidones. Ces groupements ont une stabilité thermique plus élevée que les groupements uréthanes. La formation d'oxazolidones par réaction directe entre les huiles époxydées et les isocyanates dans les mousses polyuréthanes pourrait permettre de renforcer leur résistance à la dégradation thermique et de s'affranchir d'une étape de synthèse.

La formation d'oxazolidone par réaction avec des isocyanates a été étudiée avec des époxydes terminaux, peu encombrés et réactifs. Parmi eux, le diglycidyl éther de bisphénol A (DGEBA) et ses dérivés ont été très explorés. Les époxydes provenant de triglycérides sont disubstitués et sont donc moins réactifs. Néanmoins, l'introduction d'huile époxydée en remplacement du polyol dans les polyuréthanes a été étudiée auparavant notamment dans le cadre d'une thése au sein de l'institut. Selon ces études, la dégradation thermique est ralentie par la présence d'oxazolidones. Cependant, ce groupement n'a cependant jamais été clairement identifié lors de la production de mousses.

L'objectif de ce chapitre est d'étudier la formation de groupements oxazolidones à partir d'huile époxydée dans les mousses polyuréthanes. L'impact sur la mise en oeuvre des mousses du remplacement du polyol par l'huile de soja époxydée est étudié. Des mousses sont synthétisées avec du polyol issus d'huile de microalgues en partie. Les composés non liés par liaisons covalentes au réseau polymère sont ensuite extraits dans des matériaux alvéolaires élaborés, issus de différentes origines. Les analyses permettent de déterminer les structures de ces composés. Enfin, les huiles époxydées et les polyisocyanates utilisés dans les mousses sont modélisés (modèles réactionnels) pour mieux comprendre la formation des oxazolidones afin de tenter de repondre à diverses questions scientifiques encore ouvertes.

Oxazolidone formation: myth or fact? The case of biobased polyurethane foams from different epoxidized triglycerides
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ABSTRACT

Polyurethane foams (PUF) are generally obtained by polyaddition between polyisocyanate and polyols. In this context, biobased polyols can be obtained by oleochemistry, modifying triglycerides by epoxidation and epoxide ring-opening with a nucleophile. In the frame of green chemistry principles, which claims, e.g., the reduction of the derivatives and the synthesis steps, we explore the direct use of epoxidized oil for PUF fabrication to avoid the specific intermediate step of polyols synthesis. The reaction between epoxides and isocyanates is known to yield the thermally stable oxazolidone groups. In PUF system, the incomplete reaction between epoxidized oil and isocyanate was proved by the presence of unreacted epoxidized oil identified by 1 H NMR and FTIR in compounds unbonded to the polymer network. To understand this incomplete reaction, oxazolidone formation was largely investigated through different reactional models using various catalysts and epoxides. The steric hindrance of the epoxide group was found to limit the formation of oxazolidone.

INTRODUCTION

Polyurethanes (PUs) are major polymers since they rank 6 th among all polymers with a production of around 22 million tons (Hicks and Austin 2017) and a global market of $50 billion in 2016. The PU market is usually segmented into five uneven parts such as the soft and rigid foams (65% of the market), the coatings (13%), the elastomers (12%), the adhesives (7%) and the others, including biomedical field (3%) (Akindoyo et al. 2016).

PU can be obtained without isocyanate (Carré et al. 2019), but the very rich and conventional PU chemistry is till now mainly linked to the high reactivity of isocyanates toward the H-labile groups, e.g., alcohols, water or amines. Furthermore, the intermolecular reactions between two isocyanates form uretdiones or carbodiimides (Fink 2018). The trimerization of polyisocyanate yields a polyisocyanurate network (PIR), which presents high thermal stability compared to PU systems. The thermal stability of the oxazolidone group obtained by reaction between epoxide and isocyanate (Scheme 4.1) was found to be an intermediate between urethane and isocyanurate group (Kordomenos et al. 1987). The first synthesis of oxazolidone was reported in 1958 by the reaction between ethylene oxide and phenyl isocyanate with quaternary ammonium halide catalyst (Speranza and Peppel 1958). This epoxide-isocyanate reaction was further investigated and proved to be catalyzed by ammonium salts (Javni et al. 2003;Speranza and Peppel 1958), lanthanide salts (Barros and Phillips 2010;Qian and Zhu 1994;Wu et al. 2003), halides (Aroua and Baklouti 2007;Herweh et al. 1968;Herweh 1968;Siegel and Wittmann 1982), tertiary amines (Caille et al. 1990a), imidazoles (Caille et al. 1990b) or Lewis acids (Baronsky et al. 2013). The studies to synthesize thermally stable polymers were primarily developed with a monosubstituted epoxide, particularly the diglycidyl ether of bisphenol A (DGEBA) and its derivatives (Bakry et al. 2016;Flores et al. 2012;Pilawka et al. 2014;Robert et al. 2018).

Scheme 4.1 -Oxazolidone group synthesis from epoxide and isocyanate.

To reduce the environmental impact of the polymers, they are more and more often biobased, i.e., obtained from biomass. It is, for instance, particularly the case of the PUs, which are largely produced from oleochemistry in a sustainable approach. The building blocks, obtained more or less directly from biomass, can present particular chemical structures. Then, new PUs with innovative macromolecular architectures are more and more often produced (Furtwengler and Avérous 2018).

From the biomass extraction to the material elaboration, the biomolecules are transformed through various chemical or biological processes to introduce reactive groups. The reduction of these synthesis steps fulfills at least one of the principles for green chemistry with also several economic advantages (Anastas and Eghbali 2010). The triglycerides are often epoxidized and further ring-opened with a nucleophile to form polyols for PU synthesis (Desroches et al. 2012;Maisonneuve et al. 2016). However, in vegetable oils and fats, the double bonds are not generally terminal, and the epoxides are then mainly disubstituted and, consequently, less reactive than terminal ones. Several studies investigated the introduction of epoxidized oils into various PU (Arbenz et al. 2017;Fourati et al. 2017;Lee et al. 2007). In the case of PUF, the substitution of 25wt% of the polyol by epoxidized microalgae oil was, for instance, claimed to improve the thermal stability of the foam (Arbenz et al. 2017). However, the oxazolidone formation was never clearly identified due to the numerous groups formed in the foam system.

This work aims to clarify the potential formation of oxazolidone with epoxidized oils in PUF systems. Foams with gradual substitution from 0 to 100 wt% of the polyol by epoxidized soybean oil (ESO) were studied to evaluate the impact of the ESO on the maximum foam height. Different PUF from microalgae oil (AO), epoxidized AO (EAO) and epoxidized rapeseed oil (ERO) were Soxhlet extracted in order to identify potential unreacted reagents. The identification of the molecules present in the soluble fraction was realized by FTIR and 1 H NMR after purification with column chromatography. To further understand the reaction occurring in PUF between epoxide and isocyanate, a model system was designed with different epoxides: (i) a monosubstituted epoxide (DGEBA), (ii) an epoxidized methyl undecylenate (Mundex) and (iii) an epoxidized methyl oleate (EVHOSO). The reaction between epoxide and phenyl isocyanate was catalyzed by different catalysts, i.e., used in PUF formulation or specific to the oxazolidone formation. Each corresponding products were separated and carefully identified to endorse the oxazolidone formation in PUF.

EXPERIMENTAL SECTION

Materials and chemicals

AO was kindly supplied by Fermentalg (France) and was extracted from microalgae (Schizochytrium sp.). The epoxidation of AO (1 eq.) was performed by ITERG (France) via an in-situ peracid formation using formic acid (0.33 eq.), toluene (0.5 L/kg of AO) and H 2 O 2 (2.5 eq.) according to a previously described protocol (Arbenz et al. 2017;Petrović et al. 2013). The resulting EAO was obtained with a 74 wt% yield. The EVHOSO was obtained from a previous protocol (Peyrton et al. 2019).

Meta-Chloroperoxybenzoic (m-CPBA), anhydrous aluminium trichloride (AlCl3) (98.5%), tetra-n-butylammonium bromide (TBAB) (98%), ethyl acetate (99%), methanol and cyclohexane were obtained from Fisher Scientific (France). Deuterated chloroform (CDCl3), phenyl isocyanate (98%), benzyl dimethylamine (BDMA) (99%), potassium acetate (KOAc) (99%) and aluminum complexed by salen ligan (Al(salen)2) were provided by Sigma-Aldrich (France). Acetone was purchased from VWR (France). Commercial ESO (Weepox01 from Brenntag in German) and low molar mass epoxy resin, DGEBA, (epoxy value = 175 g/mol, supplied by Dow chemicals) were also supplied by their corresponding providers.

The polyisocyanate used is a polymeric 4,4'-methylene bis(phenyl isocyanate) identified as pMDI (NCO index = 31%, Desmodur® 44V70L from Covestro in Germany). N,N-Dimethylcyclohexylamine (DMCHA) provided by Sigma-Aldrich (France) was used as a catalyst for both blowing and gelling reactions. Potassium 2-ethyl hexanoate dissolved in ethylene glycol (P2H-EG) and a mixture of 1,3,5tris(3-dimethylaminopropyl)-s-hexahydrotriazine and Bis(2dimethylaminoethyl)ether dissolved in dipropylene glycol (52%) (TDH-BDE) catalyzed the trimerization reaction (Kzero 3000 and PM 20+ from Momentive in Germany). A polyether polysiloxane (PoSi) copolymer (Tegostab® B84501 from Evonik in Germany) was used as a surfactant. Pentane, diethyl ether or demineralized water were used as a blowing agent. A reference fossil-based aromatic polyester polyol synthesized by esterification of phthalic anhydride by diethylene glycol (Pht-DEG) (Stepanpol® PS1912 from Stepan in the Netherlands) was used. This polyol is usually designed for rigid PUF with closed cells.

General procedure of PUF synthesis

Foams were prepared via an A-B composition. In a plastic cup, the A-part consists of the polyols mixture, catalysts, the surfactant (PoSi), the physical (diethyl ether or pentane) and chemical (water) blowing agents. They were weighed and mixed using a mechanical stirrer. The physical blowing agent content was determined to obtain foams with similar densities. The B-part containing the polyisocyanate is quickly added. The final mixture is vigorously stirred with a mechanical stirrer for 5 seconds, and the foam is let to rise freely in a plastic cup.

PUF synthesized by gradual introduction of ESO

Different foams were recently synthesized to investigate the impact of fossil-based polyol (Pht-DEG) substitution by a renewable epoxidized oil (ESO), to skip the conventional intermediate step based on the polyol synthesis. The PUFs presented in Table 4.1 were elaborated with a gradual substitution of Pht-DEG by ESO from 0 to 100 wt%. The formulations were named according to the substitution degree. For example, the foam named 35ESO corresponds to a substitution of 35 wt% of Pht-DEG by ESO.

The isocyanate/hydroxyl (NCO/OH) molar ratio was kept constant at 3.2, in all formulations. Every reactive group toward isocyanate in the formulation was accounted for, i.e., water, Pht-DEG and ESO, to determine the isocyanate quantity. Isocyanate groups are in large excess for PIR foams fabrication. The catalyst (P2H-EG and TDH-BDE), surfactant (PoSi) and chemical blowing agent (water) contents were fixed at 1.2, 3, 2.5 and 0.9 parts by weight of polyol, respectively. The physical blowing agent (diethyl ether) content was adapted to produce foams with an equivalent density. The PUFs were elaborated according to the previously described procedure. The foaming process was camera recorded to study the impact of the ESO on the foaming process.

Recently synthetized PUF based on AO and EAO

Different foams were recently synthesized to determine the molecular structures in the soluble fraction. The foams presented in Table 4.2 were realized with 25wt% of Pht-DEG substitute by AO (25AO) or EAO (25EAO). The results were compared with a 100% Pht-DEG foam (Ref). The AO has no reactive group to bond with the urethane network. Therefore, the 25AO foam was used as a positive control to confirm the potential of the extraction to recover molecules unbonded to the polymer network.

The NCO/OH index was kept constant at 3 for all formulations. The epoxide groups were taken into accounts for the index calculation. However, the 25AO foams formulation was prepared with the substitution of EAO by AO. The DMCHA, P2H-EG, PoSi and water were kept constant at 0.5, 2.76, 3.14 and 1.12 parts by weight of polyol, respectively. The PUFs were elaborated according to the previously described procedure. The foams were kept for one week at room temperature and 50 of relative humidity (%RH) to allow the system to cure and stabilized before analysis.

Formerly synthesized PUF based on PAO, PRO, EAO and ERO

Different foams were synthesized to demonstrate the potential of the AO derivatives in PUF in a previous study (Arbenz et al. 2017), which used rapeseed oil (RO) as a reference for comparison purposes. The proof of concept that AO derivatives can be used as sustainable building blocks for PUF was demonstrated by the transformation of AO into a polyol. AO and RO were epoxidized (EAO and ERO) and converted into polyols by ring-opening with methanol (PAO and PRO). The corresponding modified triglycerides were used to partially replace a very conventional polyether polyol based on oxypropylated glycerol (OPG).

The foams presented in Table 4.3 were realized with DMCHA and P2H-EG (catalyst), PoSi (surfactant) and isopentane (physical blowing agent). Sulfated castor oil dissolved in water (SCO-H 2 O) was used as a chemical blowing agent. The quantity of DMCHA, P2H-EG, PoSi, SCO-H 2 O and isopentane were fixed at 0.1, 0.7, 0.8, 0.6 and 5.5 wt% of the formulation, respectively. The NCO/OH index was kept constant at 3 for all formulations. The PUFs were elaborated according to the previously described procedure. The PUFs were kept in the dark for three years at room temperature and 50 %RH, before specific analysis.

Liquid extraction from the foams

After total curing, the extractible fraction comprises every compounds not covalently bonded to the polymer matrix. In PUF formulation, additives and unreacted monomers trapped by the macromolecular matrix compose the soluble fraction. The Soxhlet extraction is commonly used to extract soluble compounds trapped inside an unsoluble solid matrix. In a typical procedure, the foam was shredded and sieved through a 5 mm grid for a better extraction. Foam powder was precisely weighted to be introduced into a Soxhlet cartridge. The Soxhlet extraction was realized with a 1:1 in volume solution of acetone:cyclohexane as the solvent. The combination of highly polar acetone and highly apolar cyclohexane maximizes the potential of the extraction. They were mixed in an equal portion to obtain an average polarity. Furthermore, the PUF additives and the epoxidized oils are very soluble in both solvents. The extraction was realized over 24 hours, and each cycle was around 20 min, which is classical in Soxhlet extraction. The solvent was removed under reduced pressure.

Synthesis of Methyl undecylenate (Mund)

The reaction was carried out in a round bottom flask equipped with a reflux condenser and a magnetic stirrer. The flask was filled with 50 g of undecylenic acid (0.25 mol, 1 eq.) and 7 g of strongly acidic polysulfone ion exchange resin. A large excess of methanol (500 mL) was introduced. The mixture was stirred under reflux for 15 hours. The solution was filtered to remove the catalyst. Then the solvent was evaporated under reduced pressure.

Synthesis of epoxidized methyl undecylenate (Mundex)

The reaction was carried out in a round bottom flask equipped with a reflux condenser and a magnetic stirrer. The flask was filled with 50 g of Mund (0.25 mol, 1 eq.). 85 g of m-CPBA (0.38 mol, 1.5 eq.) was dissolved in 600 mL dichloromethane. The m-CPBA solution was added dropwise in the flask cooled at 0 °C. The mixture was stirred at ambient temperature for 4 hours. The solution was filtered. The organic phase was washed with sodium sulfite to quench the excess of m-CPBA, then washed with a saturated NaHCO 3 solution. Then it was washed with brine solution, dried over anhydrous sodium sulfate and then filtered. The solvent was evaporated under reduced pressure. The slightly yellow oil was dried overnight in a vacuum oven at 40 °C.

Synthesis of oxazolidone based on model systems

In a typical procedure, 1 eq. of epoxide (DGEBA, Mundex or EVHOSO) was introduced in a two-necked glass equipped with a reflux condenser. The flask was dry under vacuum then put under argon flux. 2 mL of dry-dimethylformamide (DMF) was introduced into the system. The reaction mixture was heated under DMF reflux (153 °C) and vigorously stirred. 1 eq. of phenyl isocyanate was added slowly to the reaction mixture. The mixture was heated under magnetic stirring for 4 hours. The products were separated by column chromatography, and only the major fractions were analyzed.

Characterizations

The 1 H NMR analyses were realized on a 400 MHz Bruker spectrometer. CDCl 3 was used as a solvent to prepare the samples. The 1 H NMR number of scans was set to 32. Each spectrum was calibrated with the CDCl 3 signal, being set at δ=7.26 ppm.

ATR FTIR spectra were recorded on Thermo Scientific Nicolet iS210 instrument using a Smart Orbit Diamond. An atmospheric background was collected before each sample analysis (32 scans, resolution 4 cm -1 ).

RESULTS AND DISCUSSION

Foams based on ESO

The reaction between reactive isocyanate groups and epoxides is known to yield the cyclic oxazolidone groups (Scheme 4.1) (Sendijarević et al. 1987;Speranza and Peppel 1958). The double bonds of vegetable and microalgae oil were transformed into epoxide groups to be further ring-opened to obtain suitable polyols for PUF (Arbenz et al. 2017;Desroches et al. 2012;Maisonneuve et al. 2016;Pawar et al. 2016a;Petrović et al. 2013;Peyrton et al. 2020). Therefore, the idea of a direct synthesis by introducing epoxidized oil in PUF production was investigated. The formation of foam is based on the equilibrium between the network formation by polyaddition of polyols with polyisocyanates, and the gas expansion. Changes in formulation directly impact the resulting PUF, especially the foam height. Therefore, the effect of ESO on PUF was investigated by gradual substitution in the weight of the fossil-based polyol (Pht-DEG) by ESO from 0 to 100 wt% (Table 4.1).

The free-rise foam process started just after the fast introduction and stirring of pMDI into the polyol, catalyst, blowing agent and surfactant mixture. The foam growth was recorded, and a picture was taken after 3min20 when the foams were fully raised (Figure S4.8 in Supporting information (SI)). The addition of 15wt% of ESO did not significantly modify the foaming process since the 15ESO foam had a similar height than 0ESO. However, the introduction of ESO limits the expansion of the other foams. A gradual decrease of the final height of the foam was observed in Figure S4.8 in SI with increasing substitution of Pht-DEG by ESO. The expansion of 100ESO was low compared to the other foams.

This global trend was expected and is explained by the lower reactivity of the oxirane group compared to the hydroxyl one. With the gradual substitution of the polyol, the energy provided by the reaction at low temperature between hydroxyl and isocyanate group decreased. As the oxazolidone group was reported to be formed at high temperatures (Lee et al. 2007), the lack of energy probably prevents the oxazolidone formation and the foam expansion. The urethane formation was observed by DSC in the range 40-90 °C compared to 140-260 °C for the oxazolidone (Kadurina et al. 1992). In the same study (Kadurina et al. 1992), the DSC thermogram up to 300 °C of (3.4-Epoxy cyclohexyl methylene)-3.4-epoxy cyclohexyl bearing disubstituted epoxide did not show an exothermic peak on the contrary to the monosubstituted epoxide tested.

However, it was not expected that the 100ESO expanded to form a foam. The low reactivity of epoxide combined with the absence of energy provided by the urethane formation should prevent the poly-oxazolidone network formation. The 100ESO foam is potentially due to a small portion of water, which formed a polyurea network, and the formation of the PIR network. This study emphases the challenge of the low epoxide reactivity to overcome when an epoxidized vegetable oil substitutes the polyol in a PUF.

Study of freshly synthesized foams based on 25% of AO or EAO

To further investigate the reaction between isocyanate and epoxide in the PUF, a series of foams were elaborated (Table 4.2) with 25 wt% of the polyol substitute by AO (25AO) and EAO (25EAO) and compared with a reference foam based on 100% polyol. According to the previous experiment, substitution between 15 and 35 wt% gives foams with a similar density than the reference. The higher functionality in epoxide groups of EAO compared to ESO is expected to increase the potential of reaction between epoxidized oil and isocyanate. Furthermore, 25 wt% of EAO was already used to produce PIR foams in the literature (Arbenz et al. 2017). However, in this study, the oxazolidone formation was never well confirmed in the foam system.

After two days of curing at ambient temperature, the PUFs were shredded and sieved. The soluble fraction was extracted using a Soxhlet with an equal content of polar acetone and apolar cyclohexane. The average polarity combined with the solubility of the additives in both solvents maximizes the extraction potential. As this solvent forms a low boiling azeotrope, the energy consumed for the Soxhlet extraction is lower. The soluble fraction calculated from Table 4.2 represents 2 wt% of the formulations. After Soxhlet extraction during 24 hours, the soluble fractions extracted were 7.6, 9.3 and 8.7 wt% for Ref, 25AO and 25 EAO, respectively. They were higher than expected. An incomplete foam curing could explain these higher values.

Although the raw fractions were analyzed, no constituent was clearly identified. Therefore, the fraction constituents were separated according to their polarities by chromatography column to identify their structures. F1-Ref, F2-Ref means, e.g., the first and the second fraction for the Ref foam, respectively. Each fraction was weighed, and the mass distribution was presented in Figure S4.9 in SI for Ref, 25AO and 25EAO foams. The F1-Ref, F1-AO and F1-EAO represent an approximately similar portion with 16-26 wt%. The portion of F3-25EAO (33 wt%) is higher than F3-Ref (22 wt%) and F3-25AO (6 wt%). The residue composed of the molecules interacting strongly with the silica of the chromatography column was between 11 and 29 wt%. The higher residue content in 25AO (29 wt%) and a small portion of F3-25AO (6 wt%) could be related to the presence of highly polar compounds in this foam. These fractions were analyzed by FTIR and 1 H NMR spectra to determined their chemical structures.

Analysis of F1

The FTIR spectrum of F1-Ref, F1-25AO and F1-25EAO shown in Figure 4.1A were quasi similar. It was then assumed that the less polar compound was the same for all foams. The F1-Ref, F1-25AO and F1-25EAO extracts also presented carbonyl stretching band at ṽ=1740 cm -1 , the vibration of C-CH 3 at ṽ=1460 cm -1 and alkane antisymmetric and symmetric CH 2 stretching at ṽ=2852 and 2921 cm -1 , respectively (Pretsch et al. 2009;Wertz et al. 2018) typical of P2H-EG (Figure 4.1A). However, the band related to the ethylene glycol at ṽ=3350 (OH stretching) and 1400 cm -1 (COH vibration) shielded the 2-ethyl hexanoate signals. On the contrary to the EG, the potassium 2-ethyl hexanoate should not be integrated into the PU network during the foam elaboration. The potassium carboxylate identified by the band at ṽ=1555 cm -1 corresponding to the COO-K vibration was potentially transformed in a carboxylic acid (ṽ=1740 cm -1 ) during the foam processing. hypothesized in FTIR. In 1 H NMR, the alkane protons at δ=1.25 ppm and the end of chain CH 3 at δ=0.88 ppm are identified in the F1 fractions and P2H-EG spectra. The ethylene glycol identified at δ=2.62 ppm in the 1 H NMR spectra of P2H-EG (Figure 4.1B) reacted with isocyanate and was integrated into the polymer network. The combined FTIR and 1 H NMR spectroscopy confirmed the presence of potassium 2-ethyl hexanoate originating from P2H-EG in every F1 fraction. 

Analysis of F2

The FTIR spectra of F2-Ref, F2-25AO and F2-25EAO were similar (Figure 4.2A). Surprisingly, the carbonyl stretching at ṽ=1720 cm -1 , ether C-O-C stretching at ṽ=1290 cm -1 and terminal CH 2 -CH 2 -O at ṽ=990 cm -1 (Matsuura and Miyazawa 1967) were identified. These bands were also present in the Pht-DEG spectra (Figure 4.2A). Therefore, the second fractions could be attributed to unreacted polyol. However, the absence of the characteristic hydroxyl band at ṽ=3450 cm -1 contradicted this hypothesis. The esterification of phthalic acid with diethylene glycol industrially produces Pht-DEG. One of the side-reaction is the formation of cyclic ester, which could explain the similar FTIR spectra of Pht-DEG and the second fractions.

For the second fraction, the 1 H NMR ( 

Analysis of F3

The FTIR spectra of F3-Ref, F3-25AO and F3-25EAO presented in Figure 4.3A, did not present significant difference compared to F2 fractions spectra. The Pht-DEG bands of carbonyl stretching at ṽ=1720 cm -1 , ether C-O-C at ṽ=1290 and 990 cm -1 were identified.

Further investigations by 1 H NMR were conducted to identify the structure of the third fractions (Figure 4.3B). Surprisingly, no trace of AO was found in the analyzed fractions of F3-25AO. The elevated temperature during the foaming process could have initiated a radical polymerization of the double bonds. The AO polymer network would be insoluble. This explained why there is no trace of AO in the soluble fractions. Despite the use of strong polar solvents, neither DMCHA nor PoSi signals were detected. The tertiary amine catalyst and the surfactant strongly interact with the silica column and explain the high residue values.

In F3-Ref, the aromatic signals located in the region δ=7.80-7.58 ppm and signals at δ=4.70 and 3.62 ppm in the 1 H NMR spectrum, as already stated, indicated the presence of Pht-DEG cyclic ester side-products. Despite the absence of aromatic signals, the Pht-DEG cyclic ester was also identified in F3-AO and F3-EAO (Figure 4.3B) at δ=4.70 and 3.62 ppm.

In the F3-25EAO, EAO was identified by the chemical shift of the glycerin protons at δ=5.25, 4.31 and 4.15 ppm, the epoxide signal at δ=2.8-3.2 ppm and the methylene protons in between two epoxide groups at δ=1.75 ppm (Figure 4.3B). The presence of EAO in the F3-EAO indicates that at least one portion of the EAO did not react and was not integrated into the polymer network in freshly synthesized PUF. 

Analysis of formerly synthesized foams based on PAO, PRO, EAO and ERO

The previous section has demonstrated the incomplete reaction of EAO in recently synthesized PUF. As previously stated, at ambient temperature, the foam continues to cure since EAO could be slow to react with isocyanate. In order to test this hypothesis, foams synthesized three years ago (Arbenz et al. 2017) with 25 wt% of OPG substitute by two epoxidized oil (EAO and ERO) and polyols obtained by the ring-opening of the two epoxidized oil (PAR and PRO). The foams were named according to the new derivatives introduced. For example, F-PAO is obtained by the substitution of 25 wt% of polyol by PAO. This series of foams formerly produced and compared with a reference foam based on 100% OPG (F-OPG) (Table 4.3) were analyzed using the previously described procedure. The aging should decrease the content of unreacted polyols and epoxidized oils unbonded to the polymer network. Furthermore, the additives could migrate outside of the foam due to aging. Therefore, the quantity of foams to extract was increased compared to the previous study on recent foams, to anticipate the decrease of the soluble fractions. 0.7, 1.5, 3.6, 0.7 and 0.4% were extracted from F-OPG, F-EAO, F-ERO F-PAO and F-PRO, respectively. These values were close to the theoretical soluble fraction value of 1.7% calculated from the formulation described in Table 4.3 and lower than the recent foams as expected. Furthermore, only one product was obtained by column chromatography purification. It was noticed that the foam realized with epoxidized oil, i.e., EAO and ERO had a higher soluble fraction than the 100% polyol foams.

FTIR analysis

The FTIR confirmed the structure difference between compounds extracted from the foams realized with epoxidized oil (F-EAO or F-ERO) and the others (Figure S4.10 in SI). The stretching and vibration of CH 2 and CH 3 (ṽ=2921, 2852, 1460 and 1260 cm -1 ) and the carbonyl stretching (ṽ=1740 cm -1 ) corresponding to triglycerides long chains were present on every spectrum shown in Figure S4.10 in SI. However, typical epoxidized oil bands, such as the C-O-C asymmetric stretching at ṽ=1160 cm -1 , the epoxide ring symmetric stretching at ṽ=845 cm -1 and epoxide ring vibration at ṽ=825 cm -1 were identified on the F-ERO and F-EAO spectra (Figure S4.10 in SI). Furthermore, the FTIR spectra of F-EAO and F-ERO are very similar to the EAO or ERO presented in Figure S4.11 in SI. F-OPG, F-PAO and F-PRO presented spectra similarities with F1 fractions of the recent foams previously identified as potassium 2-ethyl hexanoate from P2H-EG.

NMR analysis

1 H NMR analysis was performed to characterize the purified fractions of the foams. In accordance with the FTIR, the foams were separated into the two same groups. Peaks at δ=4.0, 2.63, 2.37, 1.28 and 0.88 ppm were common to F-OPG, F-PAO, F-PRO and P2H-EG 1 H spectra presented in Figure 4.4A. This confirmed the hypothesis formulated after the FTIR analysis: the fraction of F-OPG, F-PAO and F-PRO of foam is composed of potassium 2-ethyl hexanoate.

For the other group composed of F-PAO and F-EAO, similar 1 H NMR chemical shifts were observed in the spectra of PAO, F-PAO, EAO and F-EAO, shown in Figure 4.4B. The characteristic glycerin protons of oil were identified by the chemical shift at δ=5.20 ppm and δ=4.35-4.11 ppm. The proton in the alpha position of the ester group by the triplet at δ=2.30 ppm and the epoxide at δ=2.80-3.20 ppm. The very similar NMR spectra between the oil introduced and extracted of the foams confirmed the hypothesis previously formulated: the epoxidized oil did not wholly react with a polyisocyanate in PUF. This result consolidated the main results previously obtain on freshly synthesized foams. However, the aging reduced the soluble fraction and the number of extracted molecules. Epoxidized oil was still recovered from the foams after three years of storage at ambient temperature. However, we can notice that the extraction method is not quantitative enough to fully confirm that 100% of the epoxide did not directly react with the isocyanate. Furthermore, the epoxide group was proved to react with isocyanate to form oxazolidone but also ketone, urethane and carbonate groups depending on the catalyst (Javni et al. 2003). This point has been studied. 

Reactional models to study oxazolidone formation with different catalysts and epoxides-based systems

The last section has shown that even with very long aging, the epoxidized oil did not fully react in the PIR foam systems. A question is still open concerning the formation of oxazolidone groups. To answer this point and better understand the formation of oxazolidone in PUF, a model system was designed. The reaction conditions are described in Scheme 4.2, in connection with a previous publication that investigated the reaction between phenyl isocyanate and 9,10 epoxyoctadecane (Javni et al. 2003). Low temperatures favored the formation of isocyanurates, and the highest favored the oxazolidone formation (Chen et al. 2016). In agreement with the literature, this reaction to form oxazolidone was carried at high temperature in refluxing DMF (156 °C) for 4h. The literature shows that the formation of oxazolidone can be catalyzed by DMF (Dileone 1970), tertiary amines (Caille et al. 1990a;Chen et al. 2018Chen et al. , 2016;;Chian and Yi 2001;Flores et al. 2012 p. 20;Galante and Williams 1995;Lee et al. 2007), quaternary ammoniums (Dyen and Swern 1968;Pelzer et al. 2018;Sandler 1967;Speranza and Peppel 1958;Uribe and Hodd 1984), Lewis acids (Ansari and Ahmad 1987;Baronsky et al. 2013;Javni et al. 2003;Kordomenos et al. 1987), imidazoles (Caille et al. 1990b;Kinjo et al. 1983;Pilawka et al. 2014;Uribe and Hodd 1984), lithium bases (Azechi and Endo 2014;Dileone 1970;Yeganeh et al. 2006) or carboxylic salts (Ashida et al. 1978). In this study, the oxazolidone formation was particularly investigated with BDMA, KOAc, TBAB, AlCl 3 or Al(salen) 2 presented in Scheme 4.2 and without a catalyst. The choice of the studied catalysts was established according to different criteria. The BDMA and KOAc were selected due to their high boiling points and their uses in PUF/PIR foam formulations. Since quaternary ammonium halides were an efficient catalyst for the oxazolidone formation (Speranza and Peppel 1958), TBAB was also tested in the model study. Otherwise, AlCl 3 and Al(salen) 2 were used to produce oxazolidone from disubstituted epoxide (Ansari and Ahmad 1987;Baronsky et al. 2013;Javni et al. 2003;Lee et al. 2007). The excess of epoxide was proved to form a mixture of isocyanurate, urethane and oxazolidone groups (Galante and Williams 1995). On the contrary, the excess of isocyanate favors the trimerization reaction (Caille et al. 1990a). Therefore, epoxide and isocyanate groups were added in stoichiometric quantity.

Scheme 4.2 -Reaction between phenyl isocyanate and epoxide groups from different resources to form an oxazolidone group assisted by different catalysts, as a global model system.

The model system was designed with phenyl isocyanate and three different and representative epoxides: DGEBA, Mundex and EVHOSO. The different chemical structures are shown in Scheme 4.2. The monoisocyanate was chosen because of its high reactivity and structural similarity with the pMDI, largely used in foams fabrication.

The oxazolidone formation between isocyanate and DGEBA was already proved even in PUF (Chen et al. 2018). Therefore, DGEBA was used as a positive control to confirm the potential of oxazolidone formation with each tested catalyst. Mundex is a fatty ester with a terminal epoxide synthesized by esterification of undecylenic acid with methanol (Mund) followed by an epoxidation with a stable peracid, i.e., m-CPBA. The 1 H NMR spectra of undecylenic acid, Mund and Mundex were detailed in Figure S4.12, in SI. The Mundex was compared to EVHOSO to study the effect of the epoxide substitution and steric hindrance in methyl fatty ester. Furthermore, The EVHOSO modeled the epoxidized oil used in PUF formulations. Besides, only a few studies treated the oxazolidone formation with a disubstituted epoxide (Ansari and Ahmad 1987;Baronsky et al. 2013;Boufi et al. 1993;Javni et al. 2003;Kadurina et al. 1992;Lee et al. 2007).

The reaction products obtained with the different catalysts were separated by chromatography column. The eluants were carefully chosen to optimize the separation of the products. The number and percentage of the fractions collected on each sample were detailed in Table S4.5-S4.7 in SI. 1 H NMR and FTIR structural investigations were performed only on the principal fractions, representing between 47 and 76 wt% of the total product.

DGEBA

The FTIR spectrum of DGEBA, presented in Figure 4.5, was characterized by the aromatic ring bending and stretching at ṽ=1600 and 1500 cm -1 , respectively and the epoxide ring symmetric stretching and vibration at ṽ=913 and 826 cm -1 , respectively. The isolated major fraction of the reaction products with different catalysts presented similar FTIR spectra (Figure 4.5). The welldocumented carbonyl stretching of oxazolidone was identified at ṽ=1751 cm -1 (Lee et al. 2007;Merline et al. 2007). Furthermore, the oxazolidone formation was identified with a high-intensity band at ṽ=756 cm -1 and ṽ=694 cm -1 , which correspond to the C-O-N bond vibration out of the plan and the deformation of the ring, respectively (Figure 4.5) (Michalska et al. 2017). Supplementary aromatic bands were identified at ṽ=1632 cm -1 and 1587 cm -1 , probably from the addition of phenyl group connected via the nitrogen of the oxazolidone group. The band at ṽ=826 cm -1 in Figure 4.5 could indicate the incomplete conversion of the epoxide group. The formation of oxazolidone was confirmed by 1 H NMR spectra (Figure S4.13 in SI) with the appearance of a typical chemical shift of oxazolidone at δ=5.0 ppm and extra aromatic chemical shift at δ=7.6-7.4 ppm. However, the signals for the epoxide protons, at δ=2.75, 2.90 and 3.34, completely disappeared on the product spectra regardless of the used catalyst. Therefore, the conversion into oxazolidone groups was significant. The series of reactions confirmed the possibility of forming oxazolidone in these conditions regardless of the catalyst.

Mundex

The characteristic FTIR band of fatty esters, such as carbonyl ester stretching at ṽ=1740 cm -1 , the vibration of C-CH 3 at ṽ=1460 cm -1 and alkane antisymmetric and symmetric CH 2 stretchings at ṽ=2852 and 2921 cm -1 , respectively, were observed in the FTIR spectrum of Mundex (Figure 4.6A). Similarly to the DGEBA, the epoxide ring symmetric stretching and the ring vibration at ṽ=913 and 826 cm -1 , respectively, were identified in Mundex. In the FTIR spectra of the major fractions with the different catalysts (Figure 4.6A), the characteristic bands of the aromatic group of the phenyl were observed at ṽ=1600 and 1500 cm -1 . Furthermore, the oxazolidone band was observed at ṽ=750 and ṽ=692 cm -1 . However, the oxazolidone carbonyl stretching was coincident with the carbonyl ester stretching and formed a shoulder at ṽ=1740 cm -1 , except for the reaction conducted without catalyst where the band at ṽ=1672 cm -1 could be attributed to the carbonyl stretching of oxazolidone. Finally, the band located at ṽ=1217 cm -1 in Figure 4.6A could be attributed to the C-N and C-H stretching in the oxazolidone ring (Michalska et al. 2017). The FTIR spectra showed multiple bands that can be linked to the formation of oxazolidone from Mundex epoxide.

The 1 H NMR analysis (Figure 4.6B) confirmed the formation of oxazolidone with the peak at δ=4.1 (a') and 4.6 (b') ppm associated with the protons of the oxazolidone ring. The characteristic aromatic chemical shifts also appeared at δ=7.6-7.2 ppm in Figure 4.6B. The 13 C analysis of the Mundex reaction realized with AlCl 3 (Figure S4.14 in SI) showed a peak at δ=73.3 and 50.5 ppm corresponding to b' and a' carbons, respectively. Furthermore, the chemical shift at δ=155.2 ppm was correlated with the carbonyl carbon of the oxazolidone group. However, in Figure 4.6B, the chemical shift at δ =2.89, 2.74 and 2.45 ppm indicated an incomplete transformation of the epoxide into oxazolidone with BDMA, KOAc and TBAB catalyst. In conclusion, the formation of oxazolidone was also identified with monosubstituted epoxide derived from fatty acid. 

EVHOSO

The EVHOSO FTIR spectra (Figure 4.7A) showed characteristic fatty ester band with the vibration of C-CH 3 , alkane antisymmetric and symmetric CH 2 stretchings at ṽ=1460, 2852 and 2921 cm -1 , respectively. The carbonyl stretching and the epoxide ring vibration were identified in Figure 4.7A at ṽ=1740 and 827 cm -1 , respectively. For the reaction products, the spectra were separated into two groups: The first group comprising the reaction products without catalyst or with BDMA, KOAc, and TBAB still had an epoxide band at ṽ=827 cm -1 . The other group without an epoxide band was formed by the products of the Lewis acid catalysts (AlCl 3 and Al(salen) 2 ). For the latter group, a shoulder at ṽ=1718 cm -1 is identified and could correspond to the ketone carbonyl stretching because the epoxide is known to isomerize with temperatures above 100 °C and Lewis acid catalysts (Katritzky and Lagowski 1967). Small oxazolidone (ṽ=750 and 693 cm -1 ) and aromatic (ṽ=1600 cm -1 ) bands were identified with TBAB and Lewis acid catalysts. These bands indicated a small formation of the oxazolidone group with a disubstituted epoxide compared to the monosubstituted epoxide. The 1 H NMR spectra shown in Figure 4.7B confirmed the hypothesis formulated with the FTIR analysis. The major fraction of each reaction conditions was composed of the EVHOSO characteristic chemical shifts: methyl ester proton at δ=3.67 ppm (f), the methylene proton in alpha position of the ester at δ=2.3 ppm (e), the methylene protons at δ=1.55-1.20 ppm (b 1-12 ) and the terminal methyl group at δ=0.88 ppm (a). The methine (CH) epoxide protons are also identified at δ=2.9 ppm in Figure 4.7B. A new peak appeared at δ=2.38 ppm with the Lewis acid catalysts, i.e., AlCl 3 and Al(salen) 2 , associated with the alpha proton of the ketone group produced by oxidation of the epoxide group. This was proved by 13 C and 2D NMR analysis presented in Figure S4. No signals corresponded to the oxazolidone nor aromatic group in the reaction with the disubstituted epoxide. The main fraction of the epoxidized oil did not react with the isocyanate to largely form oxazolidone groups.

Table 4.4 overviewed the main identified chemical structures in the final reactional systems based on various catalysts. The other fractions represented a small portion of the final product and should be composed of ketone, urethane and carbonate as previously identified in the study of the reaction between 9,10-epoxyoctadecane and phenylisocyanate (Javni et al. 2003). The difference of reactivity between monosubstituted (i.e., Mundex) and disubstituted (i.e., EVHOSO) epoxides was clearly evidenced in the frame of the oxazolidone formation with finally and in perspective, a lower impact of the catalyst systems. 

CONCLUSION

The frame of this study is dedicated to the elaboration of biobased PUF from different epoxidized triglycerides following several principles for a green chemistry. In this way, the reduction of the number of synthesis steps to transform biobased triglycerides into PUF was particularly investigated, skipping the conventional intermediate step of polyols synthesis. To do it, a deep study on the reactivity between epoxide and isocyanate has been developed.

The characterization of the soluble fractions of fresh and aged PUF formulated with epoxidized oil demonstrated the incomplete reactions between fatty epoxide and isocyanate. To understand the presence of unreacted epoxidized oil in these PUF soluble fractions, the formation of oxazolidone by reaction between polyisocyanate and epoxidized oil was investigated using different reactional models.

Oxazolidone group was clearly obtained with monosubstituted epoxides. However, these results clearly demonstrated the difficulty to obtain a significant content of oxazolidone group from polysubstituted epoxides, usually found from epoxidized oils. Despite the favorable conditions of the studied reactional models (i.e., prolonged reaction time, solvents, high temperature), the model epoxidized oil did not react with isocyanate using conventional catalysts for PUF.

The myth around oxazolidone formation from epoxidized oil in PUF was broken through. The conditions for the oxazolidone formation in a significant content are not fulfilled in PUF. The steric hindrance due to the substitution of the epoxide group from epoxidized oil prevented the oxazolidone formation.

Future investigations must be focused on the quantification and comparison of oxazolidone formation and side reactions (epoxides homopolymerization and isocyanates trimerization) in PUF. Besides, the condition of the reaction between epoxidized oil and polyisocyanate to quantitatively obtain oxazolidone should also be studied. 

SUPPORTING INFORMATION

NMR Spectra of Mundex synthesis

Undecylenic acid produced in large quantities as intermediate in the synthesis of PA-11 is derived from the pyrolysis of ricinoleic fatty acid. The fatty acid structure is identified by the ester methylene protons at δ=2.33 ppm (f in Figure S4.12). The terminal double bond protons are located at δ= 5.80 and 4.90 ppm (a and b in Figure S4.12). Mund was obtained in quantitative yield (98 wt%) by esterification of undecylenic acid with an excess of methanol. The formation of Mund was identified by the methyl ester peak at δ=3.66 ppm in the 1 H NMR spectra (g in Figure S4.12). Mund was further epoxidized with the meta-chloroperoxybenzoic acid, a stable peroxycarboxylic acid, to yield Mundex at 80 wt%. The formation of Mundex was shown by the complete disappearance of the vinyl proton at δ=5.80 and 4.90 ppm, and the presence of the epoxides protons signals at δ=2.89, 2.74 and 2.45 ppm (Figure S4.12). 

Repartition of the extracted fraction in model study

Conclusion chapitre 4

La formation des oxazolidones par réaction des huiles époxydées dans les mousses polyuréthanes a été étudiée dans ce chapitre. Les résultats montrent que le remplacement du polyol directement par l'huile époxydée (soja) impacte négativement la formation des mousses polyuréthanes. La hauteur maximale et la densité diminuent avec l'augmentation de la quantité d'huile époxydée introduite dans les mousses. Ces résultats plutôt négatif ont amené à de plus amples développements. Des mousses polyuréthanes ont donc été élaborées avec 25% du polyol substitué par de l'huile de microalgues époxydée.

Les composés non liés par liaisons covalentes au réseau de ces mousses ont été extraits et analysés. Les analyses infra-rouge et RMN démontrent la présence d'huile époxydée dans les extraits. Ces résultats montrent une réaction incomplète entre les huiles époxydées avec les isocyanates pour la fabrication de mousses polyuréthanes.

Les huiles époxydées et les isocyanates utilisés précédemment ont été modélisés par des composés monofonctionnels pour former de nouveaux modèles réactionnels. Le but etait d'identifier les groupements produits par réaction entre les deux composés mis en présence. Les oxazolidones sont clairement produits lors de la réaction entre les époxydes terminaux et les isocyanates aromatiques et ceci quel que soit le catalyseur utilisé. Les conditions dans ce cas sont favorables, par rapport à celles développées précédemment. Le groupement oxazolidone est qualitativement formé avec l'huile époxydée dans les conditions du modèle réactionnel correspondant. Ces résultats montrent la difficulté de produire des fonctions oxazolidones en quantité significative à partir d'huiles époxydées dans les mousses polyuréthanes. Les conditions de formation des oxazolidones ne sont donc pas remplies dans les mousses polyuréthanes. La gêne stérique induite par la disubstitution des époxydes provenant des triglycérides limite et empêche la formation de groupements oxazolidone.

Les futures études devraient se focaliser sur la comparaison quantitative entre la formation d'oxazolidone et les réactions secondaires comme l'homopolymérisation des époxydes ou la trimérisation des isocyanates dans les mousses polyuréthanes. Les conditions idéales (catalyseurs, températures et solvants) pour obtenir quantitativement des oxazolidones à partir d'huiles époxydées et d'isocyanates devraient aussi être explorées. Les travaux présentés dans ce chapitre sont sous la forme d'un article intitulée « Study of aza-Michael reactivity for biobased thermosets synthesis to substitute polyurethanes in a greener, safer and more sustainable way » soumis dans ACS Sustainable Chemistry & Engineering.

Ce chapitre est une ouverture pour de potentiels futurs travaux qui pourraient mener à l'élaboration de mousses biosourcées plus sûres et plus respectueuses de l'environnement. En effet, les polyisocyanates utilisés dans les chapitres précédents sont toxiques, (carcinogène …) et leur synthèse nécessite des composés dangereux (phosgène). Certes l'élaboration de polyuréthanes sans isocyanates (NIPU) est une solution envisageable mais les NIPU n'offre pas actuellement, dans l'état des connaissances, toutes les réponses pour remplacer les voies classiques avec de plus une vision de changement d'échelle vers l'industrialisation. Ceci avait été mis en exergue dans le chapitre bibliographique qui avait décrit les différentes voies à développer pour l'élaboration de matériaux alvéolaires durables dans une approche de perspectives. Parmi elle, la transition vers de nouvelles réactions plus en adéquation avec les principes de la chimie verte représente un défi conséquent.

Les produits obtenus par polyaddition de Michael font partie intégrante des voies qui potentiellement permettrait de remplacer les polyuréthanes. Arthur Michael décrit pour la première fois en 1887, l'addition entre un nucléophile (donneur de Michael) et une double liaison activée par un groupement électroattracteur (accepteur de Michael). La réaction d'aza-Michael explorée avec une optique d'une chimie verte. Celle-ci permet la synthèse de groupement amino-ester par addition d'une amine sur une double liaison activée comme un acrylate.

L'addition d'aza-Michael est réalisée sans chauffage avec une économie d'atome de 100%. comme dans le cas de la polyaddition pour former des polyuréthanes. Les groupements amino-esters produits sont cependant sensibles à l'hydrolyse. Ceci peut être un gros avantage en permettant d'envisager une fin de vie du matériau par recyclage enzymatique ou chimique. Les donneurs et accepteurs de Michael sont en outre biosourçables. Plusieurs amines sont industriellement produites à partir de diols biosourcés. Une voie de synthèse des accepteurs de Michael a été développée par époxydation d'huiles biosourcées. Les époxydes sont ensuite ouverts par l'acide acrylique pour former des groupements acrylates et hydroxyles. Dans une étude récente, les accepteurs de Michael comportant des groupements hydroxyles ont été plus réactifs que leurs équivalents sans hydroxyle.

Le remplacement du polyuréthane par la chimie d'Aza-Michael est évalué en terme cinétique. Sur un système réactionnel modèle, la réactivité de différents monomères est étudiée afin de classer les différents groupements réactifs. La formation du gel (temps de gel …) lors de l'élaboration du réseau polymère est ensuite mesuré par une méthode rhéologique multi-ondes. La variation des structures des donneurs et accepteurs de Michael, les catalyseurs utilisés ainsi que de la stoechiométrie devraient permettre de définir l'impact de ces différents facteurs sur le temps de gel des polyadditions.

Study of aza-Michael reactivity for biobased

thermosets synthesis to substitute polyurethanes in a greener, safer and more sustainable way

ABSTRACT

Polyurethanes (PUs) such as foams or coatings are generally obtained by polyaddition between polyols and toxic polyisocyanates. In the frame of green chemistry principles, which claims, e.g., the reduction of hazardous derivatives and the design of safer chemicals, aza-Michael addition has been recently explored to substitute, for instance, usual PUs in a safer way. Aza-Michael reaction is based on the addition between a primary or secondary amine (Michael donor) and an activated double bond (Michael acceptor). In this study, polymer network formations from biobased soybean and olive oil derivatives were largely investigated via aza-Michael addition. Firstly, on a reactional model, the impact of the Michael donor structure on the aza-Michael reaction was demonstrated by deep NMR kinetics. Secondly, the model results were confirmed by monitoring of the aza-Michael polyaddition by multi-waves rheology experiments. The effect of several factors, i.e., Michael donors, Michael acceptors, catalysts and stoichiometry, on the gelation has been largely investigated. Controlling these parameters, the aza-Michael polyaddition was evaluated as a substitute for green and safer thermosets.

INTRODUCTION

Nowadays, the planet is facing severe and urgent challenges. Among them, there is climate change, the depletion of some fossil resources and environmental degradations. In this global context, the development of new and/or greener polymer materials with high performances and low environmental impacts is a huge priority (Manzardo et al. 2019). This recent trend is driven by the development of new molecular architectures starting from various macromers extracted from biomass, without food competition.

PUs rank 6 th among all polymers with a production of around 22 million tons (Hicks and Austin 2017) and a global market of $50 billion (2016). Although PUs present a broad range of structures and applications, the PU market is primarily dominated by rigid or flexible foams (65% of the market). The complex macromolecular architectures based on PU are actually mainly obtained by polyaddition between fossil-based polyisocyanates and polyols, although safer PUs can be obtained without isocyanates (Non-Isocyanate Polyurethanes) but till now mainly at lab scale (Blattmann et al. 2016;Carré et al. 2019;Cornille et al. 2016). The research trend in renewable PUs focuses on alternatives to replace fossil-based polyols (Agrawal et al. 2017;Furtwengler and Avérous 2018;Hayati et al. 2018). However, it is very challenging to substitute a fossil-based polyisocyanate whose fabrication process uses toxic chemicals, by biobased compounds with equivalent properties at the end. Furthermore, the acute toxicity for the human health of isocyanate group (Brugsch and Elkins 1963;Peters 1970) is a major drawback in the green chemistry frame, which promotes the implementation of less hazardous chemical synthesis and the design of safer chemicals (Anastas and Eghbali 2010).

Arthur Michael, in 1887, was the first to describe the addition of an enolate to an α,βunsaturated carbonyl compound (Michael 1887). Over the years, the Michael addition scope was extended to the base-catalyzed addition between a nucleophile (Michael donor) and a double bond activated by an electron-withdrawing group (EWG) (Michael acceptor) represented in Scheme 5.1 (Bergmann et al. 2004;Mather et al. 2006). The Michael addition is one useful method for the C-C bond formation in mild conditions. One of the derived reactions named aza-Michael involves a secondary or primary amine (Michael donor) and an activated double bond (Michael acceptor), often an acrylate producing amino-ester groups (Scheme 5.1). Similarly to PUs synthesis, the aza-Michael reaction can be conducted at ambient temperature with a 100% atom economy, which fulfills at least two principles for a green chemistry (Anastas and Eghbali 2010). Aza-Michael addition is considered greener than isocyanate/hydroxyl addition. Contrary to the urethane group, the polyamino-ester group obtained by aza-Michael addition is sensible to the hydrolysis. Consequently, it can be sustainably and efficiently managed at the end of life, biodegraded by enzymes (biological recycling) or degraded (chemical recycling) to form new monomers. Furthermore, both the amines (Froidevaux et al. 2016) and the activated double bonds can be extracted or bioproduced from biomass. Generally, the biobased Michael acceptors are obtained by ring-opening of epoxidized oils with acrylic acid (Ecochard et al. 2020;Paramarta and Webster 2017). Although acrylic acid can be potentially synthesized from different biobased resources (e.g., glycerol or lactic acid) (Bozell and Petersen 2010), it is conventionally obtained by oxidation of propylene or propane derived from fossil resources (Chu et al. 2015;Lee et al. 2019). Recently, the fossil-based acrylic acid was substitute by fully biobased itaconic acid and derivatives [START_REF] Pérocheau Arnaud | Selective Synthesis of Monoesters of Itaconic Acid with Broad Substrate Scope: Biobased Alternatives to Acrylic Acid? ACS Sustain[END_REF] which is industrially produced from various biomasses by different companies such as Itaconix (UK).

PUs elaboration is based on a fast and exothermic polyaddition. The high reactivity of the components is crucial in the formation of the thermosetting structures. Aza-Michael reaction has several advantages (e.g., atom economy, mild condition reaction, biobased and safe reagents) over PU synthesis to bring high perspectives to tailor sustainable system for e.g., foams or coatings. Recently, Michael acceptors synthesized by ring-opening of epoxidized linseed oil by acrylic acid were demonstrated to be highly reactive (Ecochard et al. 2020). However, the polymer formation kinetic was not investigated in this previous paper.

This study aims to wholly investigate aza-Michael reaction and kinetic from biobased Michael acceptors obtained by ring-opening of epoxidized oils with acrylic acid or ethyl itaconate (Iet). This synthesis of Michael acceptors forms reactive double bonds in aza-Michael addition and hydroxyl (OH) groups. In order to deeply investigate the role of OH groups on the aza-Michael addition, the epoxidized oil ring-opened by acrylic acid or Iet were modeled. The kinetics, intermediate compounds formation and chemical pathways of modeled aza-Michael reactions were identified and compared through coupled 1 H and 13 C NMR monitoring. To understand better the results obtained on the reactional model, the reactivity of aza-Michael polyadditions was investigated through the gelation phenomenon and gel times were determined by multi-waves rheology experiments. In order to obtain aza-Michael system with gel time comparable to conventional PUs, different factors were investigated such as (i) the poly-Michael acceptors with EOSa, EOOa or ESO_Iet, (ii) the catalysts, (iii) the chemical structure of the Michael donor and finally, (iv) the stoichiometry. The thermal properties of the synthesized biobased polymers were studied and compared to select the best systems.

MATERIALS AND METHODS

Materials

Glacial acetic acid, H 2 O 2 (30%), 1,2-Dimethylethylenediamine (DMEDA), Tetraethylenepentamine (TEPA), Diethylenetriamine (DETA), furfurylamine (99%), Methylethylenediamine (MEDA) (95%), N-(n-butyl)ethylenediamine (BEDA), acid itaconic (99%), anhydride itaconic (97%), anhydrous ethylene glycol (99.8%), dicyclohexylcarbodiimide (99%) (DCC), 2-hydroxyethyl acrylate (2-OHa) (97%), 1,1,3,3-tetramethylguanidine (TMG) (99%), 1,8-Diazabicyclo(5.4.0)undec-7-ene (DBU) (98%), Aluminium trichloride (AlCl 3 ) (98.5%), ptoluenesulfonic acid (PTSa) (99%), 1,5-Diazabicyclo(4.3.0)non-5-ene (DBN) (98%), acid hydrochloric (37% in water) (HCl), sulfuric acid (H 2 SO 4 ) (95%), ethyl acetate (99%), anhydrous magnesium sulfate, cyclohexane (99.8%), toluene (99%) and diethyl ether (99.5%) were obtained from Fisher Scientific (France). Amberlyst® 15H (strongly acidic cation exchanger dry), Amberlite® IR120H (strongly acidic ion exchange resin), CDCl 3 , m-Xylylenediamine (mXDA), Diaminopropane (DAP), acrylic acid (99%), sodium bicarbonate, 4-Dimethylaminopyridine (DMAP) and hydroquinone (99%) were provided by Sigma-Aldrich (France). Ethanol absolute, deuterated dimethyl sulfoxide (d-DMSO) (99.8%) and acetone were purchased from VWR (France). Octylamine (OA) (99%) was provided by TCI chemicals (France). Weepox01 is commercial ESO provided by Brenntag (Germany). Olive oil from EU (OO) was purchased at Auchan (France). All chemicals were used without any purification.

Synthesis of ethyl itaconate (Iet)

According to a previously described protocol [START_REF] Pérocheau Arnaud | Selective Synthesis of Monoesters of Itaconic Acid with Broad Substrate Scope: Biobased Alternatives to Acrylic Acid? ACS Sustain[END_REF], 10 g of anhydride itaconic (0.09 mol, 1 eq.) were introduced in a round bottom flask equipped with a magnetic stirrer. 2 mL of toluene and 6 mL of ethanol (0.1 mol, 1.15 eq.) were added to the mixture. After 16h at 50 °C, the solvent was removed under reduced pressure. Ethyl itaconate is obtained with 94 wt% yield. 1 H NMR (ppm): 12.6 (1H, COOH), 6.16 (1H, s), 5.8 (1H, s), 4.1 (2H, q), 3.3 (2H, s), 1.2 (3H, t).

Synthesis of

4-ethyl 1-(2-hydroxyethyl) 2- methylenesuccinate (Ietgl) 
This synthesis was adapted from a previously described protocol (Tremblay-Parrado and Avérous 2020). 2 g of Iet (12.6 mmol, 1 eq.) were introduced in a round bottom flask equipped with a magnetic stirrer. 0.15 g of DMAP (1.2 mmol, 0.1 eq.) and 15 mL of anhydrous ethylene glycol (268 mmol, 21 eq.) were added to the mixture. The flask was cooled down to 0 °C. 3 g of DCC (14.5 mmol, 1.15 eq.) dissolved in 15 mL of dichloromethane were introduced drop by drop. When the addition is complete, the mixture was stirred 30 min at 0 °C. Then, the reaction mixture was left stirring 15 hours at room temperature. The mixture was filtered to remove most of the N,N'-dicyclohexylurea (DCU) byproduct formed during the reaction. The product was then purified by chromatography column with a 8/2 diethyl ether/cyclohexane eluent. The solvent was evaporated under reduced pressure. The crude mixture was dissolved in a minimum of dichloromethane and put at 0 °C to crystallize the DCU and then filtered to remove the residual DCU. The dissolution, crystallization and filtration process was repeated twice. The final yield of the pure product is 62 wt%. 1 H NMR (ppm): 6.3 (1H, s), 5.7 (1H, s), 4.2 (2H, q), 4.1 (2H,q), 3.3 (2H, s), 1.3 (3H, t) 1.2 (3H, t). 13 C NMR (ppm): 171 (C=O), 166 (C=O), 134 (C=C), 128 (C=C),67, 61, 59, 38, 14.

Synthesis of diethyl itaconate (Deti)

1 g of itaconic acid (7.7 mmol, 1 eq.) were introduced in a round bottom flask equipped with a magnetic stirrer. A large excess of absolute ethanol was introduced with few drops of sulfuric acid. The mixture was stirred under reflux for 20 hours. After cooling down to room temperature, the mixture was neutralized with a saturated solution of NaHCO 3 . The organic solution was dried over anhydrous magnesium sulfate and concentrated under vacuum to obtain a brown liquid. The final yield of the product is 80 wt%. 1 H NMR (ppm): 6.3 (1H, s), 5.8 (1H, s), 4.8 (1H, OH), 4.1 (2H, q), 3.6 (2H, s), 3.4 (2H,t) 1.2 (3H, t). 13 C NMR (ppm): 171 (C=O), 166 (C=O), 134 (C=C), 129 (C=C), 61, 38, 14.

Synthesis of epoxidized olive oil (EOO)

According to a previously described protocol (Arbenz et al. 2017;Petrović et al. 2002), 100 g of OO (0.29 mol, 1 eq.), 25 g of Amberlite® IR 120H were introduced in a 1 L three-neck flask equipped with a reflux condenser, a magnetic stirrer and a dropping funnel. 8.3 mL of acetic acid (0.15 mol, 0.5 eq.) and 100 mL of toluene were added. The mixture was heated to 70 °C under vigorous magnetic stirring. Then 44.8 mL of H 2 O 2 30% (0.45 mmol, 1.5 eq.) were added dropwise by the dropping funnel for 30 min to prevent overheating and epoxide ring-opening. The mixture was heated at 70 °C for 7h additional hours. In the end, the mixture was recovered in 500 mL of ethyl acetate. The catalyst was filtered off. The organic phase was washed with saturated NaHCO 3 solution until neutral pH. Then it was washed with brine solution, dried with anhydrous magnesium sulfate and then filtered. The solvent was evaporated under reduced pressure. The EOO was dried overnight in a vacuum oven at 40 °C. The yield was 90 mol%.

Ring-opening of epoxidized oils with acrylic acid

The protocol was adapted from a previously published work (Peyrton et al. 2019). In a typical procedure, the reaction was carried out in a round bottom flask equipped with a reflux condenser and a magnetic stirrer. The flask was filled with epoxidized oil (1 eq. of epoxide), hydroquinone (0.02 eq.) and acrylic acid (1.7 eq.). The mixture was stirred at 90 °C for 15 hours. In the end, the exceeding acrylic acid was distilled under vacuum. The mixture was recovered with ethyl acetate. The organic phase was washed with saturated NaHCO 3 solution until neutral pH. Then it was washed with brine solution, dried with anhydrous sodium sulfate and then filtered. The solvent was evaporated under reduced pressure. The ESO and EOO ring-opened with acrylic acid named ESOa and EOOa, respectively, were dried overnight in a vacuum oven at 40 °C. The yield was 90 wt%.

Ring-opening of ESO with Iet (ESO_Iet)

The protocol was adapted from a previously published work (Peyrton et al. 2019). The reaction was carried out in a round bottom flask equipped with a reflux condenser and a magnetic stirrer. The flask was filled with 20 g of ESO 2.2 mmol epoxide/g, (44 mmol, 1 eq.), 0.1 g of hydroquinone (0.9 mmol, 0.02 eq.) and 12 g of Iet (75 mmol, 1.7 eq.). The mixture was stirred at 120 °C for 2 days. The mixture was recovered with ethyl acetate. The organic phase was washed with saturated NaHCO 3 solution until neutral pH. Then it was washed with brine solution, dried with anhydrous sodium sulfate and then filtered. The solvent was evaporated under reduced pressure. The ring-opened ESO with Iet (ESO_Iet) was dried overnight in a vacuum oven at 40 °C. The yield was 94 wt%.

Synthesis of Difurfurylamine (DIFFA)

According to a previously described protocol (Holfinger et al. 1995;Janvier et al. 2017), 25 mL of Furfurylamine (0.28 mol, 2.1 eq.) were introduced in a round bottom flask equipped with a magnetic stirrer and a reflux condenser. The flask was cooled down to 0 °C with an ice bath. An aqueous solution of HCl (18 wt%) (0.68 mol, 5 eq.) was then added dropwise to furfurylamine over 1 hour. After complete addition, the mixture was stirred for 30 min at 25 °C. 10 mL of acetone (0.13 mol, 1 eq.) is then added, and the mixture is stirred at 40 °C. After 3 days, 4 mL of acetone (0.4 eq.) is added to the mixture. The reaction was completed after an additional day of reaction. The mixture is then cooled down to 0 °C, and 75 ml of water were added. An aqueous solution of NaOH (15 w%) is added until pH 10 is exceeded. The mixture is extracted with ethyl acetate (3x100 mL), washed with brine, dried over anhydrous magnesium sulfate and concentrated under vacuum to obtain DIFFA (19.3 g, 80% crude yield). 1 H NMR (ppm): 6.0 (2H, d), 5.9 (2H, d), 3.76 (4H, s), 1.6 (6H, s), 1.5 (4H, NH 2 ).

Characterizations

Epoxide index (EI) is expressed in wt% of oxygen in the form of epoxides in the fatty compound. In an Erlenmeyer flask, between 150 and 200 mg of sample was precisely weighed and dissolved in 5 mL of MEK. Exactly 10 mL of 0.4 mol/L HCl solution in MEK was added. The flask was closed and left to react at ambient temperature under magnetic stirring for 30 min. Then, 3 mL of water were added. The excess of HCl is titrated with 0.1 mol/L KOH solution. Phenolphthalein was used as the equivalence indicator. The epoxide index is determined according to Equation 5.1.
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NMR analyses were realized on a 400 MHz Bruker spectrometer. The Michael donor was diluted with CDCl 3 in an NMR tube. An equimolar quantity of Michael acceptor was added and launched the kinetic experiment. The 1 H spectra were obtained in quantitative conditions (i.e., the number of scans was set to 16 with a relaxation delay of 15 seconds). Straight after each proton acquisition, a 13 C spectrum was recorded using a 13 C attached proton test (APT) program with 128 scans. The APT program was chosen for better resolution. Furthermore, the methyl (CH 3 ) and methine (CH) carbons are differentiated from the methylene (CH 2 ) and quaternary (C) carbons. The reaction was followed by alternated 1 H and 13 C NMR for 6 hours. Each spectrum was calibrated with the CDCl 3 signals, set at 7.26 ppm for 1 H and 77.2 ppm for 13 C.

Rheological measurements were realized on a discovery HR-3 (TA instruments, France). The oscillatory shear experiments were performed with a 25 mm aluminum plate for the upper and lower plate.

Gel times were determined from rheological measurements by the crossover of the tan Δ (delta) curves at different frequencies. Several experiments conducted at unique frequency are required to apply this procedure. A multi-wave oscillation program was used to improve the precision. This program tests the samples at different frequencies in one experiment. Figure 5.1 described the construction of the multi-wave oscillation. The fundamental, 2 nd , 6 th and 10 th harmonic are uniques sinusoidal waves. The 2 nd , 6 th, and 10 th harmonics correspond to a frequency of solicitation of 2, 6 and 10 times the fundamental frequency, respectively. The stress fixed the amplitude of each harmonic.

Figure 1 shows that the fundamental, 2 nd , 6 th and 10 th harmonic stresses are fixed at 1, 0.9, 0.8 and 0.7%, respectively. The resulting multi-wave oscillation is formed by the sum of all the unique oscillations. The sample stressed by this multi-wave oscillation react with a similar wave. After Fourier transformation of the material response to the multi-wave stress, the different parameters (e.g., G', G", tan Δ) are obtained for the different solicitation frequencies. In a typical procedure, one gram of activated double bond oil is weighed in a Teflon becker. The convection oven temperature was set to 0 °C to cool down. The equivalent amount of amine was added and launched the experiment. The mixture was stirred between 10 and 45 sec to homogenized. Then it was put in-between the rheometer plate. The multi-wave oscillatory experiment was launched with a 1% strain and a 0.5 Hz frequency for the fundamental. The additional harmonics used were the 2 nd , 6 th and 10 th with an amplitude of 0.9, 0.8 and 0.7, respectively. The maximum stress for the multiwave method was 3.4%, corresponding to the sum of all individual stresses.

The gel time determinations were realized within the linear viscoelastic region of each material. The determination of the linear viscoelastic domain was realized before the gel determination in the most critical conditions: most crosslinked material, lower temperature and higher solicitation frequency. Therefore, an amplitude oscillation was realized at a frequency of 5 Hz, with a percentage of strain from 0.02 to 100%.

TGA was performed using a TA Instrument Hi-Res TGA Q5000 under N 2 (flow rate 25 mL/min). Samples of 1-3 mg were heated from room temperature to 700 °C at 10 °C/min. The main characteristic degradation temperatures were determined at the maximum of the derivative thermogravimetric (DTG) curve.

DSC was performed using a TA Instrument Q200 calorimeter under a nitrogen flow (50 mL.min -1 ). Samples of 1-3 mg were sealed in standard aluminum pans. The thermal properties (crystallization, fusion and glass transition temperature (T g )) were recorded using a cyclic procedure. Samples were heated from room temperature to 150 °C to erase the thermal history of samples, followed by a cooling ramp at 10 °C/min to -80 °C and finally a second heating to 150 °C at the same rate. The temperature was kept constant for 5 min at the end of each temperature ramp.

RESULTS AND DISCUSSION

Study of reactional models

On the contrary to the original Michael addition, aza-Michael addition proceeds without strong base catalysis. The Michael donor (amine) has sufficient nucleophilic and basic properties to react at ambient temperature. The secondary amines are more nucleophile and, therefore, more reactive than primary amines. The primary amine reacts with a Michael acceptor to form a secondary amine, which can further react with another equivalent of the acceptor (Scheme 5.2). The secondary amines and the primary amines are considered monofunctional and difunctional, respectively.

The evaluation of the reactivity and the functionality are key parameters for the control of the polymerization. In aza-Michael reaction, there are three types of Michael donors, represented in Scheme 5.2 (i) the secondary amine substituted by an alkyl chain (NH original), (ii) the primary amine (NH 2 ), and (iii) the secondary amine obtained from the addition of a first acrylate equivalent on NH 2 (NH formed). The gap of reactivities between these three types of Michael donors was studied with 1.4 butanediol diacrylate and MEDA or BEDA (Wu et al. 2004). The 13 C NMR analysis performed on the polymerization determined the following reactional order: NH (original) > NH 2 >> NH (formed) (Wu et al. 2004). This order can be reversed between NH (original) and NH 2 when the secondary amine is sterically hindered. A reduction of the nucleophilic character and the steric hindrance explains the reduced reactivity of NH (formed) with Michael acceptors. Recently, Caillol and coworkers demonstrated the fast addition in bulk of two equivalents of 2-OHa with OA, compared to butyl acrylate (Ecochard et al. 2020). The authors hypothesized a catalyst activity of the hydroxyl (OH) group on the aza-Michael reaction. In order to understand the impact of the OH group on the aza-Michael pathways with primary and secondary amines, the studied system is composed of 2-OHa as Michael acceptor and MEDA or BEDA as Michael donor. 2-OHa was used to model the ring-opening of epoxidized oil with acrylic acid, as described in Scheme 5.3A. As in the case of published works (Wu et al. 2004), the reaction conversion was followed by 1 H NMR, and the chemical pathway was investigated by 13 C APT NMR.

To follow the full reaction, kinetics studies were realized directly in NMR tube with CDCl 3 as a solvent, at 25 °C. Figure 5.2 presented the conversion over time of stoichiometric amounts of 2-OHa and BEDA or MEDA. The reaction was followed by the integration of the double bond signals in 1 H NMR. After six hours, the conversion evolution seems to plateau at 66% of conversion for both Michael donors, which indicated that only two double bonds equivalents have reacted. It can be hypothesized that one reactive site among NH (original), NH 2 and NH (formed) did not react after six hours. The slower consumption of 2-OHa with BEDA compared to MEDA could be explained by the higher steric hindrance of the NH (original). These results are consistent with the results obtained in previous works (Wu et al. 2004). The different pathways for the reaction between MEDA and 2-OHa were shown in Figure 5.3A. As previously stated, the corresponding chemicals are introduced in stoichiometric portions of reactive groups. Therefore, 2-OHa and MEDA or BEDA are mixed in a 3:1 molar ratio. The products are named according to the addition sequence. They are called "A", "B" or "C" with NH (original), NH 2 , or NH (formed), respectively. For example, if the first equivalent of 2-OHa is added on the NH 2 and the second on the NH (formed), the product is named "BC". The final product obtained after three additions is independent of the sequence and named "3". Figure 5.3B is zoomed between 32 and 68 ppm of stacked 13 C at different times. The full 13 C spectrum is presented in Figure S5.11, in SI. The CH and CH 3 are negatives, whereas the C and CH 2 are positives. Figure 5.3B assigned the carbons produced by the reaction between three equivalents of 2-OHa with MEDA. The environment of the 13 C affects their chemical shifts. Therefore, each addition pathway has unique 13 C signals. For example, the carbon in alpha position of the NH (original) (7 in Figure 5.3B), located at δ=54.0 ppm for the MEDA, shifts at δ=59.0 or δ=50.5 ppm for 7 A or 7 B , respectively. Furthermore, after two additions, the 7 AB carbon is located at δ=56.0 ppm and shifts upfield at δ=55.0 ppm for the final product (7 3 ).

The signals associated with the A addition disappeared faster than the signals of the B additions. This result indicates the NH (original) faster reactivity compared to the NH 2, which is consistent with previous observations (Wu et al. 2004).

After 200 min of reaction, two equivalents of double bonds were consumed (Figure 5.2), and the chemical shifts associated with the first addition products (A or B) had entirely disappeared (Figure 5.3B). The only remaining signals corresponded to the AB or BA addition. Furthermore, no signal corresponding to the BC structure was identified. A first hypothesis is that the intermediate BC could be unstable and react fast to form the final product. However, the fast reaction of the BC intermediate is not consistent with results previously obtained (Wu et al. 2004). A more accurate hypothesis would be that the intermediate BC was never synthesized due to the slower reaction of NH (formed) compared to NH (original) and NH 2 .

The reaction between 2-OHa and MEDA proceeds according to the following order of reaction: NH (original) < NH 2 << NH (formed). This confirmed previously published results with acrylate without OH groups (Wu et al. 2004). This result reinforced the hypothesis exposed by Caillol et al. of the inducted catalysis on the Michael reaction by OH groups (Ecochard et al. 2020). The 13 C monitoring of the reaction between 2-OHa and BEDA was presented in Figure S5.12 in SI. On the contrary to the results presented in Figure 5.3, the numerous concomitant signals did not permit a full analysis of the spectra. However, a similar growth rate of 4 A and 4 B in Figure S5.12 in SI indicates a similar reactivity of NH (original) and NH 2 formed. This result differs from the 2-OHa-MEDA reaction, where 4 B signals disappeared faster than 4 A (Figure 5.3B) and could explain the slower reactivity of BEDA observed in Figure 5.2. As already observed in the literature, the steric hindrance of NH (original) decreases their reactivity (Wu et al. 2004). Therefore, in the BEDA addition, NH (original) is less reactive than in MEDA. The evolution of 2-OHa-BEDA reaction monitored by 13 C NMR (Figure S5.12 in SI) also confirmed that the BC intermediate was never formed.

The previous results corroborate the hypothesized catalytic activity of the OH-containing groups through the conservation of the reactivity order between NH (original), NH 2 and NH (formed). To develop a greener and biobased alternative to the acrylic acid, Ietgl and Deti derived from itaconic acid were synthesized (Scheme 5.4) and tested as Michael acceptor. Their reactivities were investigated with OA by 1 H NMR and compared with 2-OHa. Iet was quantitatively obtained by esterification of anhydride itaconic with ethanol, in toluene. Although longer reaction times are required to obtain full conversions, toluene could be potentially substituted by a greener solvent, ethyl acetate (Pérocheau Arnaud et al. 2020). Nevertheless, Iet could also be obtained less efficiently in a greener way by mono-esterification of itaconic acid, catalyzed by enzyme (Ferraboschi et al. 1994). Iet was identified in 1 H NMR (Figure 5.4) by the apparition of the methylene (f) and the terminal methyl (g) protons of the ethyl ester at δ=4.05 and 1.17 ppm, respectively. Furthermore, the methylene protons between the double bond and the carbonyl were shifted upfield from δ=3.66 to 3.31 ppm compared to the anhydride itaconic. The methylene protons of the ethyl ester appeared in two distinct peaks at δ= 4.05 and 4.14 ppm. They are corresponding to the β-ethyl ester and the α-ethyl ester [START_REF] Pérocheau Arnaud | Selective Synthesis of Monoesters of Itaconic Acid with Broad Substrate Scope: Biobased Alternatives to Acrylic Acid? ACS Sustain[END_REF]. The full spectrum presented in Figure S5.13 in SI, shows a ratio 9/1 between the two signals. Only the β-ethyl ester of Iet was represented in Figure 5.4 for clarity reasons.

Ietgl was synthesized by Steglich esterification of Iet with ethylene glycol catalyzed by DMAP and DCC (Scheme 5.4). This esterification process was used because the classical esterification conditions with acid and heat were slow and not selective, probably due to the double bond vicinal to the carboxylic acid group. Furthermore, Steglich esterification was carried out at room temperature using a minimum amount of energy according to the green chemistry principles (Anastas and Eghbali 2010; Tremblay-Parrado and Avérous 2020). The dichloromethane could be substituted by a greener acetonitrile (Lutjen et al. 2018;Prat et al. 2016). It was also demonstrated that supported base-catalyst, which could be recovered and reused, and solvent-free conditions are suitable for green Steglich reaction (Sakakura et al. 2007). The formation of Ietgl was confirmed by the appearance in the 1 H NMR (Figure 5.4) of the methylene proton of the glycol ester (i) and the OH group (j) at δ=3.35 and 4.82 ppm, respectively. The methylene protons between the double bond and the carbonyl groups (c) were shifted downfield from δ=3.31 to 3.60 ppm compared to Iet. Ietgl was synthesized to model the structure obtained by the ring-opening of epoxidized oil with Iet (Scheme 5.3B). The molecular structure of Ietgl was confirmed by full NMR analysis, presented in The Deti molecule was synthesized by esterification of the itaconic acid in refluxing ethanol and acidic conditions (Scheme 5.4) to investigate the difference of reactivities between close molecules, with and without OH groups. The successful synthesis of Deti was confirmed by 1 H NMR spectra presented in Figure 5.4. The methylene (h, f) and methyl end group (i, g) of the ethyl ester appeared at δ=4.23-4.08 and 1.30-1.20 ppm, respectively. As previously explained, the two signals slightly shifted were identified as the α-ester (h, i) and the β-ester (f, g). The molecular structure of Deti was confirmed by full NMR analysis presented in Figure S5.20 to Figure S5.25, in SI. The reactivity of 2-OHa, Ietgl and Deti in Michael addition was measured by reaction with OA. The integrations of the double bonds in quantitative 1 H NMR spectra determined the conversions shown in Figure 5.5. The reactivity of the 2-OHa was higher than the others, with 61% of conversion after 6.3 hours compared to 43 and 16% for Ietgl and Deti, respectively. The steric hindrance around the Ietgl and Deti double bond could explain their lower reactivities compared to 2-OHa. In this case, the activated double bond of 2-OHa is terminal and readily accessible. On the contrary, the double bonds of Ietgl and Deti are disubstituted and, consequently, less reactive than a terminal one.

After two hours, the conversion of 2-OHa by reaction with OA in diluted condition was 50%. In a previous study, the conversion after two hours of 2-OHa reaction with OA at ambient temperature in bulk was higher than 90% (Ecochard et al. 2020). The absence of agitation and addition of the solvent could explain the lower reaction yield obtained in this study compared to previous results obtained in better conditions. In similar conditions as the literature (Ecochard et al. 2020) (i.e., bulk reaction under stirring), the reaction between 2-OHa and OA has reached 82% of conversion after 2.5 hours, confirming the impact of the synthesis conditions on the conversion yield.

The structure of the Michael acceptor explains the higher reactivity of Ietgl than Deti, as shown in Figure 5.5. A previous study showed that hydrogen bonding solvents (i.e., water and alcohols) increase the reaction rate (De et al. 2009). Similarly, the OH group present in Ietgl induces catalysis of the aza-Michael addition due to the hydrogen-donation ability and the activation of the Michael acceptor by the OH. It was previously reported that the aza-Michael reaction between itaconic acid and primary amine was followed by an intra-molecular ring-closing reaction to form N-alkyl-pyrrolidone (Malferrari et al. 2015;Noordzij et al. 2019;Okada et al. 2009). The ring-closing reaction was previously conducted in bulk with methyl itaconate and was quantitative in 30 min at room temperature (Malferrari et al. 2015). In our case, the reactions were realized in diluted conditions, which should favor the intramolecular ring-closing reaction. Therefore, the reactions were also monitored by 13 C to confirm the formation of aza-Michael reaction products with Ietgl and Deti. The results presented in Figure S5.26 to Figure S5.28 in SI presented typical chemical shifts of aza-Michael addition. Furthermore, the typical signal of the pyrrolidone group identified by the CH group at δ=34 ppm (Okada et al. 2009) was not observed in Figure S5.27 or Figure S5.28 in SI. The esterification of Deti and Ietgl with ethanol could prevent the cyclization reaction.

Gel formations with Michael acceptors from epoxidized oils

To confirm the results observed on the reactional models, various biobased Michael acceptors were synthesized and tested. ESO and EOO were ring-opened by acrylic acid to obtain ESOa and EOOa, respectively, to study the impact of the glyceride source and chemical structure on the polymerization reactivity. Furthermore, a fully biobased Michael acceptor was produced by ringopening of ESO by Iet to obtain ESO_Iet to confirm the lower reactivity observed with this reactional model. The application of several green chemistry principles was achieved, most notably (i) atom economy, (ii) renewable feedstock use, and (iii) minimized use of solvents (Anastas and Eghbali 2010). The synthesized Michael acceptors were characterized by the epoxide conversion, the selectivity, the quantity of activated double-bonds, the functionality, the viscosity, and the thermal resistance. These different results are summarized in Table 5.1.

The epoxide conversion shown in Table 5.1 was higher than 90%, and the selectivity was between 70 and 76% for the three systems. The difference in fatty acids compositions between ESO and EOO can explain the gap of conversion. EEO is primarily composed of epoxidized oleic acid, which contains a single epoxide group. On the contrary, the ESO has a higher density of epoxide with epoxidized linoleic and linolenic acid bearing 2 and 3 epoxide groups, respectively. The reaction of one or two epoxides on the same fatty acid decreases the accessibility of the last epoxide group. Therefore, fewer epoxide groups are ring-opened on ESO due to the steric hindrance.

The selectivity, presented in Table 5.1, was around 75%. It was lower than the conversion due to the side reactions inherent to the ring-opening reaction, such as epoxide homopolymerization, observed in acidic conditions (Lligadas et al. 2006a;Miao et al. 2008;Peyrton et al. 2020). SEC results are shown in Figure S5.29 and Figure S5.30 in SI. Contrary to ESO and EOO where a single peak is observed, ESO_Iet, ESOa and EOOa present a distribution of molar masses. The high molar masses confirmed the epoxide polymerization during the synthesis of the three Michael acceptors.

The activated double bond quantities were determined by quantitative 1 H NMR using pentafluorobenzoic acid as an internal standard. They ranged from 1.4 to 2.3 mmol of activated double bonds/g. Despite similar conversion, ESO_Iet presented a lower quantity of activated double bonds than ESOa. This is explained by the molar mass difference between ESO_Iet and ESOa. Iet has a higher molar mass than the acrylic acid and the ring-opening yields were similar. Therefore, the ringopening reaction of ESO led to a higher molar mass of ESO_Iet than ESOa, as also indicated by SEC results, presented in Figure S5.29. Consequently, the quantity of activated double bonds per gram of Michael acceptor decreased. The functionality determination method was adapted from previously published works on PUs (Peyrton et al. 2020) to aza-Michael addition. The rheometer results (Figure S5.31 to Figure S5.33 in SI) and the corresponding method were detailed in SI. ESOa, EOOa and ESO_Iet has an average number of activated double bond per molecules of 4.8, 3.3 and 5.0, respectively (Table 5.1). Although starting from the same oil, ESO_Iet had a slightly higher functionality than the ESOa. This modest difference could be explained by the higher selectivity of the ring-opening of ESO with Iet.

The viscosity of ESOa was 40 times higher than EOOa (Table 5.1). It can be explained by the difference in crystallization and melting point linked to the fatty acid distribution and the H-bonding differences (Gunstone et al. 2007). The results of the DSC experiments realized on the modified oils, shown in Figure S5.34 in SI, confirmed the difference in fusion behavior. Although the crystalization temperatures were similar (around -25 °C), the fusion temperature of OOEa (-34 °C) was lower than ESOa (-25 °C). Surprisingly, ESOa and ESO_Iet had similar crystallization and fusion temperatures. Therefore, the ring-opening nucleophiles (i.e., acrylic acid or Iet) did not affect the viscosity and the crystalization behavior.

The thermal stability of the biobased Michael acceptors was investigated through TGA experiments at 10 °C/min under inert atmosphere (N 2 ). The TGA and DTG profiles were presented in Figure S5.35 in SI. Michael acceptors presented a unique degradation peak in DTG, expressed in Table 5.1 as T deg max . The T deg max similar for the three triglycerides derivatives was around 390 °C. It indicates a similar degradation of the three Michael donors, confirmed by the similar weight loss profiles presented in Figure S5.35 in SI. Two consecutive phenomena could explain the thermal degradation behavior. At the beginning of the degradation, the ester bond scissions fragment the Michael donor in lighter molecules. The resulting fatty acids were then evaporated or decomposed by the temperature increase.

Gelation behavior of thermosets via Michael addition

The reactional model study demonstrated the higher reactivity of the acrylic acid derivatives compared to the itaconic acid ones, in diluted conditions. The monitoring of gel formation provides new insights into the polyaddition reactivity in bulk of the three Michael acceptors derived from epoxidized oil. The gel time was determined by the crossover between the storage modulus (G') and the loss modulus (G") or expressed otherwise tan Δ = 1, in DMA (ASTM D4473-03 2003;Paramarta and Webster 2017;Tung and Dynes 1982). However, G' and G" depends upon the frequency of solicitation. Therefore, the most accurate interpretation of the gel point was described as the instant where tan Δ is independent of solicitation frequency (Chambon and Winter 1987;Pascault et al. 2002;Winter and Chambon 1986). It can be expressed as the crossover of tan Δ measured at different frequencies.

In this study, the determination of the gel time was conducted by a multi-wave oscillation. The results obtained with the polyaddition of EOOa and DMEDA (EOOa_DMEDA) at 0 °C are presented in Figure 5.6 with the representation of tan Δ, G' and G" at different frequencies. The intersection of G' and G" varied from 30 000 to 35 000 seconds with the frequency variation from 0.5 to 5 Hz. These results illustrate the strong limitation of this method for gel time determination. In contrast, the measurement by the tan Δ crossover at different frequencies reaches a single value (22 500 seconds). Gel time is a key paremeter on the gelation of a polymer network. In PU formulation with catalysts, the gel time is between 5 to 165 seconds at ambient temperature with oil-based polyols (Fridrihsone-Girone et al. 2016). Without a catalyst, the ESOa_DMEDA gelled under 300 seconds at 25 °C. This result is close to the values obtained on PU networks. However, the crossover of tan Δ was not clear, and the standard deviation was considerable. The slow data acquisition combined with the sample preparation (15-45 seconds) prevents accurate gel time measurements under 500 seconds by the method previously described. Therefore, the gel times of aza-Michael polyadditions were measured at 0 °C to increase the time analysis and accumulate comprehensive data. (Flory 1941;Stockmayer 1944), the higher the functionality of the monomers, the lower the conversion at the gel point, and consequently, the lower the gel time will be. This theory could explain the higher gel time of ESOa_DMEDA (f=4.8) compared to EOOa_DMEDA (f=3.3). Although similar functionality, the gel time of ESO_Iet_DMEDA was two orders of magnitude longer than ESOa_DMEDA. As already explained for the reactional model, the steric hindrance of the itaconic acid derivative decreases the accessibility and the global reactivity. The ESOa demonstrated the fastest reactivity with DMEDA compared to EOOa and ESO_Iet. Several catalysts were tested with ESOa_DMEDA system to decrease the gel time and match with e.g., PU performances. The catalyst activity of the OH group on the aza-Michael addition was proved in the study of the reactional model. However, the aza-Michael addition is known to be catalyzed by organic bases (Clemens and Del Rector 1989) (i.e. TMG, DBU, DBN), protic solvents (i.e. water, ethanol) (Ranu and Banerjee 2007), Lewis (Pérez and Pleixats 1995;Wabnitz and Spencer 2003) (i.e. AlCl 3 ) or Brønsted (Vedejs and Gingras 1994;Wabnitz and Spencer 2003) (i.e. PTSa) acids. The catalyst loading was set at 10 mol%. The gel time, an indicator of the reaction rate, was determined according to the previously described method.

The gel times presented in Figure 5.8A were 2760, 2570 and 2140 seconds with TMG, DBU and DBN as a catalyst, respectively. These results were higher than without catalyst (1940 seconds).

Therefore, the organic bases did not catalyze the reaction. In our case, the DMEDA is exceptionally reactive due to its nucleophile and base character. The activation of DMEDA by complexation with TMG, DBU or DBN could increase the steric hindrance around the amine and decrease the reactivity.

The gel times with ethanol (1260 seconds) and water (1730 seconds) as catalyst were lower than without catalyst (Figure 5.8A). In organic synthesis, the Michael addition is well known to be catalyzed by water. The water increases the Michael donor nucleophilicity by hydrogen bonding with the electron-withdrawing group of the Michael acceptor. The capacity of the water molecule to bond with the amine group via the oxygen atom was also hypothesized as a cause of the acceleration of the reaction (Rulev 2011). Furthermore, catalytic activities were also observed with a solvent containing OH groups such as polyethylene glycol or glycerol. These two phenomena explained the lower gel time measured with ethanol or water as a catalyst. A similar mechanism occurs with OH-containing compounds. The lower gel time of the ESOa_DMEDA with AlCl 3 (1520 seconds) and PTSa (1680 seconds) confirmed the catalytic activity of Lewis and Brønsted acids, respectively (Figure 5.8A). They activate Michael acceptor by coordination with the electron-withdrawing group (i.e., the ester). The most efficient catalyst to accelerate the polyaddition of ESOa_DMEDA was the ethanol, with almost half the gelation time. The reactional model study confirmed the slow reactivity of the NH (formed) compared to NH (original) and NH 2 . In order to further understand the role of the amine structure on the reactivity of the system, different amines were tested in various quantities. For each tested amine which contained NH 2 groups, two materials were synthesized to investigate the stoichiometry effect. In the first series, the NH 2 group was considered monofunctional (f=1), whereas it was difunctional (f=2) in the second series. The equimolar ratio of Michael donors and acceptors was always set. For example, the DAP contains two NH 2 that are counted as monofunctional (DAP2) or difunctional (DAP4) for the quantity calculation. The gel times of the polymerizations of ESOa and DAP, DETA, TEPA, DIFFA or mXDA were determined using the previously described procedure.

The different amine used could potentially be biobased or have a biobased equivalent. The DAP could be replaced by the diaminobutane produced from glucose by an engineered strain of E. coli (Froidevaux et al. 2016). The DETA and TEPA are synthesized from the addition of ammonia and an ethylene derivative. Biobased ethylene is now produced in large quantities, e.g., in Brazil, by catalytic dehydration of bioethanol (Morschbacker 2009). The biobased aromatic DIFFA could substitute the fossil-based mXDA, also studied. The DIFFA was synthesized from the dimerization of biobased furfurylamine with acetone. The full analysis of the 1 H NMR spectra is presented in Figure S5.36 in SI.

The gel times of the two different series with the five amines were presented in Figure 5.8B. The gel times were lower when the NH 2 was considered difunctional, except for DAP. Therefore, the polyadditions were faster to gel at the exact stoichiometry. The correlation between the functionality and the gel time, explained previously, is conditioned by equivalent reactivities of all the reactive groups. However, it was demonstrated in the model study that the gap in reactivity between NH (formed) and NH 2 is substantial. The gel times of ESO_DAP were 1 400 and 7 400 seconds for the NH 2 considered mono-and difunctional, respectively. This exemplifies the slower reactivity of NH (formed) compared to NH 2 . This phenomenon is only shown with DAP due to the higher mobility of the DAP molecule compared to the other tested amines.

Surprisingly, the gel times of TEPA were higher than DETA despite a higher functionality and higher content of highly reactive NH (original). As demonstrated in the reactional study with MEDA and BEDA, the reactivity of the amine group depends on their electronic and steric environment (Mather et al. 2006). The first acrylate addition could enhance the steric hindrance around the other amines of the Michael donor. The gel time of the aromatic DIFFA and mXDA were similar. Despite identical functionality, the gel times of DIFFA and mXDA were two orders of magnitude higher than the aliphatic DAP. The proximity of the aromatic ring decreases the availability of the doublet and the basicity (Froidevaux et al. 2016). Therefore, the reactivity of the amine decreases. The polyaddition between DAP with NH 2 considered as monofunctional, and ESOa has the lowest gel time.

All the materials tested were fully cured at 50 °C and analyzed by DSC and TGA to determine their thermal properties and then compared to PU systems in an approach of substitution. The T g of the aza-Michael thermosets was measured on the second heating ramp at 10°C/min in DSC experiments and presented in Figure 5.9. The materials realized by considering NH 2 monofunctional have higher or similar T g than the related materials with NH 2 difunctional. Previous results demonstrated that 1.5:1 ratio of NH 2 :acrylate was the optimal ratio (Paramarta and Webster 2017). In another study, the T g was constant, with ratios ranging from 1:1 to 2:1 NH 2 :acrylate (Ecochard et al. 2020).

The T g of ESOa_DAP, ESOa_DETA, ESOa_TEPA in the NH 2 monofunctional series was 3, 7.5 and 19 °C, respectively. In these materials, the T g evolution is correlated with the amine functionality and, consequently, the crosslink density. Despite similar functionality, the T g of ESOa_DIFFA and ESOa_mXDA was higher than ESOa_DAP. It is well-known that the aromaticity increases the stiffness of the network and the T g . The T g of ESOa_DMEDA, EOOa_DMEDA and ESO_Iet_DMEDA were -12.9, -25.5 and -13.3 °C, respectively. The two materials derived from ESO had higher T g (-13 °C) compared to OOEa_DMEDA (-25 °C). This difference can be explained by the functionality variation between Michael acceptors synthesized from ESO and EOO. As previously explained, functionality, crosslink density and T g are correlated. Furthermore, the OOEa had more flexible dangling ends that increased chain mobility when integrated into a polymer network. Otherwise, the functionalization of ESO by the biobased Iet or acrylic acid did not affect the T g .

The higher T g was obtained with the aromatic amines (i.e., DIFFA and mXDA) or the highest functionality (i.e., TEPA). Similarly to PUs, the T g of aza-Michael materials could be tuned by variation of the monomer type and ratio. However, the particular macromolecular architecture of PUs induced phase separation between hard and soft domains. Generally, the soft segments have a T g below room temperature and the hard segments above room temperature (Szycher 2013). The T g of PUs made with oil-based polyols and aromatic isocyanates were reported between -20 and 20 °C (Gaikwad et al. 2015;Hablot et al. 2008;Stirna et al. 2012), which is relatively close to the results presented in Figure 5.9. Although different in macromolecular architecture, the thermal properties of aza-Michael network are comparable to PUs. S5.2 and Table S5.3 in SI. ESOa_DMEDA, EOOa_DMEDA and ESO_Iet_DMEDA demonstrate two main degradations steps (Table S5.2). The first step, around 210 °C, was identified as the dissociation of the amine-carbon bond (Pellis et al. 2019). Around 390 °C, a second degradation step, similar to the degradation of Michael acceptors presented in Figure S5.35, was associated with the ester scission (Ecochard et al. 2020). The thermal stability of the materials realized with NH 2 difunctional was higher compared to the series NH 2 monofunctional (Table S5.3). As an example, the thermal degradation of ESOa_DAP2 and ESOa_DAP4 are presented in Figure 5.10B. The first thermal degradation around 200 °C was more prominent in ESOa_DAP2 than ESOa_DAP4. As the NH 2 was considered monofunctional in ESOa_DAP2, the DAP quantity to attained the stoichiometry was double compared to ESOa_DAP4. This increased quantity of DAP for ESOa_DAP2 explained the higher degradation around 200 °C. The ESOa_DAP4 was more thermally stable than ESOa_DAP2 above 400 °C. The higher crosslink density of ESOa_DAP4 than ESOa_DAP2 can explain the higher thermal stability. Furthermore, secondary amines could be more thermally sensible than the tertiary amine. This would also explain the higher thermal stability of ESOa_DAP4.

Similarly to the oil-based Michael acceptors, the primary degradation of the aza-Michael thermosets was around 380 °C (Figure S5.35). Despite different macromolecular architecture, the degradation mechanism in two steps of the aza-Michael materials is similar to PUs. The thermal degradation of PU thermosets starts between 150 and 250 °C with the urethane bond decomposition (Furtwengler et al. 2018b;Laurichesse et al. 2014;Yang et al. 2012). The second step attributed to the soft segment degradation occurs around 400 °C (Laurichesse et al. 2014;Omrani et al. 2016;Yang et al. 2012). The biobased aza-Michael materials demonstrate thermal stability equal to the Pus and suitable for thermoset applications such as coating or foams.

CONCLUSION

Combining different issues, PUs thermosets do not fit the major expectations for a greener and more sustainable future, following the main principles for a green chemistry. However, their specific molecular architectures and efficient processing make the PUs essential to daily life with a large range of applications. In the frame of green and safer chemistry, the aza-Michael reaction was investigated as a potential substitute to PU in thermosets applications. In this frame, the reactivity of the aza-Michael reaction was studied with a particular emphasis on Michael acceptors derived from biobased lipid resources.

The in-depth NMR investigation on the reactional model systems demonstrates the catalysis activity of OH-based compounds on the aza-Michael reaction. Furthermore, the order of reactivity is preserved compared to equivalent systems without OH groups. NH (formed) remains less reactive than NH (original) and NH 2 . The steric hindrance of the biobased molecules synthesized from itaconic acid was proved to decrease the reactivity of the Michael acceptor compared to the acrylic acid derivative.

The gel times of the studied aza-Michael polyadditions were accurately measured by a multiwaves experiment method. The reactions between ESOa and aliphatic amines were proved to be extremely fast to reach the gel point, which is suitable for formulation such as reactive foams, as in the case of PU. However, the amino-ester bonds composing the macromolecular architecture of the aza-Michael materials should form less hydrogen bonding. Therefore, the mechanical properties should be affected. This point needs to be further investigated.

The thermal properties measurement of the aza-Michael materials prepared with amine variation presented unique T g ranging from -5 to 20 °C. No phase separation was observed in the aza-Michael materials due to their lack of hydrogen bonding compared to PUs. Despite differences in macromolecular architecture, aza-Michael-based and PUs material presented similar thermal properties and stabilities.

To further increase the reactivity, the preparation of biobased Michael acceptors could be applied to systems with higher functionality, such as e.g., polyunsaturated microalgal oils. Future experiments should also focus on the exothermic character of the aza-Michael addition to evaluate its potential as e.g., a substitute for the PU foams and the corresponding uses. Foams elaboration process with aza-Michael polyaddition could then be investigated with a surfactant and a blowing agent. 

Full NMR analysis of Ietgl

Determination of the functionality of the Michael acceptors

Thermosets differ from thermoplastics by the branching units, which form a continuous macromolecule to the boundaries of the system: a 3D network. During a thermoset synthesis, gelation occurs when one molecule is percolating throughout the system. This moment is called the gel point. It depends on the conversion and the functionality of the monomers. The higher the functionality of monomers is, the lower the conversion at the gel point will be. The gel point characterization is critical for the functionality determination via the Flory-Stockmayer theory of gelation (Flory 1941;Stockmayer 1944). The storage modulus (G') is related to the solid part of the material and the loss modulus (G") to the liquid viscoelastic part. The classical approach defined the gel point as the crossover between the G' and G" modulus. Another approach was developed by Winter & Chambon, who demonstrated the linear dependency of G' and G" with solicitation frequency at the gel point (Chambon and Winter 1987;Winter and Chambon 1986). Three hypotheses condition the Flory-Stockmayer theory described in Equation S5.1: (i) all functions are equally reactive, (ii) there is no intramolecular reaction and (iii) the network is only formed by the reaction between the A and B group.

) 1 )( 1 ( 1    B A C f f  (S5.1)
With f A and f B the functionality of the two reactive units and α c the probability that a given functional groups of a branch unit lead to another branch rather than a terminal group at the gel point. It can be expressed as a function of the conversion of monomer A or B and r the molar ratio of reactive function defined in Equation S5.2. With n A and n B the quantity of A and B group respectively, p A and p B the conversion of A and B group, respectively. The determination of the functionality can be realized by two methods: (i) the determination of the conversion by a dosage of A or B group at the gel point for a material realized with an equimolar quantity of A and B (r = 1) or (ii) the preparation of material with a gradual variation of the molar ratio (r) and full conversion of the monomer introduced in defect until one material is at the gel point. The second method is more comfortable to implement and precise. In both cases, the functionality of one of the two monomers is precisely known.

This method was developed to determine the functionality of polyol via polyurethane network formation. However, the Aza-Michael polyaddition respects the conditions previously detailed for the application of the Flory-Stockmayer theory. Therefore, the method can be used to measure the functionality of the Michael acceptor (B group) derived from epoxidized oils. In this case, the DMEDA, a bifunctional molecule with very reactive secondary amine, was used as Michael acceptor (A monomer). The full conversion of amine was checked by IR spectra and the disappearance of the N-H stretching band at 2800 cm -1 . Therefore, the Equation S5.3 of material at the gel point can be simplified in Equation S5.4 by considering the full conversion of amine and f A =2. 

TGA

Conclusion chapitre 5

L'objectif de ce chapitre était donc d'explorer la chimie d'aza-Michael pour la synthèse de thermodurcissables durables qui pourraient potentiellement remplacer les polyuréthanes. Les accepteurs de Michael dérivés d'huiles époxydées ont été plus particulièrement étudiés.

Les monomères utilisés pour la synthèse de matériaux par addition d'aza-Michael ont été modélisés afin d'explorer leur réactivité. Les résultats obtenus par RMN du proton et du carbone ont démontré l'activité catalytique des groupements hydroxyles sur l'addition d'aza-Michael. Un substitut à l'acide acrylique, qui était biosourcé et synthétisé à partir d'acide itaconique a été examiné pour la synthèse d'accepteurs de Michael biosourcés. Les résultats prouvent que la réactivité est dépendante de l'encombrement stérique de la double liaison. L'acide itaconique, possédant une double liaison plus encombrée que l'acide acrylique, est donc moins réactif.

Les mesures de temps de gel par rhéologie ont permis de confronter les résultats obtenus sur le modèle aux polymérisations. Les polymérisations sont des systèmes plus complexes comparés aux modèles réactionnels. Les résultats obtenus montrent, comme le modèle réactionnel, que les accepteurs de Michael totalement biosourcés réagissent plus lentement que ceux synthétisés à partir d'acide acrylique. L'analyse thermique a permis de confirmer le potentiel des matériaux aza-Michael en tant que substitut aux polyuréthanes. Malgré des architectures macromoléculaires différentes, les résistances à la dégradation thermique des deux types de polymères sont similaires.

Ce travail ouvre des perspectives sur la substitution des polyuréthanes. L'addition d'aza-Michael a démontré au cours de cette étude une réactivité pertinente qui pourrait être mise à profit pour la synthèse, par exemple de mousses. L'étude de l'exothermie de la réaction permettrait de confirmer la possibilité de former des matériaux alvéolaires de façon analogue aux polyuréthanes. Les relations structures-propriétés, notamment mécaniques, devront être étudiées afin de confirmer le potentiel de l'addition d'aza-Michael entrevu dans cette étude.

Cette thèse a été menée dans l'équipe BioTeam dirigée par le Pr. Luc Avérous au sein de l'Institut de Chimie et Procédés pour l'Energie, l'Environnement et la Santé (ICPEES -UMR CNRS 7515) à Strasbourg. Ce travail s'intègre également dans Mutaxio, un laboratoire commun de recherche créé en 2017 entre la BioTeam et SOPREMA, le leader mondial des solutions d'étanchéité et spécialiste de la couverture, des sous-couches phoniques et de l'isolation des bâtiments. Dans le cadre de cette thèse, la BioTeam et SOPREMA sont parties intégrantes du consortium Trans'alg financé par la Banque Publique d'Investissement France dans le cadre du programme d'investissements d'avenir. Ce groupement d'entreprises a pour but de développer la production de microalgues afin de produire des molécules d'intérêts pour la chimie de commodité. Le projet de thèse s'attache à produire de nouveaux synthons à partir d'huile de microalgues pour l'élaboration de matériaux alvéolaires. La présente thèse s'inscrit dans la continuité des travaux de recherches menés au sein de la BioTeam : le développement de matériaux polyuréthanes innovants à partir de nouvelles ressources issue de biomasses. Les connaissances de cette équipe sur les matériaux alvéolaires se sont étendues suite à différents projets impliquant des ressources phénoliques ou des glucides. La BioTeam a d'ores et déjà synthétisé des nouveaux polyols biosourcés à partir de tannins ou de sorbitol, adaptés à l'élaboration de mousses polyuréthanes rigides. En 2017, l'équipe dirigée par le Pr. Luc Avérous devenait une des premières équipes à valoriser l'huile de microalgues comme polyol dans un matériau alvéolaire. Ces matériaux sont principalement utilisés pour l'isolation des bâtiments. Parce que la majorité des mousses polyuréthanes rigides sont actuellement produites à partir de composés d'origine fossile la conception de nouveaux matériaux durables et biosourcés pour l'isolation des bâtiments revêt donc une grande importance pour l'économie d'énergie et l'environnement. Les propriétés de ces nouveaux matériaux qui présentent de nouvelles architectures macromoléculaires doivent égaler les standards actuels dans le domaine.

Ce manuscrit, au-delà de l'introduction et la conclusion générale, a été organisé en 5 chapitres dont 4 expérimentaux. Chacun d'eux est articulé autour d'une publication. Dans un contexte de valorisation du travail de recherche, deux articles sont actuellement publiés dans Molecules (2019, Vol. 24, p. 4332) et dans ACS Sustainable Chemistry & Engineering (2020, Vol. 8, p. 12187) L'étude bibliographique présentée dans le chapitre 1 de ce manuscrit, dresse un état de l'art des relations structures-propriétés dans les mousses polyuréthanes biosourcées. Cette analyse permet d'appréhender les problématiques liées à l'élaboration de mousses polyuréthanes biosourcées. Les multiples réactions chimiques et phénomènes physiques advenant lors de la synthèse de ces matériaux alvéolaires sont à prendre en compte pour établir les corrélations entre structures et propriétés. Cet état de l'art montre aussi la richesse de la chimie et des voies de synthèse explorées pour produire des mousses polyuréthanes à base de composés biosourcés. Les lipides, glucides, polyphénols ou les composés issus de biotechnologies blanches sont détaillés. Concernant les lipides, l'étude bibliographique présente la voie d'époxydation suivie d'une ouverture de cycle avec un nucléophile comme très prometteuse. Cette méthode permet, en variant la structure chimique du nucléophile utilisée, d'obtenir des polyols ou des additifs qui pourront entrer dans la composition des mousses polyuréthanes. L'étude bibliographique permet également de détailler les relations entre les structures des monomères et les propriétés des mousses polyuréthanes rigides. La mise en oeuvre est un point clé pour l'obtention de matériaux alvéolaires conforme à l'application visée. L'équilibre entre la rigidification du réseau polymère et son expansion est notamment déterminant. Une discussion sur l'avenir des mousses polyuréthanes est également présentée à la fin de cette étude avec l'utilisation de composés moins nocifs pour la santé. L'addition de cyclocarbonates et d'amines représente la réaction la plus encourageante pour synthétiser des polyuréthanes sans isocyanates dans le cadre d'une chimie plus verte. Ce thème déjà abordé dans l'équipe BioTeam ne sera pas développé dans le cadre de ce travail de doctorat. L'avenir des matériaux alvéolaires a été également plus globalement abordé dans cette revue. Les additions de Michael actuellement en plein essor ont été mises en exergue pour potentiellement remplacer les mousses polyuréthanes à l'avenir. Ce dernier thème sera plus particulièrement développé dans le dernier chapitre de la thése.

La partie expérimentale ce travail est présentée dans les chapitres 2 à 5. Dans le second chapitre, la formation de polyols à partir d'huile par époxydation et ouverture de cycle est explorée sur un système simplifié. L'étude des ouvertures de cycle par l'éthanol ou l'acide acétique permet la validation d'une nouvelle méthode de suivi par spectroscopie RMN. Les données cinétiques et thermodynamiques des réactions sont aussi déterminées. Les propriétés observées et les protocoles développés, dans cette étude, permettent d'envisager la production de polyols par cette voie de synthèse sur des huiles de microalgues. Des modèles mono-hydroxyles ont été synthétisés par réactions d'ouvertures avec différents nucléophiles. L'analyse de la réactivité de ces groupements hydroxyles modèles permet de classer les produits des réactions d'ouvertures dans différentes catégories. Les molécules obtenues par ouverture de l'huile époxydée avec l'éthanol, l'acide acétique, chlorhydrique ou bromhydrique sont des polyols. Il est à noter que les composés synthétisés avec la diéthylamine comme nucléophile sont à la fois des polyols et des catalyseurs.

Le troisième chapitre décrit la synthèse de polyols à partir de microalgues par application des protocoles précédemment développés. L'ouverture des époxydes pour la synthèse de polyols est opérée avec l'éthanol, la diéthylamine, l'acide acétique, chlorhydrique ou bromhydrique. Le polyol standard, d'origine fossile, est partiellement remplacé par 25% de chaque dérivé d'huile de microalgues dans des formulations de mousses polyuréthanes rigides. Le but est d'étudier leur impact sur la mise en oeuvre des matériaux cellulaires. Les résultats démontrent que l'huile de microalgues époxydée ouverte avec l'éthanol produit le polyol le plus adapté, pour la mise en oeuvre des mousses. Trois autres mousses sont aussi mises en forme avec ce polyol introduit à hauteur de 35, 50 et 75%. Les temps de mise en oeuvre de ces matériaux sont malheureusement trop importants par rapport à une référence fossile. Les mousses les plus prometteuses en terme de mise en oeuvre ont été très largement caractérisées. La résistance à la compression, la tenue au feu et la conductivité thermique valident la conclusion dressée lors de la mise en oeuvre : le polyol obtenu par ouverture de l'huile de microalgues époxydée avec l'éthanol est le plus adapté pour remplacer un polyol standard d'origine fossile. Cette étude a permis également de valider l'activité catalytique des polyols synthétisés avec la diéthylamine, précédemment étudiés sur le modèle réactionnel. L'huile de soja étudiée est plus adaptée que l'huile de microalgues en tant que catalyseur. Une mousse a été réalisée avec pour unique catalyseur un polyol synthétisé par ouverture de l'huile de soja époxydée par la diéthylamine. Quoique la mise en oeuvre de cette mousse soit plus lente qu'une mousse standard, la densité obtenue est cependant similaire.

A la suite de ce travail, la formation d'oxazolidone est étudiée dans le chapitre 4 par réaction directe entre une huile époxydée et un polyisocyanate dans les mousses polyuréthanes. Un polyol conventionnel, issu de ressources fossiles, a graduellement été remplacé par de l'huile de soja époxydée dans des mousses polyuréthanes. La hauteur finale des matériaux mis en oeuvre a été mesurée afin de déterminer l'impact de ces remplacements. Les résultats montrent que l'huile de soja affecte négativement la mise en oeuvre des mousses polyuréthanes en diminuant leur expansion. Suite à ces résultats, de nouvelles mousses ont été réalisées avec 25% d'huile de microalgues époxydée. Par une poly-insaturation originelle supérieure, elle présente une teneur en groupements époxydes en moyenne largement supérieure à l'huile de soja. Le potentiel de réaction époxydes-isocyanates est par conséquent augmenté. Les mousses ainsi mise en oeuvre ont une hauteur et une densité, similaire à la mousse de référence fossile. L'extraction des composés non liés par liaisons covalentes au réseau polymère a été réalisée sur les matériaux alvéolaires contenant des huiles époxydées. La séparation en composé individuel de ces extraits, suivi d'une analyse structurelle a permis d'identifier l'huile de microalgues comme non lié au réseau polymère. Ce résultat montre que la réaction est incomplète entre l'huile de microalgues époxydée et les polyisocyanates lors de la synthèse des mousses polyuréthanes. La formation d'oxazolidone n'étant pas cependant exclue, une étude modèle a été lancée. L'étude reactionnelle entre des époxydes et des isocyanates modèles avait pour but d'identifier les conditions de formation de groupement oxazolidone. Cet hétérocycle à cinq membres est synthétisé avec les époxydes terminaux. Comme les huiles époxydées sont composées d'époxydes disubstitués, plus encombrés et donc moins réactifs, la formation quantitative d'oxazolidone n'a jamais été observée sur l'huile modèle quel que soit le catalyseur employé. Les études menées dans ce chapitre indiquent la difficulté de synthétiser quantitativement des oxazolidones dans les mousses polyuréthanes par réaction directe entre les huiles époxydées et les polyisocyanates.

Le chapitre 5 est un chapitre d'ouverture qui permettra l'amorce de nouveaux axes de recherche innovants sur le thème des mousses biosourcés pour l'isolation. L'addition d'aza-Michael pour la synthèse de thermodurcissables durables et biosourcés a été donc explorée. Les accepteurs de Michael dérivés d'huiles époxydées ouvertes par l'acide acrylique ont été modélisés. La réaction entre les composés modèles a été ensuite suivie par spectroscopie RMN du proton et du carbone. Cette technique a permis d'identifier les différentes structures intermédiaires formées. Les résultats démontrent que le groupement hydroxyle formé lors de la synthèse des accepteurs de Michael catalyse la réaction d'aza-Michael. L'acide itaconique, produit industriellement par fermentation de différentes biomasses, a été modifié afin de remplacer l'acide acrylique. Les résultats sur un système réactionnel modèle a montré une réactivité moins importante de cette molécule biosourcée par rapport à l'acide acrylique moins facilement biosourçable. L'encombrement stérique autour de la double liaison réactive contrôle la réactivité des accepteurs de Michael. Les mesures du temps de gel sur les polymérisations par rhéologie, confortent les résultats obtenus sur le modèle reactionnel. Les accepteurs de Michael synthétisés par ouverture de l'huile de soja époxydée par l'éthyle itaconate forment un réseau polymère plus lentement que ceux avec l'acide acrylique. Enfin, les matériaux thermodurcissables synthétisés par les polyadditions d'aza-Michael ont été caractérisés afin d'étudier leurs propriétés thermiques et les comparer à celles du polyuréthanes. Les stabilités thermiques et les températures de transition vitreuses mesurées sont similaires aux polyuréthanes présentant des structures analogues. Ces résultats, dans l'ensemble, démontrent le potentiel des polymères obtenus par addition de Michael pour remplacer les polyuréthanes et leurs synthèses, notamment dans le domaine des mousses.

Au cours des différentes études, la polyvalence des huiles époxydés pour synthétiser des monomères adaptés à l'élaboration de matériaux alvéolaires a été largement démontrée. L'huile de microalgues a été modifiée avec succès pour l'obtention in fine de systèmes alvéolaires complexes. De nombreuses connaissances scientifiques ont pu être collectées sur la cinétique et la réactivité des différentes réactions étudiées et répondre aussi à certaines questions scientifiques qui étaient ouvertes.

Les résultats prometteurs obtenus dans le cadre de cette étude permettent d'ouvrir de nombreuses perspectives pour la synthèse de nouveaux synthons à base d'huile de microalgaes pour l'élaboration de matériaux alvéolaires.

Avant de passer à des phases de changement d'échelle vers des voies de production industrielles de mousses biosourcés par exemple pour l'isolation thermique, un travail important d'optimisation des synthèses développées dans cette présente thèse reste à réaliser. Les nombreuses doubles liaisons de l'huile de microalgues sont un avantage par rapport aux huiles végétales. Cependant, lors de la synthèse des polyols, la faible sélectivité lors de l'ouverture des époxydes n'a pas permis d'obtenir tous les groupements hydroxyles attendus. En diminuant le nombre de réactions secondaires la densité en groupement hydroxyles pourrait augmenter. Les performances des polyols et des mousses biosourcés seraient ainsi améliorées.

De plus, l'équilibre économique de ces nouveaux polyols devra aussi être démontrés lorsque les processus de production massique seront arrêtés. Actuellement, le coût de production des polyols biosourcés à partir d'huile de microalgues est bien supérieur aux polyols disponibles, d'origine fossile. La production d'huile de microalgues est en pleine essor mais ne permet pas, à présent, de subvenir aux besoin en polyols du marché des mousses polyuréthanes pour l'isolation. Quelques éléments vont dans le bon sens. L'introduction d'huile époxydée dans les mousses polyuréthanes permettrait la réduction d'une étape de synthèse par rapport aux polyols. Ceci pourrait donc se traduire en gain économique. Les propriétés des mousses polyuréthanes pourraient aussi bénéficier de la formation quantitatives d'oxazolidones. Afin de compléter nos études, la structure du catalyseur devrait être étudiée afin de faire réagir sélectivement les huiles époxydées et les polyisocyanates. Les matériaux alvéolaires potentiellement formés seraient plus résistant à la dégradation thermique. Ces mousses polyuréthanes pourraient être utilisées dans un contexte compétitif et adéquat.

La synthèse d'accepteurs de Michael par ouverture de l'huile de microalgues époxydée pourrait être envisagée suite à nos études. Les protocoles développés sur l'huile de soja pourraient être adaptés dans la synthèse de polymères. Cependant, les nombreux époxydes présents sur l'huile de microalgues nécessiteront une attention particulière. En effet, au cours de ces travaux, les protocoles précédemment développés sur les huiles végétales ont dû être adaptés pour obtenir les produits souhaités avec l'huile de microalgues. L'utilisation d'un solvant pourrait permettre d'obtenir quantitativement un accepteur de Michael à partir d'huile de microalgues.

Les mousses polyuréthanes synthétisées lors de ces travaux ont une teneur en biosourcé non majoritaire. Une étude portant sur l'optimisation des formulations contenant uniquement des polyols biosourcés est nécessaire afin de compléter nos travaux. Celle-ci pourrait permettre la synthèse de nouveaux matériaux alvéolaires aux propriétés semblables aux standards actuels du marché. L'augmentation des composés biosourcés permettrait néanmoins d'accéder à de nouvelles architectures macromoléculaires et de nouvelles propriétés pour les matériaux alvéolaires. L'huile de microalgues pourrait donc être utilisée sur un marché de niche des mousses polyuréthanes hautes performances. Les recherches menées sur matériaux polyuréthanes biosourcés concerne la synthèse de polyols. Or au cours de cette thèse, les huiles époxydées ont été transformées en polyols présentant des propriétés catalytiques ou ignifugeantes. Il serait donc intéressant d'envisager, l'utilisation de ces dérivés d'huiles et d'un isocyanate biosourcé, comme le dimère diacide diisocyanate. Cette association permettrait l'élaboration d'une mousse polyuréthane totalement biosourcé. Ce futur matériau alvéolaire pourrait être caractérisé par des propriétés supérieures aux matériaux actuels. La viabilité économique d'une mousse totalement biosourcée dépendra des nouvelles propriétés obtenues et du prix des produits d'origine fossile correspondants.

Enfin, l'étude sur le remplacement des polyuréthanes pour la synthèse de thermodurcissables a montré le potentiel des polyadditions d'aza-Michael. Les amines sont des précurseurs des isocyanates ce qui réduit les étapes de synthèses de ce monomère par rapport aux polyuréthanes. Les accepteurs de Michael biosourcés sont obtenus par le même nombre d'étapes que leur analogues, les polyols. Economiquement, la production d'accepteurs et donneurs de Michael est donc favorable Au niveau environnemental ces nouvelles polymérisations compensent certains défauts du polyuréthane, notamment au niveau de la synthèse et de la fin de vie. Néanmoins, une étude approfondie des propriétés mécaniques de ces nouveaux matériaux est nécessaire afin d'envisager le remplacement du polyuréthane. Au vu des résultats obtenus, il serait intéressant d'envisager des mousses élaborées par réaction d'aza-Michael. Celles-ci pourraient être totalement biosourcées comme démontré par nos études. Ces matériaux alvéolaires à l'architecture macromoléculaire nouvelle permettraient potentiellement d'améliorer les propriétés d'isolation actuelles tout en ayant un faible impact environnemental. Ces nouveaux polymères biosourcés synthétisés par polyaddition d'aza-Michael sont prometteurs. Cependant, la fin de vie des matériaux devra être explorée par recyclage chimique ou biologique qu'ils soient intégrés dans une économie circulaire. Par ailleurs, afin de compléter notre étude, une analyse complète du cycle de vie des polymères aza-Michael permettrait de confirmer leur potentiel de thermodurcissables durables et verts.
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Résumé

Dans un contexte de développement durable et de chimie verte, de nouveaux synthons issues d'huile de microalgues ont été développés pour l'élaboration de nouvelles mousses polyuréthanes biosourcées. La synthèse de polyols par époxydation de ressources lipidiques est tout d'abord analysée en terme cinétique au travers d'un modèle reactionnel. Les protocoles développés ont été ensuite appliqués à des triglycerides issus microalgues. L'impact des polyols synthétisés sur les propriétés de mousses rigides à cellules fermées est étudié. L'analyse de la réaction directe entre les huiles époxydées et des polyisocyanates montre la difficulté de former des groupements oxazolidones, lequels sont plus stable thermiquement que les uréthanes. Afin de trouver un substitut aux thermodurcissables polyuréthanes dans un contexte de chimie plus verte, durable et moins toxique, la chimie d'aza-Michael a été explorée avec des synthons biosourcés synthétisés à partir d'huiles époxydées.

Mots clés : Oléochimie, Biosourcé, Microalgues, Polyuréthane, Matériaux alvéolaires

Résumé en anglais

In a context of sustainable development and green chemistry, new building blocks derived from microalgae oil have been developed for the elaboration of new biobased polyurethane foams. The synthesis of polyols by epoxidation of lipidic resources is first analyzed in kinetic terms through a reaction model. The developed protocols were then applied to triglycerides from microalgae. The impact of the synthesized polyols on the properties of rigid with closed-cell foams is analyzed. The analysis of the direct reaction between epoxidized oils and polyisocyanates shows the difficulty of forming oxazolidone groups, which are more thermally stable than urethanes. In order to find a substitute for thermosetting polyurethanes in a context of greener, sustainable and less toxic chemistry, the chemistry of aza-Michael has been explored from biobased compounds synthesized from epoxidized oils. Keywords: Oleo-chemistry, Biobased, Microalgae, Polyurethane, Cellular materials
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  Scheme 1.4 -Synthesis of diisocyanate from β-pinene. Adapted from (Kobilka et al. 2019).
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Figure 1 . 24 -

 124 Figure 1.24 -Overview of the main synthetic routes to NIPU.

  Scheme 2.1 -General mechanism of an acidic catalyzed nucleophile ring-opening.

  χ is the yield of the reaction, t the time in minute, and k app_EtOH the pseudo-reaction rate constant. ln[Ep] 0 /[Ep] was presented as a function of time in Figure 2.1.

Figure 2 . 1 -

 21 Figure 2.1 -Determination of the epoxide partial order. Representation of ln([Ep] 0 /[Ep]) as a function of time at 30 °C, 50 °C, and 70 °C.

Figure 2 . 2 -

 22 Figure 2.2 -Determination of the catalyst partial order. Representation of ln(k app_EtOH ) as a function of ln(H + ) at 30, 50, and 70 °C.

Figure 2 . 3 -

 23 Figure 2.3 -Determination of the sum of the ethanol and catalyst partial order. Representation of ln(k app_EtOH ) as a function of ln(1/V t ) at 70 °C with 12 wt% catalyst loading.

Figure 2 . 4 -

 24 Figure 2.4 -Determination of the [NCO] partial order. Variation of ln([NCO] 0 /[NCO]) in function of time at 42 °C, 53 °C, 62 °C, and 74 °C.

Figure 2 . 5 -

 25 Figure 2.5 -Determination of hydroxyl partial order. Linear regression of ln(k app_U ) as a function of ln([OH]).

Figure 2 . 6 -

 26 Figure 2.6 -Reactivity comparison in urethane formation at 50 °C in dry toluene under inert atmosphere with EVHOSO-AA of different isocyanate structure: aromatic, aliphatic, and cyclo-aliphatic.

Figure 2 . 7 -

 27 Figure 2.7 -Tautomer conformation of phenyl isocyanate.

Figure 2

 2 Figure 2.8 -NMR Spectrum of the initial epoxidized fatty methyl ester (A) and after the RO with acetic acid (B), ethanol (C), hydrobromic acid (D), hydrochloric acid (E), and diethylamine (F).

Figure 2 . 9 -

 29 Figure 2.9 -Reactivity comparison in urethane formation with phenyl isocyanate with different RO FAMEVHOSO: EVHOSO-HBr, EVHOSO-HCl, EVHOSO-AA, EVHOSO-EtOH, and EVHOSO-DEA.

Figure 2 .

 2 Figure 2.10 -Electron releasing effect by mesomeric effect.

Figure

  Figure S2.11 -1 H NMR Spectra of the FAMEVHOSO unsaturated.

Figure

  Figure S2.12 -1 H NMR spectra of epoxidized FAMEVHOSO.

Figure

  Figure S2.13 -NMR analysis of epoxidized FAMEVHOSO (T 0 ) and the oil after 15, 35, 60, 120, 180, 240 and 300 min. of reaction at 90 °C with acetic acid.

Figure

  Figure S2.14 -Determination of the epoxide partial order. Representation of ln([Ep] 0 /[Ep]) as a function of time at 70 °C, 90 °C and 110 °C.



  

  6 mol/L by diluting with ethyl acetate. To determined k app_AA , the linear regression of ln([Ep] 0 /[Ep]) in the function of time was plotted (Figure S2.15).

Figure S2. 15 -

 15 Figure S2.15 -Determination of the k app_AA with 8.6 mol/L, 12.8 mol/L and 16.6 mol/L of acetic acid.

Figure S2. 17 -

 17 Figure S2.17 -Determination of E A_AA by plotting the ln(k AA ) as a function of the inverse of the temperature.

Figure S2. 18 -

 18 Figure S2.18 -Correlation between the mass of Amberlyst® 15H and the proton quantity.

7. 5 .

 5 Figure S2.19 -Arrhenius law for the RO of FAMEVHOSO with ethanol at 4, 12 and 20 wt% of catalyst loading.

Figure S2. 20 -

 20 Figure S2.20 -Representation of the gap between theoretical and experimental dosage of the NCO concentration.

Figure

  Figure S2.21 -Determination of the k aap_U . Variation of ln([NCO] 0 /[NCO]) in function of time at 1.24, 1.51, 1.73, 1.98, 0.51 and 0.72 mol/L.

Figure S2. 22 -

 22 Figure S2.22 -Application of the Arrhenius equation to determine the temperature dependency of reaction rate for the urethane formation and the RO with ethanol.

  Les travaux présentés dans ce chapitre sont sous la forme d'un article intitulée « Biobased Polyurethane foams based on new polyols architectures from microalgae oil » publié dans ACS Sustainable Chemistry & Engineering.

Figure 3

 3 Figure 3.1 -1 H NMR spectrum of MAO.

  Scheme 3.1 -Side reactions occurring during polyol synthesis.

Figure 3 . 2 -

 32 Figure 3.2 -Size exclusion chromatogram of EMAO-HCl, EMAO-DEA, EMAO-AA, EMAO-EtOH, EMAO and MAO.

Figure 3 . 3 -

 33 Figure 3.3 -Characteristic times of the different foams. The y-axis was broken since the gel time and tack-free time of ESO-DEAcat surpass 600 s and 1200 s, respectively.

Figure 3 . 4 -

 34 Figure 3.4 -Expansion rates (mm/s) determined with Foamat device for DEA25, Ref, EtOH25, HCl25 and AA25.

Figure 3 . 5 -

 35 Figure 3.5 -Feret diameters and aspect ratio in the longitudinal (A) and transversal (B) direction.

Figure 3 . 6 -

 36 Figure 3.6 -SEM images of all formulations in the transverse direction (Scale = 500 microns).

  in parts of the total polyol content of the fossil-based reference (Ref) and the catalystgroups were taken into account for the index calculation.

Figure 3 . 7 -

 37 Figure 3.7 -Results of the flammability test for Ref, EtOH25, EtOH50, AA25 and HCL25 foams.

Figure S3. 8 -

 8 Figure S3.8 -Infrared spectrum of MAO.

Figure

  Figure S3.9 -Proton NMR spectrum of EMAO.

  Figure S3.10 -31 P NMR analysis for hydroxyl titration of (A) EMAO-AA, (B) EMAO-EtOH, (C) EMAO-DEA and (D) EMAO-HCl.

Figure S3. 13 -

 13 Figure S3.13 -Stacked proton NMR spectra of polyols from EMAO (zoom from 4.5 to 2.5 ppm).

7. 6 .

 6 Crystallization and viscosity behavior with temperature of the different polyolsAll the analyses were performed in non-hermetic capsule and the thermograms present the first cooling and second heating ramp.

Figure

  Figure S3.14 -DSC thermogram of MAO.

Figure S3. 15 -

 15 Figure S3.15 -DSC thermogram of EMAO.

Figure

  Figure S3.16 -DSC thermogram of EMAO-AA.

Figure

  Figure S3.17 -DSC thermogram of EMAO-EtOH.

Figure

  Figure S3.18 -DSC thermogram of EMAO-DEA.

Figure

  Figure S3.19 -DSC thermogram of EMAO-HCl.

Figure

  Figure S3.20 -Evolution of the viscosity with temperature of EMAO, EMAO-EtOH, EMAO-AA, EMAO-HCl, EMAO-DEA and ESO-DEA.

Figure

  Figure S3.22 -TGA thermogram of EMAO.

Figure

  Figure S3.23 -TGA thermogram of EMAO-AA.

Figure S3. 24 -

 24 Figure S3.24 -TGA thermogram of EMAO-EtOH.

Figure

  Figure S3.25 -TGA thermogram of EMAO-DEA.

Figure

  Figure S3.26 -TGA thermogram of EMAO-HCl.

  Figure S3.27 -Expansion rate (mm/s) determined with the Foamat device for Ref, EtOH35, EtOH50, EtOH75, ESO-DEAcat.

Figure S3. 29 -

 29 Figure S3.29 -Representation of cell size modeled by a central binomial distribution.

7. 10 .

 10 Figure S3.30 -Temperature at the center of the foam recorded with the Foamat device of EtOH 35, EtOH50, EtOH75, Ref and ESO-DEAcat foams.

Figure

  Figure S3.31 -Temperature at the centre of the foam recorded with the Foamat device of EtOH25, Ref, AA25, DEA25, HCl25 foams.

  Figure S3.32 -Proton NMR spectrum of ESO (A) and ESO-DEA (B).

Figure S3. 33 -Figure

 33 Figure S3.33 -Size exclusion chromatography of ESO and ESO-DEA.

Figure S3. 35 -

 35 Figure S3.35 -FTIR spectra in absorbance mode of Ref, AA25, HCl25, EtOH25, EtOH50 foams.

Figure 4 . 1 -

 41 Figure 4.1 -Chemical analysis of F1-Ref, F1-25AO, F1-EAO and P2H-EG by FTIR (A) and 1 H NMR (B).

  Figure 4.2B) confirmed the glimpse gave by the FTIR. An aromatic chemical shift matching with the Pht-DEG spectrum appeared at δ=7.80 and 7.58 ppm. It was expected that 100% of the polyol reacted by polyaddition with the polyisocyanate. Therefore, only the side-products without OH groups should be extracted from the foams. The cyclic ester side product of the polyol synthesis was identified in F2-Ref, F2-25AO and F2-25EAO spectra (Figure 4.2B) by peaks at δ=4.71 (c') and 3.95 (d') ppm. The other peaks observed in the 1 H NMR spectra of the second fractions could be explained by some additives such as surfactants, present in the industrially produced Pht-DEG.

Figure 4 . 2 -

 42 Figure 4.2 -Chemical analysis of F2-Ref, F2-25AO, F2-EAO and Pht-DEG by FTIR (A) and 1 H NMR (B).

Figure 4 . 3 -

 43 Figure 4.3 -Chemical analysis: (A) FTIR spectra of F3-Ref, F3-25AO, F3-EAO and (B) 1 H NMR spectra of F3-Ref, F3-25AO, F3-EAO and EAO-oil.

Figure 4

 4 Figure 4.4 -1 H NMR spectra of (A) P2H-EG, F-OPG, F-PAO and F-PRO and (B) F-EAO, EAO-oil, F-PAO and PAOoil.

Figure 4

 4 Figure 4.5 -FTIR spectra of DGEBA alone and the main fractions after DGEBA reaction with and without catalysts.

Figure 4 . 6 -

 46 Figure 4.6 -Chemical analysis: (A) FTIR spectra of Mundex alone and the main fractions of Mundex reaction with and without catalysts (B) 1 H NMR spectra of Mundex alone and the main fractions of Mundex reaction with and without catalysts.

Figure 4 . 7 -

 47 Figure 4.7 -(A) FTIR spectra of EVHOSO alone and the main fractions of Mundex reaction, with and without catalysts. (B) 1 H NMR spectra of EVHOSO alone and the main fractions of Mundex reaction, with and without catalysts.

7. 1 .

 1 Figure S4.8 -Pictures of PUF realized with increasing content of ESO at then end of the rise. The pictures were adjusted to have an equivalent scale.

7. 3 .

 3 Figure S4.10 -FTIR spectra of F-OPG, F-EAO, F-ERO, F-PAO and F-PRO.

Figure S4. 11 -

 11 Figure S4.11 -FTIR spectra of OPG, EAO, ERO, PAO and PRO.

Figure

  Figure S4.12 -1 H NMR spectra of undecylenic acid, Mund and Mundex.

Figure

  Figure S4.13 -1 H NMR spectra of DGEBA and the main fraction of DGEBA reaction without catalyst and with BDMA, KOAc, TBAB, AlCl 3 or Al(salen) 2 .

Figure

  Figure S4.16 -13 C NMR Composite Programmed Decoupling (CPD) spectrum of EVHOSO-Al(salen) 2 .

Figure S4. 18 -

 18 Figure S4.18 -Heteronuclear Single Quantum Correlation (HSQC) NMR spectrum of EVHOSO-Al(salen) 2 .

  Scheme 5.1 -Michael addition general scope and the particular case of the aza-Michael addition.

Figure

  Figure 5.1 -Mutli-wave program presentation.

  Scheme 5.2 -Aza-Michael reaction with secondary and primary amines.

  Scheme 5.3 -Ring-opening of epoxidized oil with acrylic acid (A) or Iet (B).

Figure 5

 5 Figure 5.2 -MEDA and BEDA conversions by reaction with 2-OHa at 25 °C and followed by 1 H NMR.

Figure 5

 5 Figure 5.3 -(A) Reactional mechanisms: potential pathways for the chemical reaction between 2-OHa and MEDA (B) Assigned stacked 13 C NMR spectra of the reaction at different times in the 32-68 ppm region.

  Scheme 5.4 -Synthetic pathways from itaconic acid to Deti and Ietgl.

  Figure S5.14 to Figure S5.19, in SI.

Figure 5

 5 Figure 5.4 -1 H NMR spectra of itaconic acid, anhydride itaconic, Iet, Ietgl and Deti. For clarity's sake, the x-axis was broken once (from 7.75 to 12 ppm) to show a potential carboxylic acid signal at around 12.5 ppm.

Figure 5 . 5 -

 55 Figure 5.5 -Conversion of the double bond via the aza-Michael reaction between OA and 2OHa, Ietgl or Deti.

Figure 5 . 6 -

 56 Figure 5.6 -Tan Δ, G' and G" at 0.5, 1, 3 and 5 Hz resulting from the multi-waves method applied on EOOa and DMEDA polyaddition. Presentation of the different gel points.

  Figure 5.7 presents the average values of the gel times at 0 °C for the polymerization of ESOa, EOOa and ESO_Iet with DMEDA. Examples of gel time measurements are presented in Figure S5.37 in SI. The average gel time of ESOa_DMEDA, EOOa_DMEDA and ESO_Iet_DMEDA were 1938, 22 425 and 165 000 seconds, respectively. According to the Flory-Stockmayer theory

Figure 5 . 7 -

 57 Figure 5.7 -Gel times of aza-Michael thermosets. From left to right: ESOa_DMEDA, EOOa_DMEDA and ESO_Iet_DMEDA.

Figure 5

 5 Figure 5.8 -(A) Gel times of ESOa with DMEDA with 0.1 mol% of different catalysts. (B) Gel times linked to the reaction between ESOa and DAP, DETA, TEPA, DIFFA and mXDA, with the NH 2 considered as monofunctional and difunctional.

Figure 5

 5 Figure 5.9 -T g determined by DSC of the thermosets obtained by Michael addition of ESOa with different amines structures and stoichiometries.

Figure 5 .

 5 Figure 5.10 -TGA and DTG results of (A) ESOa_DMEDA, EOOa_DMEDA and ESO_Iet_DMEDA and (B) DAP2 and DAP4.

Figure

  Figure S5.12 -(A) The reaction path with the assignation of the different carbon. (B) Full-scale stacked 13 C NMR spectra of the reaction at different times. (C) Assigned stacked 13 C NMR spectra of the reaction at different times in the 22-48 ppm region.

7. 2 .

 2 Figure S5.13 -H NMR spectrum of Iet.

Figure

  Figure S5.14 -H NMR spectrum of Ietgl.

Figure S5. 15 -

 15 Figure S5.15 -13 C NMR Composite Programmed Decoupling (CPD) spectrum of Ietgl.

Figure

  Figure S5.16 -13 C Attached Proton test (APT) NMR spectrum of Ietgl.

Figure S5. 17 -

 17 Figure S5.17 -Correlation spectroscopy (COSY) NMR spectrum of Ietgl.

Figure

  Figure S5.18 -Heteronuclear Single Quantum Correlation (HSQC) NMR spectrum of Ietgl.

Figure

  Figure S5.19 -Heteronuclear Multiple Bond Correlation (HMBC) NMR spectrum of Ietgl.

  7.4. Full NMR analysis of Deti

Figure

  Figure S5.20 -1 H NMR spectrum of Deti.

Figure

  Figure S5.21 -C Composite Programmed Decoupling (CPD) NMR spectrum of Deti.

Figure

  Figure S5.22 -C Attached Proton test (APT) NMR spectrum of Deti.

Figure S5. 23 -

 23 Figure S5.23 -Correlation spectroscopy (COSY) NMR spectrum of Deti.

Figure S5. 24 -

 24 Figure S5.24 -Heteronuclear Single Quantum Correlation (HSQC) NMR spectrum of Deti.

Figure

  Figure S5.25 -Heteronuclear Multiple Bond Correlation (HMBC) NMR spectrum of Deti.

  7.5.13 C APT NMR analysis of the reaction with OA

Figure

  Figure S5.26 -13 C NMR kinetic study of the reaction between OA and 2-OHa. (A) The reaction path with the assignation of the different carbon. (B) Full-scale stacked 13 C NMR spectra of the reaction at different times. (C) Assigned stacked 13 C NMR spectra of the reaction at different times in the 22-68 ppm region.

Figure

  Figure S5.27 -13 C NMR kinetic study of the reaction between OA and Deti. (A) The reaction path with the assignation of the different carbon. (B) Full-scale stacked 13 C NMR spectra of the reaction at different times. (C) Assigned stacked 13 C NMR spectra of the reaction at different times in the 24-70 ppm region.

Figure

  Figure S5.28 -13 C NMR kinetic study of the reaction between OA and Ietgl. (A) The reaction path with the assignation of the different carbon. (B) Full-scale stacked 13 C NMR spectra of the reaction at different times. (C) Assigned stacked 13 C NMR spectra of the reaction at different times in the 24-70 ppm region.

7. 6 .

 6 Figure S5.29 -SEC analysis based on PS equivalent molar mass of ESO, ESOa and ESO_Iet with toluene as flow marker.

Figure

  Figure S5.30 -SEC analysis based on PS equivalent molar mass of Olive oil, EOO and EOOa with toluene as flow marker.

  , the gel point is characterized by the linear G' and G" dependency on the frequency. Therefore, the material is subjected to a frequency sweep to determine G' and G" evolution. At the gel point, the answer (G' and G") will be a straight line in function of the frequency sollicitation.The results presented in Figures S22-S24 presented the frequency sweep operated on material with different stoichiometric ratios. The molar ratio values at the gel point were 0.26, 0.3 and 0.25 for ESOa, EOOa and ESO_Iet, respectively. The functionalities were determined by reversing the Equation S5.4.

Figure S5. 31 -

 31 Figure S5.31 -ESOa functionality determination by measurement of the storage and loss modulus with frequency sweep experiments for different stoichiometry.

Figure S5. 32 -

 32 Figure S5.32 -EOOa functionality determination by measurement of the storage and loss modulus with frequency sweep experiments for different stoichiometry.

Figure

  Figure S5.33 -ESO_Iet functionality determination by measurement of the storage and loss modulus with frequency sweep experiments for different stoichiometry.

  7.8. DSC and TGA of the different Michael acceptors

Figure

  Figure S5.34 -Crystallization and fusion temperatures of the Michael donor synthesized by ring-opening of epoxidized oil.

Figure

  Figure S5.35 -TGA and DTG results of ESOa, EOOa and ESO_Iet.

7. 9 .

 9 Figure S5.36 -Detailed 1 H NMR spectra of DIFFA.

  qui correspondent respectivement aux coeurs des chapitres 2 et 3. Deux autres articles dont une review ont été soumis et sont en phase d'expertise dans Materials Science and Engineering : R : Report et dans Polymer Chemistry. Ils correspondent aux chapitres 1 et 4. Pour finaliser, le dernier article qui correspond au dernier chapitre a été soumis dans ACS Sustainable Chemistry & Engineering.
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Table 1 .1 -General foam formulation with quantities expressed in part by weight of the polyol.

 1 

Table 1 .2 -Relative reactivity of isocyanates with alcohol groups for the 1 st and the 2 nd additions. Adapted from (Szycher 2013). Isocyanate Structure 1 st addition 2 nd addition

 1 

	TDI

Table 1 .3 -Main requirements on polyols properties for F-PUF and R-PUF. Adapted from (Furtwengler and Avérous 2018; Ionescu 2005).

 1 

	PUF type	I OH (mg KOH/g)	Functionality (f)	Molar mass (g/mol)	Viscosity (Pa.s)
	Rigid	300-800	3-8	300-1000	2-50
	Flexible	15-100	2-3	3000-6500	0.2-20

Table 1 .4 -Relative reactivity of hydrogen active compounds without catalyst. Adapted from (Ionescu 2005). Hydrogen active compound Structure Uncatalyzed relative reactivity at 25 °C

 1 

	Primary aliphatic amine	3300
	Secondary aliphatic amine	650-1650
	Primary aromatic amine	6.5-10
	Primary aliphatic OH	3.3
	Water	3.3
	Carboxylic acid	1.3
	Secondary aliphatic OH	1
	Urea	0.5
	Tertiary aliphatic OH	0.0017
	Phenolic OH	0.003-0.017
	Urethane	0.0033

Table 1 .5 -BA structures, name physical properties and global warming potential (GWP). Data from literature (Bobbo et al. 2018; Gil and Kasperski 2018; Lai 2014; Mateu-Royo et al. 2019; Rapra 2014; Singh 2002; Yaws 2009, 1995). Category IUPAC name Commercial name Structure Molar mass (g/mol) Boiling point (°C) Heat of vaporization (kJ/mol) Conductivity (at 25 °C) (mW.K -1 .m -1 ) GWP

 1 

	Chemical BA	Carbon dioxide	CO 2	44.0	-78.3	6.8	16.4
	CFC 1	Trichlorofluoromethane	CFC-11	137.4	23.8	24.8	7.9
	HCFC 2	1,1-dichloro-1-fluoroethane HCFC-141b	116.9	32.9	25.8	10.0
	HFC 3	1,1,1,3,3-pentafluoropropane	HFC-245fa	134.1	15.3	26.0	12.5
		1,1,1,3,3-pentafluorobutane HFC-365mfc	148.1	40.2	26.2	11.6
		cyclopentane		70.1	49.3	27.3	12.8
	HC 4	n-pentane		72.2	36.2	25.7	15.0
		iso-pentane		72.2	27.8	24.6	14.3
	HFO 5	(Z)-1,1,1,4,4,4-hexafluorobut-2-ene	HFO-1336mzz (Z)	164.1	33.5	24.8	10.7
	HCFO 6	(Z)-1-chloro-2,3,3,3-tetrafluoroprop-1-ene (E)-1-chloro-3,3,3-trifluoroprop-1-ene	HCFO-1224yd HCFO-1233zd	148.5 130.5	14.6 18.3	21.6 22.3	9.1 10.2
		Air					26.0

Table S2 .

 S2 3 presents FAMEVHOSO data. The average double bond per molecule is 1 by calculation. It is well known that unsaturated fatty acids are sensitive to UV oxidation

Table 2 .1 -Thermodynamics data of the epoxidized Fatty Acid Methyl Ester of Very High Oleic Sunflower Oil (EVHOSO) ring-opening reaction with acetic acid and ethanol.

 2 

	Thermodynamics Data	Acetic Acid 1	Acetic Acid	Ethanol
	Equation rate			
	k (70 °C) (L 2 .mol -2 .min -1 )	3.3 × 10 -5	(2 ± 0.2) × 10 -5 (7.8 ± 0.4) × 10 -3
	Frequency factor (min)	2.31 × 10 7	(8.8 ± 0.8) × 10 4 (1.28 ± 0.06) × 10 6
	E a (kJ/mol)	66	63 ± 6	54 ± 3
	ΔH ‡ (70 °C) (kJ/mol)	63	60 ± 5	51 ± 3
	ΔS ‡ (70 °C) (J/mol/K)	-182	-160 ± 10	-138 ± 7
	ΔG ‡ (70 °C) (kJ/mol)	126	120 ± 10	98 ± 5
	1 RO kinetic study made on epoxidized soybean oil by measuring the epoxide function concentration
	from			

Table 2 .2 -Thermodynamics data of urethane formation by the reaction between phenyl isocyanate and EVHOSO with acetic acid (EVHOSO-AA).

 2 

	Thermodynamics Data	Ref 1	PIC 2 /EVHOSO-AA
	Equation rate		
	k (25 °C) (L.mol -1 .min -1 )	6.0 × 10 -3 (1.0 ± 0.05) × 10 -3
	Frequency factor (min)		(5.3 ± 0.3) × 10 4
	E a (kJ/mol)	41	44 ± 2
	ΔH ‡ (50 °C) (kJ/mol)	39	41 ± 2
	ΔS ‡ (50 °C) (J/mol/K)	-198	-160 ± 8
	ΔG ‡ (50 °C) (kJ/mol)	103	92 ± 5

1 Reaction between 2-propanol and phenyl isocyanate in xylene from

(Dyer et al. 1949

), 2 Phenylisocyanate.

Table S2 .3 -Lipid profile. Fatty acids distribution in unsaturated FAMEVHOSO.

 S2 

  7.2. Method Development: Kinetics of Epoxide Ring-Opening by Acetic Acid 7.2.1. NMR Method for the Yield Determination

Table S2 .4 -k app_EtOH (min -1 ) with 30, 50 and 70 °C and 4, 12 and 20 wt% of amberlyst.

 S2 

	Amberlyst wt% eq. k' (30)	k' (50)	k' (70)
	4	0.000601	0.00241	0.0075
	12	0.00114	0.00439	0.0137
	20	0.00119	0.0071	0.0141

7.4. Correlation between the mass of catalyst and the quantity of H +

Table 3 .1 -Characteristics of the different polyols: fossil-based, MAO and their derivates.

 3 Determined by the higher value of DTG 2 Determined by NMR 3 The basicity of the amine is superior to the acidity index

	Polyol	I OH exp	I OH th	OH	EI	Functionality I A	Viscosity at	Melting	DTG
				molar				25 °C	temperature	peak 1
				yield					
		(mg KOH/g)	(mg KOH/g)	(%)	%		(mg KOH/g)	(Pa.s)	(°C)	(°C)
	Daltolac								
	R570	570 ± 10				3.0		0.70 ± 0.07	
	(fossil-based)								
	MAO					12 2		0.10 ± 0.01 0 ± 10	412 ±
	EMAO				10 ± 0.2	10 2		900 ± 90	10 ± 10	298 ±
	EMAO-EtOH	260 ± 10	410	63	0.03 ± 0.002 7.6 ± 0.6	1.8 ± 0.1	3400 ± 300 30 ± 20	315 ±
	EMAO-AA	70 ± 10	370	19	0.30 ± 0.02	2.4 ± 0.1	21.8 ± 0.1 300 ± 30	24 ± 10	332 ±
	EMAO-HCl 180 ± 10	440	41	0.60 ± 0.03	5.0 ± 0.5	9.4 ± 0.1	(5.3 ± 0.5)*10 4	40 ± 10	365 ±
	EMAO-DEA 130 ± 10	340	38	0.30 ± 0.02	4.7 ± 0.3	NA 3	(3.8 ± 0.4)*10 6	45 ± 15	311 ±
	1								

Table 3 .2 -Formulation in parts of the total polyol content of the different PUF studied systems. Foam formulation Ref AA 25 DEA 25 EtOH 25 HCl 25 EtOH 35 EtOH 50 EtOH 75
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	A-Part									
	Polyols	Daltolac	100	75	75	75	75	65	50	25
		R570								
		(fossil-based)								
		EMAO-AA		25						
		EMAO-DEA			25					
		EMAO-				25		35	50	75
		EtOH								
		EMAO-HCl					25			
	Catalyst 1	DMCHA 2	2.0	1.76	1.79	1.85	1.81	1.79	1.7	1.55
	Surfactant	Tegostab	2.5	2.5	2.5	2.5	2.5	2.5	2.5	2.5
		B84501								
	Flame	TCPP 3	10	10	10	10	10	10	10	10
	retardant									
	Blowing	Water	1.6	1.6	1.6	1.6	1.6	1.6	1.6	1.6
	agent	Isopentane	15.0	12.4	12.7	13.4	13.0	12.7	11.8	10.1
	B-Part									
	Isocyanate	pMDI	168	155	158	168	162	159	145	122

  during the foaming process and partially during the dissociation of the urethane bond(Chattopadhyay and 

								CHAPITRE 3
	Webster 2009		Ref1	Ref2	EtOH25 EtOH50	AA25	HCl25
	Foam before						
	flammability test						
	Foam after						
	flammability test						
	Flame Height	cm	> 18 cm	> 18 cm	> 18 cm	> 18 cm	> 18 cm	> 18 cm
	Persistancy	s	26 s	21 s	22 s	38 s	30 s	24 s
								136

Table 3 .5 -Dimensional variation of Ref, AA25, HCl25, EtOH25 and EtOH50 foams in both environments (cold or warm & humid).

 3 

Table S3 .6 -Fatty acid profile of MAO.

 S3 

Table S3 .7 -Repartition of the different chemical moieties in the EMAO. Name Structure Molar quantity (%)

 S3 

	7.3. Polyol synthesis	
	7.3.1. Ring-opening of EMAO with acetic acid (EMAO-AA)
	Double bond	16%
	Epoxide	80%
	Hydroxyl	4%

Table S3 .10 -Calculation of the real I OH index results and conversions.

 S3 

	Characterization	Unit	Result	Conversion (function)
	Initial epoxide	% OE	6.6	
	index	mmol epoxide/g	4.13 ± 0.06	
	Epoxide index	% OE	2.1 ± 0.1	68% (epoxide)
		mmol epoxide/g	1.31 ± 0.06	
	I OH exp	(mg KOH/g)	190 ± 10	
		mmol OH/g	3.39 ± 0.2	
	I OH th	(mg KOH/g)	180	
				66% (OH)

Table 4 .1 -PUF Formulations with increasing ESO content.
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	Foam formulation		0ESO	15ESO 35ESO 50ESO 75ESO 100ESO
	A-Part							
	Polyols	Pht-DEG (fossil-based)	100	85	65	50	25	0
		ESO		15	35	50	75	100
	Catalyst	TDH-BDE	1.2	1.2	1.2	1.2	1.2	1.2
		P2H-EG	3	3	3	3	3	3
	Surfactant	PoSi	2.5	2.5	2.5	2.5	2.5	2.5
	Blowing agent	Water	0.9	0.9	0.9	0.9	0.9	0.9
		Diethyl ether	18.2	18.7	19.3	19.8	20.6	21.4
	B-Part							
	Isocyanate	pMDI	194	201	209	216	226	237

Table 4 .2 -Formulations of recently synthesized PUF.
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	Foam formulation		Ref	25AO 25EAO
	A-Part				
	Polyols	Pht-DEG (fossil-based)	100	75	75
		AO		25	
		EAO			25
	Catalyst	DMCHA	0.5	0.5	0.5
		Pht-DEG	2.76	2.76	2.76
	Surfactant	PoSi	3.14	3.14	3.14
	Blowing agent	Water	1.12	1.12	1.12
		Pentane	16.7	17.5	17.5
	B-Part				
	Isocyanate	pMDI	192	203	203
	Theoretical soluble fraction		2.0%	2.0%	2.0%

Table 4 .3 -Formulations of formerly synthesized PUF. (Arbenz et al. 2017)

 4 

	Foam formulation		F-OPG F-EAO F-ERO F-PAO F-PRO
	A-Part						
	Polyols						
		OPG	100	75	75	75	75
		EAO		25			
		ERO			25		
		PAO				25	
		PRO					25
	Catalyst 1	DMCHA	0.4	0.5	0.5	0.61	0.58
		P2H-EG	2.2	2.76	2.76	3.36	3.2
	Surfactant	PoSi	2.5	3.14	3.14	3.82	3.63
	Blowing						
	agent						
		SCO-H 2 O 1	1.78	2.24	2.24	2.72	2.59
		Isopentane	16.9	21.2	21.2	25.8	24.6
	B-Part						
	Isocyanate	pMDI	182	254	254	330	310
	Theoretical soluble fraction	1.7%	1.7%	1.7%	1.7%	1.7%
	1 SCO-H 2 O: Sulfated castor oil dissolved in water.				

Table 4 .4 -Major fractions identified with the different catalysts and epoxide systems.
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	Catalyst	DGEBA	Mundex	EVHOSO
	-	Oxazolidone	Oxazolidone	Epoxide
	BDMA	Oxazolidone	Oxazolidone	Epoxide
	Al(salen) 2	Oxazolidone	Oxazolidone	Ketone
	TBAB	Oxazolidone	Oxazolidone	Epoxide
	AlCl 3	Oxazolidone	Oxazolidone	Epoxide/Ketone
	KOAc	Oxazolidone	Oxazolidone	Epoxide

Table S4 .5 -Weight fraction of products separated by chromatography column of the DGEBA reactions.

 S4 

	DGEBA	F1	F2	F3	Residue	Total
	Without cat 73%	25%		2%	100%
	BDMA	9%	76%	5%	16%	105%
	KOAc	71%			29%	100%
	TBAB	26%	47%	15%	12%	100%
	ALC3	5%	57%	24%	14%	100%
	Al(salen)2 18%	66%		36%	121%

Table S4 .6 -Weight fraction of products separated by chromatography column of the Mundex reactions.

 S4 

	Mundex	F1	F2	F3	F4	Residue	Total
	Without cat 54% 6%			39%	100%
	BDMA	72% 0.1% 1%	6%	26%	106%
	KOAc	73% 1%	3%	2%	24%	102%
	TBAB	60% 11%			29%	100%
	ALC 3	69% 7%	4%		24%	104%
	Al(salen) 2	54% 11% 3%		35%	103%

Table S4 .7 -Weight fraction of products separated by chromatography column of the EVHOSO reactions.

 S4 

	EVHOSO F1	F2	F3	F4	Residue	Total
	Without cat 58%	10% 11% 17% 4%	100%
	BDMA	57%	27% 3%		13%	100%
	KOAc	62%	9%	11% 14% 4%	100%
	TBAB	69%	4%	3%		25%	100%
	ALC 3	58%	11% 4%		27%	100%
	Al(salen) 2	59%	20% 7%	5%	9%	100%
	7.6.					

1 H NMR spectra of the DGEBA and major fraction of the DGEBA reactions

Table 5 .1 -Properties of Michael acceptors synthesized from epoxidized oils.

 5 

		Units	ESOa	EOOa	ESO_Iet
	Plant oil		Soybean	Olive	Soybean
	Ring-opening				
	nucleophile		Acrylic acid	Acrylic acid	Iet
	Conversion	%	90 ± 2	97 ± 2	90 ± 2
	Selectivity	%	74 ± 2	70 ± 2	76 ± 2
	Activated double bond				
	quantity	mmol/g	2.3 ± 0.1	1.4 ± 0.1	1.9 ± 0.1
	Functionality	Double-bond	4.8 ± 0.2	3.3 ± 0.3	5.0 ± 0.3
	Viscosity 25 °C (Pa.s)		103 ± 1	3.3 ± 0.1	98 ± 1
	T deg max	°C	395	384	388

Table S5 .2 -Temperature of first and second maximum degradation for the Michael donors and the materials realized with DMEDA.

 S5 

	Sample	T degmax1 (°C) T degmax2 (°C)
	EOOa_DMDEDA	221	380
	ESOa_DMEDA	199	393
	ESO_IEt_DMEDA	206	385

Table S5 .3 -Temperature of first and second maximum degradation for materials realized with ESOa and different amines and stoichiometries.

 S5 

	Sample	T degmax1 (°C) T degmax2 (°C)
	ESOa_DAP2	380	411
	ESOa_DAP4	384	435
	ESOa_DETA3	373	414
	ESOa_DETA5	388	423
	ESOa_TEPA5	370	400
	ESOa_TEPA7	394	442
	ESOa_DIFFA2	378	407
	ESOa_DIFFA4	390	439
	ESOa_mXDA2	390	459
	ESOa_mXDA4	392	456

H NMR (400 MHz, CDCl 3 ): δ=5.63-5.45 (m, 1H; C=C)), 5.25 (tt, 1H; CH-Glycerine ), 1.35-1.13 (m, 

H NMR analyses were conducted and presented in Figure 4.1B to confirm the structure
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