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Linseed flax is a multipurpose crop. It is cultivated for its seeds and particularly for its oil. The main contributors for this crop are Canada, France and Belgium. In general, straws of linseed flax are buried in the fields or burnt. However, these solutions are not good practices for the environment and from an economical point of view. In this study, straws of linseed flax (six batches in total) with different dew retting durations and harvesting techniques were studied to possibly use them for producing innovative geotextiles. Two different fibre extraction processes were investigated. A first process (A) involved horizontal breaker rollers and then a breaking card.

A second one (B) consisted in using vertical breaker rollers, and an "all fibre" extraction device (fibre opener) followed by sieving. The chemical composition of fibres in parietal constituents appeared to be globally equivalent to the one of textile flax with a pectic content decreasing as a function of the dew retting duration. This contributed to an increase in the cellulose content. The fibre content was situated in a range from 29% to 33%, which corresponds to a good yield for linseed flax fibre. The level of purity can reach values of up to 90 % for method A (without extrasieving) and 96% for method B (with extra-sieving), and the length of the fibres (larger for method A than for method B) and their tensile properties make them suitable for structural geotextile yarn manufacturing.
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General Introduction

Due to the rapid increase of the world's population and wastes generated by humans, landfills are filling quickly. Also, pollution is increasing rapidly, due to excessive use of non-renewable resources are depleting as well. So, it is sure that non-renewable resources will not stay long, and therefore it is important to invest and work on renewable and environment-friendly resources. To address these issues, natural fibres are among the most promising candidates.

For technical load bearing applications, bast fibres are the particularly interesting due to their longer fibre bundles and their good mechanical properties. Jute, kenaf, hemp, textile flax, and linseed flax are the main sources of bast fibres. Bast fibres are obtained from the outer layer of the stem, and they are known as mechanically resistant. They are enriched in cellulose, and the fibre separation from the stem's woody part is usually enhanced by the retting process. Different retting processes are used for fibre separation, e.g., dew retting, water retting, enzymatic retting, etc. All retting processes have their pros and cons. However, in Europe, dew retting is largely favoured, due to its effectiveness against environmental issues. The structure and properties of the fibres are influenced by the retting process.

The two types of flax are textile flax and linseed flax. Textile flax is cultivated for its fibres that are famous, due to their good mechanical properties for technical textiles and delicate garment fabrics. Applications of fibres obtained from textile flax are multiple but they are especially used in textiles and apparels as they are long, strong and fine enough. Plants of textile flax are little branched, and their height varies from 80 to 120 cm. On the opposite, linseed flax is primarily cultivated for its seeds that are enriched in omega-3 and omega-6 fatty acids, explaining that vegetable oil from seeds is very useful for human health once extracted. Oil can be also used in many other applications like varnishes, animal feed, etc. On their side, straws from linseed flax are considered a burden, and they are usually burnt in the field or in heat generation plants. The linseed flax plant's height varies from 40 to 80 cm, and the stem is highly branched. Limited applications of these straws are animal litter even if some other applications exist, including the thermal insulation of buildings. Cultivation data show that a large area is cultivated for linseed flax worldwide. It is even higher as compared to textile flax. Indeed, the cultivation area for linseed flax (34,83,531 ha) was almost 13 times higher as compared to the textile flax one (2,64,022 ha) in 2019 (http://www.fao.org/faostat/en/#data/QC). The main countries where linseed flax is produced are Canada, France, Belgium, Russia, Kazakhstan, and Poland. Linseed flax is also considered a low-income crop, due to the use of only one element from the plant, i.e., the seeds.

According to some statistics, the income from the linseed crop is around 500 €/ha as compared to 700 €/ha for wheat (20 th November, 2020; published on www.terre-net.fr; entitled Les atouts du lin oléagineux). In addition to the seeds, a huge amount of straws is achieved from linseed flax. Indeed, Rennebaum et al. (2002) claimed that 5.1 t/ha of straw yield could be achieved from linseed flax in experimental plots in Germany. Such a huge straw yield multiplied by the total cultivation area for linseed flax worldwide is very interesting. If linseed flax straw would be more utilized, especially for new and value-added applications in addition to the traditional animal litter one, this would undoubtedly generate new sources of income for farmers. This thesis work thus proposes to use linseed flax as a dual-purpose crop, i.e., for both seeds and fibre production, to enhance its financial and economic benefits. Diederichsen and Ulrich (2009) stated that, for textile flax, fibre content inside the dry mass of straws was around 33%. Oppositely, the same authors estimated that it was around 27% for linseed flax. However, Ouagne et al. (2017) found in a much more recent study a much higher fibre content inside the dry mass of linseed flax straw (up to 37%). This significant amount of fibres inside the straws was in fact comparable to that of textile flax, which encouraged the researchers to have a closer look into its fibres for some technical applications.

Mechanical properties of linseed flax fibres were investigated, and they were compared to those of the textile flax ones. It was found that the linseed flax fibres had slightly inferior mechanical properties as compared to the textile flax ones but these properties were superior to those of hemp.

So, in terms of mechanical properties, linseed flax fibres can be a suitable candidate for many applications, particularly in geotextiles. Indeed, hemp and coir fibres are already used in geotextile applications with fibre's mechanical properties inferior to those of linseed flax fibres. Also, many synthetic fibres are used in geotextile applications as they have good durability properties when used in real underground applications. Oppositely, natural fibres are biodegradable, and they can biodegrade quickly when exposed to microbes under soil applications. This biodegradation tendency can be an advantage in terms of end of life. However, it is necessary to ensure with natural fiber-based geotextiles that they will be able to play their role of soil stabilization during the initially expected duration. When required, the durability of the natural fibres can be increased by some means like coating. Chitosan can be used for such coating applications as it has antimicrobial properties. In parallel, linseed oil is a drying oil with a pronounced hydrophobic behavior. It could thus be also used to enhance the natural fibre's durability. Also, shives that may represent up to 70% of the dry mass of oleaginous flax straw are a large source of lignocellulose. In a biorefinery concept, suggesting original ways of applications for shives would be of real interest.

This thesis work will propose a complete valorisation scheme of linseed flax straw in geotextiles and fiberboards.

After an initial chapter dedicated to the state-of-the-art in relation with the thesis subject, a first experimental chapter will investigate two different mechanical extraction methods for linseed flax fibres. Also, different dew retting durations will be investigated. The mechanical properties of the individual fibres inside the extracted bundles will be determined, and they will be compared to those of other natural fibres already used for geotextile applications.

The second experimental chapter will deal with extended dew retting duration to further optimize the mechanical fiber extraction procedure. Also, coarse yarns will be manufactured from the optimal extracted fibre bundles, and they will be subjected to durability tests under soil, as such or after linseed oil or chitosan coating.

The third and last experimental chapter will be dedicated to the use of shives from linseed flax straw for obtaining fiberboards using a twin-screw extruder as a pre-treatment equipment and a hot press for molding. 100% linseed flax-based fiberboards associating shives as mechanical reinforcement and linseed cake as natural protein-based binder will be obtained. They will then be characterized and situated in terms of possible applications according to the NF EN 312 French standard for particleboard specifications.

History of natural fibres

Almost every human being knows about textiles as it remains with us from cradle to grave. On the other hand, it comes second according to its need after food (Texcoms, 2019). Textiles are manufactured from fibres and the history of plant fibres is as old as history itself. Our ancients started to plant species as a portion of food crops but with time, they were able to explore the different aspects of these plant species. They used these plant species in medical applications as well.

Amongst the fibres, silk fibre is considered for its beauty and strength but the association of silk with the royal families in the history cannot be denied as history of silk can be found in the tales of romance and adventures of 5 th century as for example, the legend of prince Khotan who is known nowadays as Hetian wooed a chinese princessed who risked her life for the smuggling of silkworm sericulture in her domain [START_REF] Schoeser | Silk[END_REF].

Similarly, plant fibres [START_REF] Kilinç | Natural fibers[END_REF] were used for different versatile fibres in ancient times and bits of fabrics are found by archealogists that are as old as 10,000 years. Use of fibres was done in many ways. In ancient times, the use of fibres was encountered in many applications such as ropes, fishing nets. With the expansion of human beings from Africa to Asia and Europe, they faced lower temperature due to the climate and this motivated them to wear clothes against severe freezing temperature and harsh winds. Afterwards, humans started exploration of different plant and animal fibres for their protection.

Plant fibres were used also as food sources (seeds) in ancient times and then due to protection needs against the cold and the wind, in ten millennia BC, foundations were laid for the industrial and domestic plantation of the fibres. Mesopotamia were the beginners of plantation on agricultural bases. Similarly, India and China followed them whereas in the West, it started from Mexico and mountain ranges.

The use of Hemp fibre started around 4500 BC and hence it is supposed to be the first natural fibre used in southwest Asia. Spinning and weaving of linen fibre were introduced by Egyptians around 3400 BC whereas evidences for the evolution of textile technology (Texcoms, 2019) for wool fibres are also found around 4000 BC.

The fibres used in that time could not survive to date and only nettle and linen fibres survived and are still used for weaving now [START_REF] Martial | Production et fonction des outillages au Néolithique final dans la vallée de la Deûle (Nord -Pas-de-Calais)[END_REF]. The history of flax domestication probably started even before as it is believed that flax (Linum usitatissimum L.) fibre was domesticated in neolithic times around 10,000 BC ago probably for a dual purpose (seed and fibres) [START_REF] Preisner | Flax Fiber[END_REF][START_REF] Quillien | Flax and Linen in the First Millennium Babylonia BC : the origins, craft industry and uses of a remarkable textile[END_REF].

Fibres

As the population of the planet is increasing day by day and pollution is being prevailed rapidly it is important to take care of ressources as thes ones are being depleted too quickly and are not renewed at the same pace. The scarcity of natural resources is becoming the biggest problem for humanity with time. So, to overcome these problems, it is important to invest in some other materials that are renewable and have equal or better properties to their alternates. Plant fibres are one of the attractive packages for these situations as environmental emergency opened new ways for the researcher to work on plant fibres (Hejazi et al., 2012;[START_REF] Schluttenhofer | Challenges towards Revitalizing Hemp: A Multifaceted Crop[END_REF].

Around 4 millions tons production of fibers increased within one year from 107 million tons in 2018 to 111 million tons in 2019. And if we look at the decade's data, there was a 36 million tons increase in the production of all fibres. This number will reach to 146 millions tons in 2030 that will be around 30% increase in next 10 years and it will be 2 times more than the last 20 years.

Out of 111 million tons, the contribution of natural fibres was 32 million tons. For a decade, the production of natural fibre was found to be increased around less than 2 million tons per year. On the other hand, the share of natural fibre was 41% in 2008 and it decreased to around 30% in 2018.

The only cotton shared 26 million tons of fibre production out of 32 million tonnes in 2018. So, the share of other natural fibre was around 6 million tons. It is important to note that growth rate of synthetic fibres is fast as compared to the natural fibers [START_REF] Truscott | Preferred Fiber & Materials Market Report[END_REF][START_REF] Muzyczek | The use of flax and hemp for textile applications[END_REF].

Detail about the global fibre production is shown in Figure 1.1. Fibre can be natural or manmade and are further classified. Natural fibres originate from natural sources and manmade fibres are made from different chemicals (Texcoms, 2019).

Manmade fibres

Researchers started to find out the ways for the alternate of natural fibers and they were successful when artificial fiber was commercially developed in 1885.These fibres are further subdivided into regenerated and synthetic fibres. Polyamides, polyesters, polyolefins, vinyl, spandex, acrylic etc. are some examples of these fibres. Rayon is the first manmade fibre which is also called artificial silk and it is prepared in filament length in 1930 [START_REF] Kozłowski | Introduction to natural textile fibres[END_REF].

Around 8 Kg [START_REF] Böndel | Manmade fibers: a rapidly growing mass market[END_REF] fibers were used per capita annually in 1980 whereas this number raised to 12.2 Kg in 2012. So, it boosted the demand of manmade fiber production that resulted in increase in fiber production from 30% to 59 % in 1980 and 2012 respectively. Polyester is the leader in manmade fibres as it is mostly used in textiles. Polyester was used in most of the manmade fibers and it accounts 81 % of all manmade fibers in 2012. In 2019, synthetic fibers [START_REF] Truscott | Preferred Fiber & Materials Market Report[END_REF] shared the 63 % market of total fiber production and only polyester contributed around 58 %. One of the reasons for the increased demand for manmade fibres is that they are easy to manufacture according to end-use requirements as compared to their counterpart natural fibres which are weather dependent and can have different defects. Also, there is competition in natural fibres cultivation area (especially cotton) with food growing crops [START_REF] Olesya | Master of Science in Materials Engineering and Nanotechnology Trends in Man-made Fiber and Textile Industry[END_REF].

Natural fibres

There are around two thousand species of plants that are used in the world to produce natural fibres. Few of them are more common and recognized globally as they fulfil 90% of the world's production of natural fibres [START_REF] Pari | Harvesting strategies of bast fiber crops in Europe and in China[END_REF]. Natural fibres are those fibres that are found in nature and are obtained from different sources such as plants, animals and mineral sources.

Furthermore, these types are divided into subcategories which are shown in Figure 1.2. Also,

There was an increase of 3.2% in fibre market consumption all over the world in 2017. GDP (Gross Domestic Product) and world fibre demand are shown in Figure 1.3. It shows a linear relation [START_REF] Kozłowski | Introduction to natural textile fibres[END_REF]. The production and cost of each fibre are very different. Cotton is produced majorly in the world.

Its share is around 24% of the total fibers produced in 2017 [START_REF] Kozłowski | Introduction to natural textile fibres[END_REF]. Market of cotton increased to 25% in 2018/2019 [START_REF] Truscott | Preferred Fiber & Materials Market Report[END_REF].

Natural fibres may be cheaper than glass fibres and carbon fibre. Their energy consumption is also less compared to glass and carbon fibre. So, cost and energy data of natural fibres may present advantages as showed in Table 1.1. [START_REF] Peças | Natural Fibre Composites and Their Applications: A Review[END_REF].

Table 1.1: Cost and energy comparison [START_REF] Peças | Natural Fibre Composites and Their Applications: A Review[END_REF].

Fibres Cost (US$/ton) Energy (GJ/ton)

Natural fibre 200-1000 4

Glass fibre 1200-1800 30

Carbon fibre 12,500 130 Natural fibres are further classified under vegetable fibres, animal fibres and mineral fibres. Their further classification is given in the Figure 1.2. Vegetable fibres are mostly made of cellulose whereas animal fibres are made of protein mostly and mineral fibres have minerals in their structure. If we talk about the primary or essential properties of natural fibres, they are staple length, tensile strength, fineness, spinnability and uniformity whereas secondary properties are crimp, elasticity, cohesion, density, plasticity, absorbance, resilience, porosity, colour, lustre, flexibility, rigidity, abrasion resistance and static or electric resistance. Other than these properties, textile fibres can have wicking or wetting, chemical resistance, resistance to moths and mildews, flammability and inflammability [START_REF] Duraisamy | Fibre Science and Technology[END_REF].

Mineral fibres

Asbestos, mineral wool, glass fibre and basalt fibres are some of the examples of mineral fibres.

Asbestos fibre bundles can be easily separated from the host and they have interesting properties which make them suitable for many application. High tensile strength, high aspect ratio (20 to 1000) and their flexibility to spinning are some interesting properties. Besides these textile-related properties, their resistance to biodegradation, chemical resistance, low electrically conductive properties and thermal stability made them suitable for strong industrialization. In its peak time, around 3000 products or their applications were reported. But now due to some restrictions, its applications are reduced and are done under strict regulatory conditions [START_REF] Virta | Asbestos : Geology , Mineralogy , Mining , and Uses by Open-File Report[END_REF]. But according to some researchers, exposure to mineral fibres is problematic but asbestos fibre is thought to be more dangerous [START_REF] Baumann | Asbestos is not just asbestos: An unrecognised health hazard[END_REF]. It is dangerous to health as well as it can cause several lung diseases such as lung cancer, asbestosis and malignant mesothelioma [START_REF] Bloise | Trace elements in hazardous mineral fibres[END_REF]. Due to health and liability issues US ceased its last Asbestos producer in 2002 and fulfills its demand by importing it from other countries like Brazil and Russia. Also, its demand declined rapidly from 803,000 tons in 1973 to 800 ton each year in 2016 (Flanagan, 2021).

Glass fibres is also considered one of the significant members of minerals fibres. Meanwhile, glass fibre got the attraction of the scientist in many applications including composites due to their low cost as compared to carbon fibre and better mechanical properties. Comparison of glass fibre with natural fibre evidenced that it has some drawbacks as well and carbon dioxide neutrality is one of them [START_REF] Wambua | Natural fibres: Can they replace glass in fibre reinforced plastics?[END_REF].

Animal fibres

Wool and silk are amongst the most famous animal fibres. Wool was used in ancient times as well due to its good properties. Rabbits, goats, sheep, silkworms etc are the source of these fibres.

Almost all of the animal fibres are made from the protein keratin whereas only silk worm is made of protein fibroin. All animal fibres are grown from the follicle on the skin of the host animal except silk which is extracted from the salivary gland of the larva of the silk worm (Tridico, 2009).

Some of fibres in this category are also used as luxury fibres due to their softness, lustre and relatively scarcity as compared to other fibres. The price of a cashmere fibre's sweater is around GB£1000 [START_REF] Hamlyn | Analysis-of-animal-fibres_Hamlyn_ TextilesMag_1998[END_REF]. Animal fibres are considered good candidate for textiles due to their good properties like strength, elasticity, resilience, excellent moisture absorption properties, and good aesthetic properties. For example, the fibre length of merino wool fibre is normally mm and it has an irregular crimp. Generally finer fibres show higher crimp but all these properties are dependent on the species of the animal and environment. One of the most important properties is fibre diameter that determines end use application of wool fibre. Generally, the range of fibre diameter for wool fibre is 10-70 μm and fibres having fine diameter in the range of 10-25 μm are used for apparel applications due to their soft structure and above that (25-70 μm) are used for carpets. Similarly, strength values for individual wool fibre lie in the range of 140-180 MPa whereas the initial modulus varies from 2.7 GPa to 3.9 GPa [START_REF] Babu | Natural Textile Fibres: Animal and Silk Fibres[END_REF]. On the other hand, silk fibre is also important due to its extraordinary mechanical properties such as tensile strength, knot resistance, degradability, tissue reactivity, and free from infection. It was used in surgical procedure for sutures due to these extraordinary properties [START_REF] Chellamani | Textile Implants : Silk Suture Manufacturing Technology[END_REF]. Instead of obtaining natural filament from the silkworms, spider silk is considered another alternated. If we talk about the strength per unit weight of spider frame silk, it is stronger than high tensile steel.

Silk is the only natural continuous filament and it has superior tenacity and compressive properties.

The mechanical energy absorption property of spider silk is excellent as compared to its natural counterparts [START_REF] Gosline | The structure and properties of spider silk[END_REF].

Plant fibres

Industries are accepting plant fibres easily and many researchers addressed them in their work due to their availability in large quantities and varieties, short growth periods usually in months, and renewability [START_REF] Peças | Natural Fibre Composites and Their Applications: A Review[END_REF]. Plant fibres are obtained from the different plants and their main constituent is cellulose. They are obtained from different parts of the plants and thus are further subdivided into fruit fibres, leaf fibres, bast fibres and seed fibres. Coir fibre is an example of fruit fibre, banana belongs to leaf fibre, cotton is a seed fibre and flax is coming from the stem as described in Table 1.2 [START_REF] Mwaikambo | Review of the history, properties and application of plant fibres[END_REF].

Table 1.2: Production and cost of plant fibres [START_REF] Mwaikambo | Review of the history, properties and application of plant fibres[END_REF]Lotfi et al., 2019).

Fibre type Botanical name

Plant origin Production (10 Actually the origin of these plant materials defines the structural arrangement and mechanical properties of the fibres [START_REF] Bourmaud | Towards the design of high-performance plant fibre composites[END_REF]. One of the most important and widely used fibre from the plant fibres family is cotton.

Excellent absorbency and softness makes this fibre more suitable for apparels [START_REF] Satyanarayana | Studies on lignocellulosic fibers of Brazil. Part I: Source, production, morphology, properties and applications[END_REF].Similarly, coir is also an important fibre in this family and is considered a durable fibre and it is weather resistant and water proof due to higher lignin amount. They are widely used in geotextile applications [START_REF] Adeniyi | A review of coir fiber reinforced polymer composites[END_REF]Verma et al., 2013). If we talk about the leaf fibres, sisal is a widely used fibre and it has short renewal time. It has high tenacity, alkali and acid resistance, and abrasion resistance [START_REF] Rohit | A review -future aspect of natural fiber reinforced composite[END_REF]. In bast or stem fibres, hemp has good insulation properties [START_REF] Carus | European hemp industry: cultivation, processing and applications for fibres, shivs, seeds and flowers[END_REF], excellent mechanical strength and young's modulus whereas flax has low density, high strength, better specific strength and stiffness [START_REF] Rohit | A review -future aspect of natural fiber reinforced composite[END_REF].

European natural fibres

The world is changing rapidly as the population of the world is increasing rapidly giving rise to the scarcity of natural resources such as water along with the limitation of fossil resources. So, the solution to these issues is cleaner production and renewability of resources. So, these future problems urge Europe to be more focused on bio-based industries and to promote it due to severe environmental concerns [START_REF] Marek | European Good Practices in Eco-creativity , natural fibres , short value chains[END_REF]. Although synthetic fibres and cotton can meet most of the world's requirement of textiles,severe environmental concerns along with depleted energy sources encourages the world to invest in non-cotton fibres. So, looking at the European Union context, flax and hemp are the most ideal and favourable crops that are cultivated here. In 2002, the EU started a project named HEMP-SYS in 2002 which objective was to promote an innovative and competitive hemp fibre textile industry in the EU (van der Werf & Turunen, 2008).

Flax and hemp are the most cultivated plant fibres in Europe. They belong to the bast fibre family and are extracted from the stem of the plant. They generally show good mechanical properties.

Both hemp and flax are considered a multipurpose crop. Application of hemp includes lightweight paper, insulation material and composites. Its woody part (shives) composed of lignocellulosic material is used for animal litter and construction whereas its seeds are used to extract highly nutrient enrich oil. The Netherland, UK, Germany, France, Italy and Spain are the countries of the European Union which grow hemp. Its, strong fibres are used in many important applications such as canvas water hoses, fabrics, and ropes. It was cultivated on 25,000 ha in 2015 whereas that area increases to 33,000 ha in 2016 in European Union. The Netherland and France are the major contributors in cultivatition of hemp in European Union. Hemp is also one of the few crops which is cultivated without agrochemicals. Hemp pulp and the paper remained the main market for hemp fibres grown in Europe with a share of 57% and France as the main supplier [START_REF] Carus | The European Hemp Industry : Cultivation , processing and applications for fibres , shivs and seeds[END_REF][START_REF] Carus | European hemp industry: cultivation, processing and applications for fibres, shivs, seeds and flowers[END_REF]. Nowadays environment is a big challenge faced by this universe and that is pushing researcher for green products that produce less carbon dioxide and minimum waste and hence a the low impact of hemp cultivation is particularly interesting. By cultivating 1ha of land with hemp crop, it absorbs around 2.5 tons of atmospheric carbon dioxide in one growing cycle [START_REF] Kolodziej | Właściwości energetyczne odpadów z przerobu lnu i konopi w porównaniu z innymi surowcami roślinnymi. Len i Konopie[END_REF]S. Kalia, B. S. Kaith, 2011) [START_REF] Zimniewska | Cellulose Fibers: Bio-and Nano-Polymer Composites[END_REF].

The use of natural fibres in the European automotive industry was 4300 tons in 1996 whereas it increased to 28300 tons/year in 2000. In 2012, 80,000 tons of natural fibres and wood is used in European Union automotive sector. This was around 10%-15% share of the total European composite market. Flax, hemp, jute, sisal, kenaf and coconut are the fibres used in this industry and considering the price of these fibres as 0.50-0.60 Euro/Kg fibre, their market value was 50-60 million Euros annually in 2002. But these prices are increasing as well. Like, [START_REF] Carus | The European Hemp Industry : Cultivation , processing and applications for fibres , shivs and seeds[END_REF] mentioned that prices of hemp fibres range from 0.50 Euro/Kg to 0.75 Euro/Kg depending on the end use applications like cigarette paper or automotive and insulation as mentioned in Figure 1.4 [START_REF] Carus | The European Hemp Industry : Cultivation , processing and applications for fibres , shivs and seeds[END_REF][START_REF] Ilyas | Macro to nanoscale natural fiber composites for automotive components: Research, development, and application[END_REF][START_REF] Karus | Natural fiber composites in the European automotive industry[END_REF].

Figure 1.4: Hemp and flax prices [START_REF] Carus | The European Hemp Industry : Cultivation , processing and applications for fibres , shivs and seeds[END_REF].

European automotive industry is using natural fibres for reinforced composites and for environmental concerns. A study showed that on average, a passenger car is made of around 1.9

Kg of natural fibres and wood fibers in European Union whereas in Germany, passenger car uses 3.6 Kg of natural fibres [START_REF] Peças | Natural Fibre Composites and Their Applications: A Review[END_REF]. Around 43,000 tons of bio-based fibres were used in European Union for reinforcement composites applications in 2003. This quantity increased rapidly and reached 315,000 tons in 2010 [START_REF] Yan | Flax fibre and its composites -A review[END_REF].

Hemp

Hemp may be a multi valorization crop. Beyond the valorization of seeds, it is also important to transform those straws into vegetable fractions (fibres, shives and dust) that may be valued. These three vegetable fractions are used in different appications according to their characteristics.

Transformation of hemp straws produces around 29-32 % fibres, 55% shives and 10-15 % vegetable dust [START_REF] Meirhaeghe | Evaluation de la disponibilité et de l ' accessibilité de fibres végétales à usages matériaux en France Assessment of natural fibres availability and accessibility for material uses in France Remerciements[END_REF], . (Grégoire et al., 2020). It was interesting to note that for the bast fibre linseed flax Ouagne et al., (2017) claimed to have 37 % fibres, 54 % shives and 9 % vegetable dust. But that extracted proportion of fibres was comparable to textile flax (around 40 %)(P. Ouagne et al., 2017a). Fibre is considered as one of the important constituents of the hemp crop and its main constituent is cellulose so the chemical composition of hemp fibre contains cellulose (70 %-76 %), hemicellulose (12 %-22 %), lignin (3.7 %-5.7 %) and pectin (0.9 %-1.6 %) [START_REF] Suardana | Mechanical properties of HEMP fibers and HEMP/PP composites: Effects of chemical surface treatment[END_REF].

Mechanical properties of hemp fibre vary depending on different parameters such as variety of cultivar and environment. Sampling location of the fibres also influence its mechanical properties (top, middle, bottom). Tensile strength and young's modulus of hemp fibres is dependent on the fibre diameter. Smaller diameters leads to good mechanical properties generally. Tensile strength and Young's modulus for hemp fibre was 788 MPa and 45 GPa respectively. [START_REF] Duval | Influence of the sampling area of the stem on the mechanical properties of hemp fibers[END_REF].

Simililarly, mechanical properties of the fibres depend on the chemical composition of the fibres as Young's modulus is also correlated with the cellulose content inside the fibre. With increased cellulose content, young's modulus was found to be increased and vice versa as less cellulose content means there are more inter-fibrillar distances due to the presence of more non-cellulosic matrix [START_REF] Alix | Influence of pectin structure on mechanical properties of flax fibres: a comparison between a linseed-winter variety (Oliver) and a fibres-spring variety of flax (Hermès)[END_REF][START_REF] Marrot | Analysis of the hemp fiber mechanical properties and their scattering (Fedora 17)[END_REF].

A significant increase was visible in the consumption of hemp seeds regularly but its consumption was at its peak in 2006-2007. Around 22,000 ha area was cultivated for hemp seeds whereas hemp fibre cultivation area was around 40,621 ha, and total hemp cultivation area was 90,906 ha in 2013 according to statistics of FAO. It is used in different applications that may include medicine, animal diet and human diet etc. Hemp seeds consist of starch, oil and protein and their oil is enriched in omega-6 and omega-3 which are thought to be a good candidate for human hygiene [START_REF] Schluttenhofer | Challenges towards Revitalizing Hemp: A Multifaceted Crop[END_REF].

France is a major contributor for the cultivation of hemp. An area of 17,900 ha was cultivated in 2020 only in France and it is expected to touch 25,000-30,000 ha in next ten years [START_REF] Omnes | Industrial Hemp Report in France[END_REF]. Increase in hemp production will increase the shives production.After removing the seeds, straws are enrich in shives as compared to the fibres. So, shives are the biggest component of hemp fibre and constitute around 55% of the plant weight. Europe stands 2 nd in producing the shives from hemp all around the world. It has different applications such as thermal insulation boards, mulches for horticulture and bedding for the animals. Hemp shives have good thermal and hygric properties which make them suitable for hemp concrete in civil engineering [START_REF] Bourdot | Characterization of a hemp-based agro-material: Influence of starch ratio and hemp shive size on physical, mechanical, and hygrothermal properties[END_REF].

Flax

Flax (Linum usitatissimum L.) is a dual-purpose crop as both fibres and seeds may be valued.

Even if it is the same plant, cultivars are dedicated to the production of fibres (textile flax) and others to the production of seeds (linseed or oleaginous flax Textile flax is used in apparel applications for many years as its fibres are converted into yarns and fabrics for their use in clothing and bed covering. Meanwhile, seeds are used to extract oil for different applications. Most probably, the flax plant was originated from the middle east and then introduced in Europe as well.

With time, this plant is diversified and converted into textile flax and linseed flax. (Zuk et al., 2015).

Production details of top 10 flax producing countries are given in Table 1.3. The time from seeding to harvest varies from 90 days to 150 days. It is normally a summer crop but nowadays it is also cultivated in winter as well. The Height of the flax depends on the genotype.

Height varies from 20 cm to 150 cm but height of textile flax is larger than seeded flax (linseed flax). Size of seeds for textile flax are smaller as compared to the linseed flax. Textile flax has a less branchy plant which is about 1/6 th of the total stem length and these branches are found on the top of the plant as compared to seed flax (branches may be encountered in the middle of the stem)

and also depend on genotype. It has a specific leaves structure and leaves fell when the crop is ready. The quality of the plant is determined by its branching and normally textile flax is cultivated at a high density so that each plant can have only a main shoot stem [START_REF] Diederichsen | 2 Cultivated flax and the genus Linum L. Flax[END_REF].

Both textile flax and linseed flax have different weather requirements. Textile flax is a suitable crop in the regions that have at least precipitation of 600-650 mm annually with moderate climate conditions and it requires 110-150 mm rainfall in vegetation period. The optimum sowing amount is around 110-140 Kgha -1 with a spacing of around 8-12 cm between each rank. Flax fibre grows well in fertile soil that forms no crust and likes the PH ranges from 6.5-6.9. This crop should not be cultivated regularly on the same field. A crop rotation is and it can be seeded in a same field only every 7 years (Heller et al., 2015).

Breeding and cultivars for textile flax

As textile flax is cultivated for its fibres, it becomes important to look for cultivars that have good lodging resistance, bear the biotic and abiotic stresses and are resistant to different diseases. The objective for textile flax cultivars is to get a good fibre yield, along with good fibre quality [START_REF] Harwood | Evaluation of flax accessions for high value textile end uses[END_REF]. Overall an ideal genotype variety should be defined as a variety that gives good fibre yield, separation of bark and fibres should be easy and give low shives content, obtained fibres should be colourless and have the same characteristics throughout the fibre length and different places in all the seasons [START_REF] Weightman | Review and analysis of breeding and regulation of hemp and flax varieties available for growing in the UK[END_REF].

Harvesting of textile flax

BBCH 83 (Biologische Bunde-sanstalt Bundesssortenamt and Chemical industry) stage greenyellow maturity phase is the best harvesting time for textile flax. Whereas, BBCH scale is a uniform coding system of phonologically growth stages of plant species (i.e., mono-and dicotyledonous). In case of delay in the harvesting time, for example, if harvesting is done in the yellow phase, the quality of the fibres will be low. If it is harvested sooner than the maturity, thin and delicate fibres are obtained. Harvesting of textile flax is done by using a special pulling machine to better preserve the fibre length. Growth of flax plant is shown in Figure 1.5 (Heller et al., 2015). 

Fibres from textile flax

Flax is also one of the strongest vegetable fibre of the nature and when it is converted to textiles, it is called linen that is famous for its durability, comfort and silky gloss. It has a great advantage of absorbing capacity so it can hold many dyes. Long flax fibres are obtained by scutching process and the length of scutched flax fibre lies between 300-1400 mm whereas hackled flax fibres have a fibre length of 350-700 mm. Short flax fibres are called tows and their length for scutched tow is 80-140 mm. It has good absorption properties like cotton due to its structure which is crystalline and thus gives its strength as well. It has a moisture content of 8-10% at a relative humidity of 65% but the same increases to 20% when relative humidity is 100% due to swelling. It has low heat retention due to the presence of pectin. The tenacity for long fibre varies btween 27-73 cN/tex and 18-35 cN/tex for tow flax as shown in Table 1.4 [START_REF] Muzyczek | The use of flax and hemp for textile applications[END_REF]. Linen fabric that is well known for its delicate appearance and appreciated by customers is made of long flax fibres that are converted to fine yarns after spinning process. On the other hand, short flax fibres (tows) are used to make coarser yarns that are used in different applications such as kitchen towels, canvas and tents etc [START_REF] Yan | Flax fibre and its composites -A review[END_REF].

Structure of flax

Flax has a multi-scale composite structure. Macroscopic structure of flax contains outer bark followed by phloem, xylem and central void. Fibres are located in the phloem i and 1 stem contains about 30 fibre bundles (30 bundles of fibres). In the mesoscopic structure, there are fibre bundles and each fibre bundle contains 10-40 fibres in the cross section that are linked together with pectic cements. On the microscopic level (scale of the fibre), there are concentric layers that possess different thickess, structure, and chemical composition. The primary cell wall has less thickness as compared to the secondary cell wall. In the central part of the fibre, a lumen may be visible.

Cellulosic microfibrils are present in each layer and they run parallel to fibre direction. The Microfibril angle for the primary cell wall and the secondary cell wall is 35 0 and 10 0 respectively.

On nano scale observation, each microfibrils is a cellulosic chain that is attached to the matrix of hemicelluloses and pectins [START_REF] Charlet | Characteristics of Hermès flax fibres as a function of their location in the stem and properties of the derived unidirectional composites[END_REF].

Structure of flax is explained in Figure 1.6.

Figure 1.6 : Multi-scale composite structure of flax [START_REF] Charlet | Characteristics of Hermès flax fibres as a function of their location in the stem and properties of the derived unidirectional composites[END_REF][START_REF] Yan | Flax fibre and its composites -A review[END_REF].

Linseed flax

It is considered one of the oldest crops as it is being cultivated since the beginning of civilization.

Linum usitatissimum is a Latin word that means "very useful". Linseed flax is cultivated for its seeds. Flax seeds have extra nutritional benefits and are enriched with ω-3 fatty acids. Flax seeds are around 25% of the total plant mass whereas remaining 75% of the plant is straws and leaves [START_REF] Goyal | Flax and flaxseed oil: an ancient medicine & modern functional food[END_REF]. FAO (Food and Agriculture Organization) [START_REF] Shaimerdenov | Fibre Extraction from Oilseed Flax Straw for Various Technical Applications[END_REF] reported the importance of oilseed flax crop as it was cultivated in more than 3 million hectare around the world whereas its seed harvest was around 2.6-3.0 million tons. The availability of abundant straws forced the researchers to investigate the possibility of using the fibres and shives that may be extracted from the stems.

The stem of the linseed flax is like an elongated cone which is wider at the bottom and becomes narrower at the top. It consists of woody core that is surrounded by the fibre bundle corona. The fibre bundles can be separated by mechanical extraction methods (P. Ouagne et al., 2017b). The woody part of the straws (shives) can be used in many applications such as fuel to get heat, crops fertilization and particle board manufacturing etc. [START_REF] Shaimerdenov | Fibre Extraction from Oilseed Flax Straw for Various Technical Applications[END_REF]. Researchers are trying to utilize all the parts of linseed flax to make it a value-added plant. As shives constitute about 60-65% of the straws,fibre boards (Evon et al., 2019(Evon et al., , 2021) ) were manufactured from linseed flax shives with linseed cake (residue of seed after oil thermo pressing) and lignin were used as a binder after preparing the components in a twin-screw extruder. These fiberboards were 100% natural with good mechanical properties.

Plant and weather requirements for linseed flax

The amount of seeds in linseed flax is larger than that of textile flax. This plant has a shorter height that is helpful to bear load of seeds and prevent lodging. Linseed flax has a branchy structure and its branches are around 1/3-1/2 of the total plant length [START_REF] Diederichsen | 2 Cultivated flax and the genus Linum L. Flax[END_REF]. whereas, for textile flax, branches start from the upper quarter. Flowers in the plant stem are organized in a panicle-like structure. There are five sepals and five petals and the colour of the petals vary from white, light blue, blue, dark blue, pink, violet to red-violet. The most frequent colour of the petals is blue followed by white. The height of the linseed flax plant is usually between 40-60 cm for spring cultivation in continental climate regions (Zuk et al., 2015), but it can be much higher in the case of winter cultivation (up to 1 m) as shown by (Renebaum et al., 2002).

Linseed flax is a crop that likes continental climate for its better growth Sowing conditions are also different for linseed flax as compared to textile flax as its seeding density may be as low as around 50-60 Kgha -1 with higher spaces permitting each plant to develop larger amounts of branches. So, the straw yield is generally lower than the one of textile flax Microscopic structure of linseed flax is as like the plant fibres and its detailed explanation is given in Figure 1.7.

Figure 1.7: Cross section of linseed phloem fibres: A) epidermis (ep), hypodermis (hd), phloem fibre bundle (bph), endodermis (en), primary phloem (pph), secondary phloem (sph), cambium (ca), secondary xylem (sxy): B) elementary phloem fibre (eph), middle lamellae (ml), plasmalemma (pm), lumen (lu), secondary cell wall (scw), primary cell wall (pcw) (Zuk et al., 2015).

Harvesting of linseed flax

Harvesting of linseed flax can be performed a little later than textile flax, when the seeds are almost fully matured. Farmers usually check the maturity of the linseed flax bolls by shaking it, and it give the feeling of the ring during shaking. Nowadays, combine harvesters are generally used to harvest linseed flax (Heller et al., 2015). In another study, a comparison of harvesting method for the linseed production was made. Combine harvester and flax puller harvesters were used for harvesting the crop and it was concluded that combine harvester was cheaper method as compared to the flax puller but flax puller better preserves the stem length and may lay them parallel on the ground [START_REF] Souček | Analysis of linseed production with use of flax puller and combine harvester for its harvest[END_REF].

Extraction of fibres from linseed flax

Textile flax is a crop cultivated for its fibres and there are an established extraction lines available

for the fibre extraction which consists of breaking, scutching, and hackling steps (Dhirhi et al., 2015). These so-called scutching lines require parallel stems at the machine input. If the straws are not aligned/parallelised as in the case of linseed flax straws harvested using a combine harvesting machine, it is not possible to extract fibres from the same machines used for textile flax. Also, small stems are not suited for scutching lines. Cotton gin machinery [START_REF] Anthony | Separation of fiber from seed flax straw[END_REF] was used to separate the fibres and shives from the linseed flax stems. Machines that are used for cotton ginning were used to extract the fibres from linseed flax straws individually and with several combinations such as saw type lint cleaners, stick machines, impact cleaners, trash masters and cylinder cleaners.

As these machines are used in the cotton industry, so flax stalks were chopped into 2 inches lengths before processing in the machines. All the machines showed almost the same effectiveness irrespective of combinations except of three-cylinder cleaners followed by saw type lint cleaner.

It produced 13.1 % fibres with a purity of 86.1 %. In another work, [START_REF] Akin | Pilot plant for processing flax fiber[END_REF] to remove the shives. The most aggressive part of the system is the scutching wheel that is made of a large wheel that transports the flax material on the grid bars. Here the fibres are opened and shortened as well due to their aggressiveness. Shives are also removed. The last part of this system is the 5-rollers calendar and each roller is a grooved structure. 9-rollers crusher and the scutching wheel were the components that removed a maximum number of shives. Recovery % of starting material at the outlet of this system ranged between 24 %-45 % as it depends on many parameters such as retting type. The amount of the shives at the outlet of this system was considerable for the non-retted batch, the dew retted batch showed some pieces of shives whereas the enzyme retted batch showed almost no shives. Similarly, (Ouagne et al., 2017a) there was around 38 %-40 % fibres in the dry mass of straws that is comparable to textile flax. It was also observed that humidity does not affect the fibre extraction but affects the fibre bundle length. As with humidity, there would be less brittleness and hence the fibre breakage would be minimized.

Linseed Flax Fibres and its uses

Flax fibres are generally extracted without or after a low intensity retting using aggressive mechanical extraction. The fibres generally show low mechanical properties such as tensile strength and elastic modulus, and they are not suitable for load bearing use, but they find their place in other applications. . Pulp obtained from flax is used in the paper manufacturing process.

Flax fibre is also used in the paper of cigarettes and printed banknotes, and they are very much used as insulation materials [START_REF] Jhala | wSNNqFYepJ2o~IK-p3zHX6W5Yo9DVRsA3DEmUjnL25vQbSbb0McIiYY-1k~hUpSTsvw68M0UXWPR7J~8~cfhLIcHIAZKx2qR3A1G[END_REF]. But nowadays researchers are trying to utilize the fibres obtained from linseed flax for some other applications, whith the use of less aggressive extracting methods from retted stems (Ouagne et al., 2017 a) Taking into consideration the fibre length, humidity (Ouagne et al., 2017a) played a big role as humid fibres showed better fibre length as compared to non-humid. Humidity keeps the fibres more flexible and thus appeared to less britlle. Pillin et al., (2011) invstigated different varieties of linseed flax for their fibres in technical applications. Generally finer fibres showed greater properties in terms of strength and youngs modulus but they also depend on the properties of the genotype cultivated and other factors so it cannot be generalized. These linseed flax fibres have slightly inferior mechanical properties to textile flax but they show specific young's modulus better than glass fibre (Pillin et al., 2011). So, if less aggressive extraction methods are used, the high potential of the linseed flax fibres could be maintained and this will be explored later in this document.

Seed Oil

As linseed flax is cultivated for its seeds, the vegetable oil the seeds contain is the most valueadded product of linseed flax. It is used in the manufacturing of various industrial products.

Genotype and weather conditions affect and determine the properties. Seeds are enriched in proteins, carbohydrates and lipids. The average yield of linseed oil from pressed seeds is around 35-50% of the seed weight (Zuk et al., 2015). Linseed oil is found to be beneficial in many healthrelated issues such as chronic disease [START_REF] Goyal | Flax and flaxseed oil: an ancient medicine & modern functional food[END_REF] and for decreased risk of breast cancer (Zuk et al., 2015). Statistics of the oil showed that around 70% of linseed oil is used for technical applications, and 30% is used for food applications (due to its richness in omega-3 fatty acids, especially linolenic acid (C18:3 ω-3) which represents up to 70% of the total fatty acids). Its technical applications are additive in PVC, anti-rust agents, paints (oil is then used as a drying oil), agglomerating agents for coal, and linseed oil is also used as an edible oil for food applications [START_REF] Nykter | Quality characteristics of edible linseed oil[END_REF]. mucilage cell (muc), epidermis (ep), parenchymatous layer (pl), sclerite layer (sl), membraniform layer (ml), brown layer (bl), endosperm (en) (Zuk et al., 2015).

Seed Cake

Oil is generally extracted from the seeds by mechanical pressing. Residual solid after oil extraction from seeds is the seed cake (or press cake). It used as a meal for animals as hull quantity is around 38% in this cake, that is doubled than usually used meals (e.g., canola or soybean). It is used as a supplement for both ruminants and non-ruminants. The fine fraction of dehulling can also be used for pet food whereas medium and mix fractions can be used for poultry feed formations [START_REF] Jhala | wSNNqFYepJ2o~IK-p3zHX6W5Yo9DVRsA3DEmUjnL25vQbSbb0McIiYY-1k~hUpSTsvw68M0UXWPR7J~8~cfhLIcHIAZKx2qR3A1G[END_REF]. The antioxidant property of linseed cake was investigated by [START_REF] Zuk | Engineering Flax Plants To Increase Their Antioxidant Capacity and Improve Oil Composition and Stability[END_REF], due to the presence of some antioxidant compounds like phenolics and glucosides. These antioxidants will be helpful during the storage for the protection of fatty acids against oxidation [START_REF] Zuk | Engineering Flax Plants To Increase Their Antioxidant Capacity and Improve Oil Composition and Stability[END_REF]. It is enriched in secoisolariciresinol diglucoside (SDG), which is beneficial for health and also provides protection against different types of cancer (Flower et al., 2014). Seed cake is also particularly rich in proteins (35% in the proportion to its dry mass). So, it is also used as a proteinenriched livestock feed. Also, attempts are being made to recover dyes from wastewater by using residual cake [START_REF] Warrand | Flax (Linum usitatissimum) seed cake: A potential source of high molecular weight arabinoxylans[END_REF].

Methods for determining the chemical composition of biomass

Each year, at least 10 billion tons [START_REF] Ioelovich | Methods for determination of chemical composition of plant biomass[END_REF] of plant biomass are accumulated around the world. In this huge quantity, only the USA contribute around 1 billion tons annually. To subsequently use this biomass, it is important to know the chemical composition of the biomass for better applications. Cellulose, hemicelluloses, and lignins are the three fundamental plant biopolymers found in all types of biomass. Minerals, organic extractives (i.e., waxes, lipids, etc.), pectins, starch, proteins, and various admixtures present in very small proportions are some of the other components inside biomass. Cellulose is the main organic compound on the planet, and it is mostly obtained by plants. Its content may touch up to 90% for different plants such as cotton (Ioelovich, 2014). On their side, non-cellulosic polysaccharides are mainly hemicelluloses. Their content in various plants can range from 10% to 40%. Lastly, lignins are hydrophobic, stiff, aromatic, and amorphous polymers. The percentage of lignins in plant biomass varies from 10% in corn cobs or rice straw to 48% in the olive husk [START_REF] Ioelovich | Methods for determination of chemical composition of plant biomass[END_REF].

To find out the chemical composition of these biomasses, different methods exist. The TAPPI T222, SCAN INNVENTIA and NREL methods are used to measure the acid-insoluble lignin content of these plant biomasses. On the opposite, the TAPPI T249, SCAN CM 71:09 and NREL LAP 002 methods and that of holocellulose isolation are used to calculate the content of polysaccharides (i.e., cellulose, and hemicelluloses). A comparison was made between the TAPPI and NREL methods to determine the chemical composition of various biomasses (Ioelvich, 2015), and an improved Designer Energy Ltd. (DE) method was also proposed (Ioelvich, 2015). Because of the loss of submicron lignin particles through the glass filter, the TAPPI T22 and NREL LAP 003 techniques yield less lignin. It was also found that using the DE method for lignin content determination gives more lignin content as compared to the TAPPI and NREL methods, due to the use of the centrifuge technique to overcome the lignin particles loss phenomena. Similarly, cellulose content was measured by using a Whatman filter paper for the DE , TP and NREL methods. These three methods result in different cellulose contents when applied to the same rax biomass. As an example, in the case of switchgrass and baggass biomass, the DE method gave around 98% cellulose content whereas the TP and NREL methods showed 88% and 92%, respectively, of cellulose [START_REF] Ioelovich | Methods for determination of chemical composition of plant biomass[END_REF].

Besides these previous methods, the Acid Detergent Fibre (ADF) and Neutral Detergent Fibre (NDF) methods of Van Soest andWine (Soest &Wine, 1967, 1968) are also largely used to measure the contents in cellulose, hemicelluloses and lignins of biomasses, whereas the Blumenkrantz & Asboe-Hansen colorimetric method (Blumenkrantz & Asboe-Hansen, 1973) is well-known for the determination of the pectin content.

Chemical composition of bast fibres

The chemical composition of bast fibres varies from one plant to another, and even within a single plant. It varies depending on the plant's age, the fibre source, and the fibre extraction conditions once bast fibres were extracted from the plant. However, cellulose is the most abundant component in all fibres, followed by hemicelluloses, lignins, pectins, and minor compounds like wax and fat in the S2 layer. Cellulose is a lengthy homopolymer made up of glucose molecules that are linked together to form microfibril. Within microfibrils, the number of chains varies from 30 to 100 [START_REF] Sadrmanesh | Bast fibres: structure, processing, properties, and applications[END_REF]. Cellulose is the main source of strength, stiffness, and stability to the fibres. The economic value of fibre extraction grows as the cellulose content of the extracted fibre increases. Furthermore, high-cellulose fibres offer a wide range of applications [START_REF] Sadrmanesh | Bast fibres: structure, processing, properties, and applications[END_REF].

Figure 1.9: Structure of natural fibres, and cross section of microfibrils (H. V. [START_REF] Lee | Conversion of Lignocellulosic Biomass to Nanocellulose: Structure and Chemical Process[END_REF].

On their side, hemicelluloses are copolymers made of various types of monomers, e.g., xyloglucans, xylans, mannans, glucomannans, and β-glucans. Hemicelluloses are thus complex polysaccharides, which present various chemical structures depending on their origins. The hemicellulose nature is really hydrophilic. Hemicelluloses, along with lignins, form the matrix around the cellulose microfibrils. Generally, hemicelluloses have a lower molecular weight than cellulose [START_REF] Komuraiah | Chemical Composition of Natural Fibers and its Influence on their Mechanical Properties[END_REF], and their biodegradation, micro-absorption, and thermal degradation are quite easy. In contrast to cellulose, hemicelluloses do not offer stiffness or strength to the cellulosic fibres in the mechanical point of view [START_REF] Sadrmanesh | Bast fibres: structure, processing, properties, and applications[END_REF].

Lignins are three-dimensional amorphous polymers with a high molecular weight. Because of their high carbon content and moderate hydrogen content, they provide plants with greater stiffness as they age. Lastly, pectins give to the fibrous plants their flexibility, plants with a high pectin content being more flexible. Because pectins are biodegradable, this lowers the overall strength of the fibre, which is undesirable. As a result, fibres with less pectin are of higher quality. In a practical point of view, retting is applied to fiber plants to minimize the pectin content. On their sides, and although present in small proportions in fibre plants, waxes are long-chain fatty alcohol esters combined with long-chain fatty acids [START_REF] Komuraiah | Chemical Composition of Natural Fibers and its Influence on their Mechanical Properties[END_REF]. Their high hydrophobic character renders plants more resistant to water.

The major elements of bast fibres (cellulose, hemicelluloses, and lignins) define the physical qualities of fibres. However, these chemical constituents are dependent on many factors, and retting (duration and type) is one of them [START_REF] Müssig | Quality aspects in hemp fibre production-influence of cultivation, harvesting and retting[END_REF]. The others are the cultivar type, the harvesting year, etc. A study on the chemical compostion of hemp fibers (Janakauskiene et al., 2015) suggested that retting is one of the most important factors for their chemical compostion. Water retting was found to have more positive influence on the hemp fiber's chemical composition as compared to the dew retting. The cellulose content was found to be 81.7% after water retting instead of only 78.4% after dew retting, thus evidencing that water retting had increased the cellulose content, which is responsible for strength. In parallel, the hemicellulose contents were 6.3% and 5.8%, respectively. The klason lignin content inside water retted samples was 10.2%, which was clearly less than inside the dew retted ones for which the lignin content was up to 13.1%. On the other hand, the cultivar influence was insignificant for the hemicellulose content. Here, it is also necessary to mention that dew retting is highly dependent on environmental factors such as rainfall, temperature, humidity, morning dew, and retting duration. So, it is difficult to align the results for both types of retting, i.e., water and dew rettings [START_REF] Jankauskiene | Chemical composition and physical properties of dew-and water-retted hemp fibers[END_REF].

The amount of lignins in a fibre affects its flexibility. The more lignins in the fibre, the less flexible it will be. In addition, the chemical composition of fibres is an important factor in determining fibre strength. The ratio between concentrations in cellulose, hemicelluloses, and klason lignins is important for fibre strength. Especially, the effect is negative for the hemicelluloses to klason lignins ratio. Chemical composition influences the mechanical qualities of fibres, and klason lignins have a favourable relationship with fibre strength [START_REF] Jankauskiene | Chemical composition and physical properties of dew-and water-retted hemp fibers[END_REF].

Hemp is one of the main and well-known fibre plants worldwide. The chemical composition of hemp stem throughout plant development was studied using chemical and spectroscopic approaches, which helped for a better understanding of plant fibre construction during development [START_REF] Marcel | Predicting the chemical composition of fibre and core fraction of hemp (Cannabis sativa L.)[END_REF]. Stem samples were collected from the top, middle, and bottom of the plant at intervals of 1-3 weeks (till 112 days after sowing). %ADF (sum of lignins and cellulose), %NDF (sum of cellulose, hemicelluloses and lignins) and %ADL (lignin part) analyses were used to follow the evolution of their chemical composition. REML (Residual Maximum Likelihood) analysis was also conducted for chemical analysis. In this study, it appeared that the tissue was the main variance component (i.e., 62%) for %ADL, whereas harvest dates and height (top, middle and bottom) were the important variances for %ADF and %NDF. For height, %ADF and %NDF varied by 68% and 53%, respectively. The %ADL value did not rise during plant development, and it was around 15% in the core both middle, and bottom of stem samples, and around 7% in the bast fibres. ADF and NDF levels, on the other hand, increased during the plant development, thus evidencing an increase in the contents in cellulose and hemicelluloses inside the fibre [START_REF] Marcel | Predicting the chemical composition of fibre and core fraction of hemp (Cannabis sativa L.)[END_REF].

Chemical composition of linseed flax

In this work, oleaginous (i.e., linseed) flax fibres will be extacted from straw. Two types of flax are coexisting. On the one hand, textile flax is mainly cultivated for its bast fibres. On the other hand, linseed flax is mainly cultivated for its seeds. However, the straw from the latter also contains shives and bast fibres, and these fibres will possibly have an interest for subsequent (geo)textile applications. From literature data, textile flax fibres have higher fineness and tensile properties as compared to the linseed flax ones. These properties of fibres are dependent on the orientation of cellulose microfibrils within the cell wall. The chemical composition of the fibres also influences their mechanical properties. In textile flax varieties, a microfibrillar angle of 10 ° was observed along the fibre axes [START_REF] Alix | Influence of pectin structure on mechanical properties of flax fibres: a comparison between a linseed-winter variety (Oliver) and a fibres-spring variety of flax (Hermès)[END_REF], whereas, for linseed flax varieties, it was not studied yet.

Diameter of the elementary fibres also influences the mechanical properties of the fibres.

Mechanical properties of flax fibres from the Olivier linseed variety appeared to be comparable to those of fibres from the Agatha textile flax variety [START_REF] Alix | Influence of pectin structure on mechanical properties of flax fibres: a comparison between a linseed-winter variety (Oliver) and a fibres-spring variety of flax (Hermès)[END_REF]. In the same study, the cellulose content of elementary fibres was higher in the Hermes textile flax fibre variety (84%) than in the Olivier linseed flax one (77%).

Retting

Retting, which is also called "degumming process", enables the non-cellulosic materials to be removed from the cellulosic fibres. Classically, this method is carried out by leaving the straws on the field after harvesting for a few weeks (dew retting), or by submerging them in water to soften the pectic components around the cellulosic fibre bundles, with the objective to facilitate the subsequent fibre extraction process. Different types of retting exist, and the quality of retting is highly dependent on the retting type used, which determines the quality of the extracted fibres. Some retting methods are described below, although there is not any single method for optimizing the efficiency of this process (e.g., retting duration, environmental pollution, cost, or fibre quality) (Tahir et al., 2011). The retting procedure might be chemically or biologically carried out. Retting occurs in the latter situation thanks to the action of colonization enzymes or specialized ones, released by colonizing fungus and bacteria [START_REF] Horne | Bast fibres: Hemp cultivation and production[END_REF].

Dew retting (i.e., field retting)

In this method, straws are left on the field after harvesting or pulling, and they are then allowed to rot. By doing so, bacteria present in the soil have a chance to degrade the pectins. Although this is an environment-friendly process, on the other hand, it has some limitations as well such as an inconsistent fibre quality and strength reduction, due to its dependency on climatic changes. The usual dew retting duration for textile flax and jute is 2-3 weeks (Tahir et al., 2011). As there are different external factors that influence the dew retting process, its duration can vary to achieve the required results [START_REF] Horne | Bast fibres: Hemp cultivation and production[END_REF].

Many researchers were interested to know the diversity of bacteria and fungi during dew retting [START_REF] Bleuze | Hemp harvest time impacts on the dynamics of microbial colonization and hemp stems degradation during dew retting[END_REF][START_REF] Chabbert | Multimodal assessment of flax dew retting and its functional impact on fibers and natural fiber composites[END_REF]. The dependence of the degree of dew retting on the chemical composition of stem and enzymatic activities were investigated in the case of textile flax [START_REF] Chabbert | Multimodal assessment of flax dew retting and its functional impact on fibers and natural fiber composites[END_REF]. The metagenomic approach was found to be interesting for the evolution of microbial diversity during the different dew retting durations, up to 8 weeks. Overall, fungal retting populations have greater year-to-year fluctuation than the bacteria ones. And, focused metagenomic investigations have shown that the microbial diversity rises during flax dew retting for both bacteria and fungi. The highest activity was observed shortly after uprooting flax (R0), followed by a general decline till the end of retting. Other polysaccharide-active enzymes that may operate on hemicelluloses and pectins, and cellulolytic enzymes, on the other hand, showed increased activity for the first two weeks of retting before decreasing. Microscopic images were evident of the biofilm that appeared on the flax stem after one week, due to the bacterial and fungi presence. The microstructure of the secondary cell wall, which corresponds to the cellulose microfibrils, was found to be almost the same before and after the retting, which indicated that dew retting has no significant impact on it. SEM analysis showed that the degradation of primary cell walls, in which pectins are located, and lamella was rapid for the first two weeks of dew retting whereas cellulose and hemicellulose levels remained stable. Dissociation of fibre bundles, on the other hand, occured later during the process (R4). Colour measurements for different dew retting durations showed in parallel a change in the colour of fibres from yellow-grey to dark-grey for the most retted batches [START_REF] Chabbert | Multimodal assessment of flax dew retting and its functional impact on fibers and natural fiber composites[END_REF].

Water retting

In this method, straws are submerged in water tanks, rivers or lakes to help the microbial activity.

Faster than in the previous dew retting case, usual duration of water retting is from 7 to 14 days, and it can be reduced up to 4 to 5 days if warm water is used. Fibre quality obtained from this retting process is of superior grades than for dew retting, and also consistent as this process can be controlled and is not dependent on external factors. However, it has some non-negligible disadvantages that are high cost, environmental impacts (especially on water quality), and unpleasant odours generated. Jute, flax, kenaf and hemp fibres are still processed by water retting in many courtries, especially in Asia. But, in the EU, this method is no more allowed since many years, due to the environmental concerns mentioned above [START_REF] Horne | Bast fibres: Hemp cultivation and production[END_REF]Tahir et al., 2011).

Enzymatic retting

Specific enzymes, e.g., pectinases, xylanases, etc., can be used under controlled conditions to attack the pectins and gum. It is an easier and faster process that helps the pectins to partially degrade. It generally produces fibres with lower strength values. For the specific case of flax fibres, its duration ranges from 12 to 24 hours. As used water should be reprocessed to make it clean for the environment, enzymatic retting is known to bear a lot of energy cost [START_REF] Horne | Bast fibres: Hemp cultivation and production[END_REF]Tahir et al., 2011).

Chemical retting

Chemical retting is performed by using some chemicals such as sodium hydroxide, sodium benzoate and hydrogen peroxide by boiling. Smooth and consistent clean fibres can be produced within 1 hour to 75 minutes but the unfavourable colour and high cost are some of its main disadvantages. It is applied to jute, flax and kenaf [START_REF] Horne | Bast fibres: Hemp cultivation and production[END_REF]Tahir et al., 2011).

Mechanical retting

Hammer mills or decorticators are used to hammer or break the straws with the objective to separate the fibres. There are chances to produce a massive quantity of short fibres within a short time. However, the cost for mechanical retting is high, and the fibre quality is generally limited.

Kenaf is known to be mainly processed by this method (Tahir et al., 2011).

Factors affecting the retting process

As briefly mentioned above, each retting method has its advantages and disadvantages. Similarly, different factors may affect the retting process for these different methods. In particular, dew retting is affected by light, morning dew, humidity and weather conditions, which are the most influencing parameters. This is the reason why, in the case of textile flax (e.g., in northern France, in Belgium, etc.), straws are turned many times to expose each of their parts to these different parameters.

Similarly, for chemical retting, the main factors are the pH of the solution, the concentration of other chemicals (e.g., hydrogen peroxide), the stirring degree, the temperature, the stem-to-liquor ratio and the treatment duration [START_REF] Horne | Bast fibres: Hemp cultivation and production[END_REF]. For enzyme retting, the main factors that affect its efficiency are the enzyme concentration, their types (including enzymatic cocktails), the pH, the temperature and the time (Akin et al., 2007). Lastly, the quality of water, the retting duration and the temperature are some of the main factors that influence water retting [START_REF] Di Candilo | Effects of selected pectinolytic bacterial strains on water-retting of hemp and fibre properties[END_REF].

Even if dew retting is rather long in terms of duration in comparison with the other retting methodologies, it is however the less detrimental retting procedure in the environmental point of view. This is the reason why it is still largely used for textile flax in Europe. This retting methodology will thus be also adopted for the retting of oleaginous flax straws in the present study.

Importance of oleaginous flax plant

Oleaginous flax is cultivated for its seeds. So, its straw height is rather limited. Its seeds have good perspectives for health, due to the multiple uses for their vegetable oil, which can be extracted from the seeds through continuous mechanical pressing and even organic solvent extraction in a second time. On the other hand, the straws from oleaginous flax are generally considered a burden, and they are either used as animal litters or burnt. However, using these straws as animal litters does not offer a good revenue for farmers. One the other hand, when the straws are burnt, they cause environmental issues, which may be dangerous for the entire planet. So, this would be a good idea to use the straws from oleaginous flax for some other applications. This thesis work will be a substantial contribution to reach such an objective.

Some previous studies tried to find some other applications for these straws (Ouagne et al., 2017a;[START_REF] Shaimerdenov | Fibre Extraction from Oilseed Flax Straw for Various Technical Applications[END_REF]. Fibres were extracted from straws by mechanical extraction methods, and their applications in load-bearing and geotextile applications were investigated. Straws of linseed flax have two major components that are fibres and shives, which constitute the ligneous fraction of straw. Shives represent up to 60-70% (w/w) of the straw. Such proportion cannot be denied, and it becomes equally important to also use them in some other applications so as to valorize the whole crop. Due to their richness in lignocellulose, shives were recently used to manufacture fiberboards without the addition of any other chemical (Evon et al., 2019). In that study, binderless fiberboards from shives previously treated with water in a twin-screw extruder showed interesting properties, though still perfectible. Similarly, linseed cake (i.e., the remaining solid after oil extraction from seeds) could be used as a natural protein-based binder inside boards [START_REF] Evon | Influence of thermo-pressing conditions on mechanical properties of biodegradable fiberboards made from a deoiled sunflower cake[END_REF]. For the future, 100% linseed flax-based boards with competitive use performance could thus be obtained. So, it is concluded that linseed flax plant can be utilized for all its parts, i.e., from seed oil to cake, and from fibres to shives, in a biorefinery concept. (Gamon et al., 2013). The oleaginous flax shives, on the other hand, were evacuated by gravity at the bottom of the "all fibre" extraction device used in that study. Known as the ligneous fraction of flax stems, shives reveal a particularly important water absorbency. Regardless of their origin (i.e., from textile flax or oleaginous flax), shives could thus be used as animal litters. Due to their high lignocellulose content, they would, nevertheless, also be usable for their potential thermal insulation characteristics (Evon et al., 2014[START_REF] Evon | Influence of thermo-pressing conditions on mechanical properties of biodegradable fiberboards made from a deoiled sunflower cake[END_REF] or even for obtaining board-type composite materials (Evon et al., 2019).

Shives: proportion, chemical composition and already known applications

When a shortener is applied during the linseed flax cultivation with the objective to avoid plant lodging before the seed harvesting, around 2 tons/ha of straw are achieved (Rennebaum et al., 2002). Meanwhile, some studies suggest that around 5.5 tons/ha of oleaginous flax straw can be collected without compromising the seed yield [START_REF] Ouagne | Use of bast fibres including flax fibres for high challenge technical textile applications. Extraction, preparation and requirements for the manufacturing of composite reinforcement fabrics and for geotextiles[END_REF]Rennebaum et al., 2002).

As a reminder, textile flax is cultivated for its fibres. So, its harvesting process is conducted to prioritize the fibres within the stems, and maximum fibre length has to be achieved at the moment of harvesting. Straws collected are generally well aligned, and this is helpful in the fibre extraction process. Oppositely, linseed flax used in this thesis is firstly cultivated for its seeds. So, priority is given to the seed collection. In this case, straws collected after the seed harvesting are shorter and non-aligned. Fibre extraction and shive removal thus become tricky in this case.

In oleaginous flax stems, fibres are found to be around one-third of the total biomass whereas the remaining two-thirds are shives. In fact, shives content inside a dry mass of straw varies for different cultivars, and it depends on many other parameters including the climatic conditions. [START_REF] Ouagne | Impact of extraction processes on fiber properties of linseed flax fibers[END_REF] found that shives content was around 52-58%, which is significant. In another study, [START_REF] Ouagne | Use of bast fibres including flax fibres for high challenge technical textile applications. Extraction, preparation and requirements for the manufacturing of composite reinforcement fabrics and for geotextiles[END_REF] observed a content in shives around 65%.

So, it becomes equally important to utilize these shives in some useful applications like for bast fibres. Although shives are highly demanded in animal bedding or could be employed as reinforcing fillers in a variety of wood polymer composites, fiberboards are another possible application in which shives are an alternative to the wood particles that are mainly used in commercial panels (Evon et al., 2019). However, for such application, it is better if shives are free of small fibres and vegetal dust. To clean hemp shives, a cleaning system was recently manufactured [START_REF] Lühr | Production of high quality hemp shives with a new cleaning system[END_REF]. Such system showed favourable cleaning results, and it could thus be extended to the cleaning of oleaginous flax shives for the future.

Shives are mainly made of lignocellulose. Cellulose is the main constituent, and it is around 46% of the dry mass of shives. The other components are lignins (25)%, hemicelluloses (22%), minerals (2%), and water-soluble components (4%) (Evon et al., 2019). Lignins are hydrophobic threedimensional biopolymers, due to their structure having phenolic groups, whereas hemicelluloses have a hygroscopic behaviour, due to amorphous polysaccharides (Evon et al., 2019(Evon et al., , 2021)).

Fiberboards from oleaginous flax shives

Fiberboards are one of the most important applications for oleaginous flax shives. They could be manufactured indistinctly from raw shives or extruded ones, with and without the addition of an exogeneous binder (e.g., Organosolv lignins) (Evon et al., 2019). In that study, lignin addition did not show a significant impact on the properties of fiberboards. On the contrary, the use of extruded shives without the addition of any external binder was found to be the optimal condition. The interest of the extrusion-refining of shives before board's molding will be more discussed in the following paragraph. According to the French standard NF EN 312, the optimal fiberboards obtained were type P1 boards, recommended for general uses in dry conditions. They could be used in the storage industry or in building trades, or even to manufacture intermediate containers (Evon et al., 2019). Similarly, fiberboards were manufactured from various ligneous biomasses such as rice straw [START_REF] Theng | Comparison between two different pretreatment technologies of rice straw fibers prior to fiberboard manufacturing: twin-screw extrusion and digestion plus defibration[END_REF][START_REF] Theng | Production of fiberboards from rice straw thermo-mechanical extrudates using thermopressing: influence of fiber morphology, water addition and lignin content[END_REF], sunflower bark [START_REF] Verdier | Using glycerol esters to prevent microbial growth on sunflower-based insulation panels[END_REF], amaranth bark (Evon et al., 2020a(Evon et al., , 2020b)), and coriander straw [START_REF] Uitterhaegen | Twin-screw extrusion technology for vegetable oil extraction: a review[END_REF]. Fiberboards therefore appear to be an excellent way of enhancing the value of oleaginous flax shives (Evon et al., 2019(Evon et al., , 2021)).

For future work, using the linseed cake for its richness in proteins could result in promising fully bio-based fiberboards obtained from the same plant. In the same way, the manufacture of insulating materials by compression molding of shives would be worth considering (Evon et al., 2014[START_REF] Evon | Influence of thermo-pressing conditions on mechanical properties of biodegradable fiberboards made from a deoiled sunflower cake[END_REF].

Interest of the extrusion-refining of shives prior to board's molding

Extrusion is a procedure largely used for plastics, food and feed. In 1873, the first industrial singlescrew extruder was introduced, and metallic continuous cables were manufactured with it (Martelli, 1983). Single-screw extrusion was then used in the food sector, in 1930, to make sausages and pasta products. The first twin-screw extruder, on the other hand, was developed for the food industry, and it is now also used for plastics. New machines were created for this purpose, and their behaviour was also modelled (Martelli, 1983). Twin-screw extrusion's scope of applications has lately been expanded to many other sectors, including the thermo-mechanochemical separation of plant materials. The creation of genuine reactors capable of converting or fractionating plant materials in a single step, up to the independent generation of an extract and a raffinate via a continuous liquid/solid separation step, has resulted from this revolutionary concept (Evon et al., 2018(Evon et al., , 2019)).

In a recent study (Evon et al., 2019), shives from oleaginous flax were extrusion-refined in a twinscrew extruder prior to board's molding. The total specific energy consumption for such treatment was estimated to 1.25 ± 0.09 kW h/kg dry matter, and it was significantly higher than those reported during the thermo-mechanical defibration of both rice and coriander straws using the same machine and with nearly equal L/S ratios, i.e., 0.67 ± 0.10 kW h/kg dry matter and 0.74 ± 0.03 kW h/kg dry matter, respectively. On the basis of a cost of electricity equal to 0.08 €/kW h in 2017 for France, the cost for the thermo-mechanical processing of shives through twin-screw extrusion was estimated to 0.10 ± 0.01 €/kg dry matter. Evon et al. (2019) also evidenced an improved morphology for the shives particles after extrusion (27 for their mean aspect ratio instead of only 6 in raw shives), simultaneously with an effective separation between cellulose, hemicelluloses and lignins, thus resulting in better cohesion (i.e., self-binding) of the fiberboards and, consequently, improved board's use properties. Despite its cost, the extrusion-refining of shives thus appears as an interesting pre-treatment for their subsequent use in composite materials.

As a reminder, the other uses for oleaginous flax shives are animal litters with prices around 0.25 €/kg (up to 0.45-0.55 €/kg for textile shives) ( Evon et al., 2019).

Production of yarns from fibre bundles: methodology and characteristics

The properties of fibres are important parameters for their end-use applications, and these properties are essential for further processes such as weaving, and knitting. Fibres are converted into yarns by different techniques chosen according to their end-use applications. So, the fibres are twisted along their axis to make a thread-like structure, which is yarn. These yarns inherit the properties of the fibres that are used for their manufacturing. Natural and synthetic fibres are being spun into yarns for textile applications. Many other parameters also affect the quality of yarns like the spinning techniques, fibre type, fibre length, fibre fineness, twist level, elongation, etc. [START_REF] Erdumlu | Investigation of Regenerated Bamboo Fibre and Yarn Characteristics[END_REF][START_REF] Goutianos | The optimisation of flax fibre yarns for the development of highperformance natural fibre composites[END_REF][START_REF] Kotb | Predicting Yarn Quality Performance Based on Fibers types and Yarn Structure[END_REF][START_REF] Xia | A Review of Ring Staple Yarn Spinning Method Development and Its Trend Prediction[END_REF].

Quality of yarn

The quality of the yarn depends on many factors, and these factors are decisive to adjust during yarn manufacturing.

There is a positive relationship between the strength of the yarn and the twist level. The twist level is usually measured in turns per meter, or twist per meter. In general, for natural fibres, if the twist level is low, there would be less strength in the yarn as the frictional forces between the fibres will be less. On the other hand, a higher twist level helps to increase the strength of the yarn as the frictional forces between the fibres increase, due to the higher contact area. But, the increase in the strength with increasing twist follow up to a point and, after that, strength decreases due to damage of the fibres. Also, fibre length supports the strength of the yarns. Higher is the fibre length, the stronger the yarn will be [START_REF] Goutianos | The optimisation of flax fibre yarns for the development of highperformance natural fibre composites[END_REF].

Breaking tenacity and elongation at the break of yarn depends on the count of the yarn. Breaking tenacity and elongation at break increase as the yarn becomes thicker. The irregularity of yarn becomes prominent when the yarn is finer [START_REF] Erdumlu | Investigation of Regenerated Bamboo Fibre and Yarn Characteristics[END_REF].

Yarns used in geotextiles

Coir yarn is being used in geotextile applications, due to its suitable tensile properties. Similarly, flax and hemp yarns also possess much higher and largely sufficient mechanical properties to use them in geotextile applications. Mechanical properties of coir, hemp and flax yarns used for geotextile applications are shown in Table 1.5. It is noticeable in Table 1.5 that hemp and flax yarns have better mechanical properties as compared to coir yarns, which is however already used in geotextile applications. It is also important to note that the tex values are quite high, meaning that the threads used in geotextiles are shaped like cords. Additionally, as flax yarns have the lowest tex value, this will help to use fewer fibres for the same geotextile application, with higher properties (Ouagne et al., 2017).

Geotextiles and geomembranes

Geotextiles and geomembranes, some of which may be made from plant fibres, act as muscles, veins, and skin of the earth when these are used in soil reinforcement and drainage purposes. And, such type of versatility would be impossible without using geotextiles in the construction and geotechnical applications [START_REF] Giroud | Geotextiles and geomembranes[END_REF]. Normally, geotextiles are permeable, and they can be converted to geomembranes by applying some required coatings. Weaving, knitting and nonwoven techniques can be applied for geotextile manufacturing, depending mainly on the end-use.

Classical geotextiles can be made by filaments, staples, slit films and fibrillated yarns [START_REF] Giroud | Geotextiles and geomembranes[END_REF]. Different techniques are used to get each one of the mentioned filaments, fibres and yarns.

Then, wovens, knitted and non-woven fabrics are manufactured as per the requirement of the products. For wovens made of fibre yarns, the interlacement of warp and weft makes the weave, and different types of weaves can be made by various combinations. Knitting is conducted by the interlocking of the single or more yarns to form a planar structure. Filaments and short fibres are converted into non-wovens by different patterns and techniques. In addition, chemical, thermal and mechanical bonding can also be applied to form non-wovens.

Webbing, mats, nets, grids and plastic sheets are also geotextile products made by specific techniques. For their part, composite geotextiles are made by several combinations of woven, knitted and non-woven textile materials bounded together by some different techniques like needle-punching heat bonding, stitching, etc. Most of the geotextiles are manufactured from synthetic polymers such as polyesters, polyethylene, polyamides, polypropylene, etc. Glass fibres are also used in manufacturing geotextiles. However, the use of natural fibres in geotextiles can be interesting as these fibres are cheap and renewable. In particular, natural fibre-based geotextiles may have many advantages when their biodegradation in soil is required at their end of life. To increase the geotextile's dimensional stability, and their strength and modulus, fabric reinforcement can be applied on geotextiles. Mechanical properties, interactions with solids and liquids, and durability are the key parameters for geotextiles.

Geomembranes, geotextiles, geogrids, geonets, geocells, and geocomposites are all the technical terms covered under the umbrella of geosynthetics. However, geotextiles is the largest group among all others. Basically, geotextiles are permeable geosynthetics that are only made of textiles, and these are mostly used in soil. The Netherlands were probably the first country where the geotextiles were used. It was in 1956 for the purpose of tailor-made protection mattresses [START_REF] Ingold | 8RwWZ8xS&sig=DKQCaEn0NQFKjxxUSyJR0 NvSae0&redir_esc=y#v=onepage&q=Geotextiles and Geomembranes Handbook&f=false[END_REF]. Currently, the market for geotextiles is largely dominated by synthetic fibres but bio-based ones are increasingly used, due to their biodegradability. Around 2% of the geotextiles marketed every year (out of 1,400 million square metre) are made of bio-based fibres [START_REF] Wiewel | Geotextile composition, application and ecotoxicology-A review[END_REF].

Functions of geotextiles

The functions of geotextiles are multiple. Filtration, drainage, separation, and reinforcement are the basic ones but there are some other functions as well that are explained in the following paragraphs.

Filtration

When a geotextile comes in contact with a liquid with solid particles, it allows the liquid and the finest particles to pass through it, while retaining the bigger particles. Similarly, when geotextiles are placed in contact with the soil, it allows the water seeping, while retaining the majority of the soil particles. The volumetric flow of the water determines its suitability for the filtration (Rawal et al., 2010;[START_REF] Wiewel | Geotextile composition, application and ecotoxicology-A review[END_REF].

Drainage

Collection and redirection of fluid to the outlet without any loss of soil particles is drainage. It is basically a flow of liquid that is abundant, or rain water in the soil. For drainage applications, geotextiles should exhibit good filtration and permittivity properties [START_REF] Hwang | Transmissivity Behavior of Layered Needlepunched Nonwoven Geotextiles[END_REF]Rawal et al., 2010;[START_REF] Wiewel | Geotextile composition, application and ecotoxicology-A review[END_REF].

Separation

Geotextiles serves as a separator when they is positioned between coarse and fine soils. Due to its separation properties, it does not allow the mixing of soils at applied loads (Rawal et al., 2010;[START_REF] Wiewel | Geotextile composition, application and ecotoxicology-A review[END_REF].

Reinforcement

The application of geotextiles in the soil increases its cohesion with the soil particles by reinforcing it. Weak subgrade soil is complemented with higher tensile strength geotextile fabrics, which transmit load. And, the resulting material is capable of sustaining higher loads (Rawal et al., 2010).

Besides this, some other functions of geotextiles are also mentioned under.

Surfacing

When a smooth surface is required, geotextiles behave like this, thus preventing particles to remove from the surface. One example of the application of geotextiles for surfacing is the helicopter pads [START_REF] Giroud | Geotextiles and geomembranes[END_REF]Rawal et al., 2010).

Solid barrier

When a geotextile is placed between solids, it acts as a solid barrier, ceasing the motion of the solid. One example is the protection of cliff faces [START_REF] Giroud | Geotextiles and geomembranes[END_REF]Rawal et al., 2010).

Container

When some materials are hold or packed in the geotextiles, it acts as a container for sand, rock, etc. [START_REF] Giroud | Geotextiles and geomembranes[END_REF]Rawal et al., 2010).

Tensioned membrane

When geotextile is sandwiched between two materials having different pressures, it acts as to balance the pressure between both materials, thus behaving as a tensioned membrane [START_REF] Giroud | Geotextiles and geomembranes[END_REF]Rawal et al., 2010).

Tie

Geotextile is capable of joining various structures that may move apart [START_REF] Giroud | Geotextiles and geomembranes[END_REF]Rawal et al., 2010).

Slip surface

Geotextiles can be used to minimize frictional characteristics when placed between two materials [START_REF] Giroud | Geotextiles and geomembranes[END_REF]Rawal et al., 2010).

Absorber

Geotextiles can absorb the stresses and strains that are applied to a material, and this is especially required for materials that need to be protected [START_REF] Giroud | Geotextiles and geomembranes[END_REF]Rawal et al., 2010).

Properties of geotextiles

The classification of geotextiles depends on their physical, mechanical, hydraulic, degradation and endurance characteristics. For each of these properties, some additional details are mentioned below.

Physical properties

These include thickness, stiffness, density, specific gravity, and weight of the geotextiles [START_REF] Agrawal | Geotextile : Its Application To Civil Engineering -Overview[END_REF].

Mechanical properties

These include flexibility, tearing strength, frictional resistance, tenacity, tensile strength, compatibility, drapeability, and bursting strength of the geotextiles [START_REF] Agrawal | Geotextile : Its Application To Civil Engineering -Overview[END_REF].

Hydraulic properties

These include filtration length, transitivity, porosity, permeability, turbidity, and permittivity of the geotextiles [START_REF] Agrawal | Geotextile : Its Application To Civil Engineering -Overview[END_REF].

Degradation properties

These include mechanical degradation, photodegradation, chemical degradation, hydrolytic degradation, and biodegradation of the geotextiles [START_REF] Agrawal | Geotextile : Its Application To Civil Engineering -Overview[END_REF].

Endurance properties

These include abrasion resistance, clogging length and flow, and elongation of the geotextiles [START_REF] Agrawal | Geotextile : Its Application To Civil Engineering -Overview[END_REF].

Towards new generations of geotextiles: the broader example of geosynthetics in roadway applications

As explained earlier, geosynthetics are the main starting point of geotextiles, and geotextiles come under the umbrella of geosynthetics. Geosynthetics are basically a polymeric and planar material that is in contact with rock/solid, and their applications are mostly in the Civil Engineering sector.

As for the geotextiles, the functions of geosynthetics are reinforcement, separation, protection, drainage, and filtration.

For reinforcing materials, geotextiles and geogrids are commonly used to retain slopes and structure. Geosynthetics are shipped in rolls or panels, depending upon the requirements of the place where they have to be applied. Geosynthetics may be used as reinforcement if they have specific properties, especially stiffness and promising tensile strength. Creep behaviour, strength against installation damage, better interaction with soil, and durability are the basic properties for geosynthetics in general, and geotextiles in particular [START_REF] Palmeira | Handbook of Slope Stabilisation[END_REF].

Various geosynthetic products are used since the 1970s for different roadway applications, e.g., to improve the performance of unpaved roads on soft soils. Even if the main applications for geotextiles are for the moment the stabilisation of sloping ground (e.g., roadsides, river banks, etc.), they could find new applications in roadways as it is already the case for geosynthetics [START_REF] Zornberg | Functions and Applications of Geosynthetics in Roadways[END_REF]. Under is a typical example of geosynthetics functioning in roadways (Figure 1.10).

Figure 1.10: Multiple functions of geosynthetics in roadway applications [START_REF] Zornberg | Functions and Applications of Geosynthetics in Roadways[END_REF].

Already in the 1980s, geotextiles were used to improve the performance of soil aggregates and also to minimize the cracking in asphalt overlays. In roadway applications, and depending on the project's requirements, geosynthetics can be used to complete only a single function or multiple ones. Separation, filtration, drainage, reinforcement and stiffening are the main functions that can be achieved by using geosynthetics for such applications, hydraulic/gas barrier and protections being their extra-functions. The five functions of geosynthetics in roadway applications are:

1. Reduction of reflective cracking in asphalt overlays, geosynthetics playing reinforcement and stiffening roles (Figure 1.11). 

Biodegradation of geotextiles

Geotextiles are most often used for roadside and riverbank stabilization. For this thesis work, this

is precisely what will be targeted in terms of applications for the geotextiles that will be made from the oleaginous flax fibers from straw. The biodegradation of geotextiles at the end of their life cycle can then present a certain advantage.

Durability of the fibres is one of the most important factors to describe their service life. Synthetic fibres and natural fibres have different parameters to determine their service life. Degradation of polymeric fibres can be explained by three properties that are tertiary carbon atoms, crystallinity and orientation [START_REF] Hsuan | Approach to the study of durability of reinforcement fibers and yarns in geosynthetic clay liners[END_REF]. Chemical composition and physical structure of the geotextiles determine their service life when they are exposed to environmental forces and microorganisms.

The interest of synthetic fibres for geotextile applications is their durability as they resist to the microorganisms. On the contrary, natural fibres that are mostly made of cellulose degrade quickly when they are exposed to the microorganisms in the soil, especially in the presence of moisture and temperature. Produced by fungi, enzymes are mostly responsible for the fibre's degradation [START_REF] Cooke | Effect of chemical composition and physical structure of geotextiles on their durability[END_REF].

Most of the natural fibres have good water absorption properties, and these properties are hindrance to use them in most of geotextile applications. Also, natural fibres are biodegradable.

Efforts are being made to improve the service life of natural geotextiles against a premature natural biodegradation, by different methods like coating with bitumen, use of antimicrobial chemicals, etc. [START_REF] Thakur | A Durability Study reinforcement and application in polymer composites: A review[END_REF]. The application of a bitumen emulsion on the jute-based woven geotextiles showed favorable results to limitate degradation. From 14% to 17% reduction in strength (at different emulsion rates) was measured as compared to the non-treated samples for which the strength reduction was up to 84% after 21 days degradation [START_REF] Thakur | A Durability Study reinforcement and application in polymer composites: A review[END_REF]. Even if such a treatment is probably not the best one from an environmental point of view, its positive effect on increasing the life span of geotextiles is real. The use of more environmentally-friendly coating treatments thus becomes a real challenge for the years to come.

Coating of the geotextile's surface to control their durability

In order to ensure that the mechanical properties of the geotextiles are maintained for a sufficiently long period of time once they are positioned in the soil, a coating post-treatment on the surface of the threads constituting them can be an effective solution. By doing so, the useful life of the geotextiles can be extended.

Surface of any material can be modified by adding or removing some substances. These addition or removal are generally known as surface treatments. These treatments can be of many types but, nowadays, importance is given to green surface treatments, due to their positive role in environment. Surfaces of natural fibres are often changed by different treatments to make them appropriate according to the end-use applications. These modifications are also called "green modifications", which includes plasma treatments (low pressure plasma treatment and atmospheric air pressure plasma treatment), enzyme treatments for fibre extraction, and fungi use for surface treatments [START_REF] Lee | Greener Surface Treatments of Natural Fibres for the Production of Renewable Composite Materials[END_REF]. In all these types of treatments, the surfaces of natural fibres are being changed by removing certain substances. Another important surface treatment method is called "coating", in which a new material (i.e., chemical) is added to the surface of the fibres. Different researchers have experimented the coating of natural fibres with bacterial cellulose, which could be a solution to natural fibre shrinkage during the thermal processing of composites. Likely, it was found that surface coating of sisal fibres with SBA (Styrene butyl acrylate) helped to improve the water absorption properties and mechanical properties of the composites containing them [START_REF] Abdel-Hakim | Effect of fibercoating on the mechanical performance, water absorption and biodegradability of sisal fiber/natural rubber composite[END_REF].

The coating of natural fibres helps to keep the integrity of the yarns by lessening the amount of protruding fibres on the surface of the yarns. So, it will have some impact on the mechanical and frictional properties of the yarns [START_REF] Salem | Experimental investigation of vegetal and synthetic fabrics cohesion in order to prevent the tow sliding defect via frictional and pull-out test[END_REF].

Different coating treatments are possible for yarns made of natural fibres, and they are used according to the end-use applications. Under are presented two different green coating tretaments,

i.e., by using chitosan or linseed oil.

Chitosan

Around 100 billion tons of chitin are produced yearly by different sources like crayfish, mollusks, insects, and fungus. It is an animal-derived polymer composed of a fibrous structure, and particularly abundant in nature. It is the primary component of the exterior skeleton of insects and crustaceans such as shrimp, lobsters, and crabs. However, it is an unexplored resource that would need to be more exploited (Tharanathan and Kittur, 2003). Chitosan is a natural substance formed from chitin, which is the second most prevalent biopolymer on the planet after cellulose. It is a heteropolymer. Chitosan is valued due to its biocompatibility, non-toxicity, adsorption and biodegradability properties. Chitosan is a highly basic polysaccharide, and it is dissolved in dilute acids like acetic acid, etc. For better functionality, chitosan dissolvability depends on its concentration, pH and temperature. Chitosan has a wide range of applications, e.g., medical applications, photography, cosmetics, skin healing, wound healing products, ophthalmology, waste water treatments, colour removal from textile mill effluents, dye binding, paper finishing, solid-state batteries, drug delivery system and many others [START_REF] Kumar | A review of chitin and chitosan applications[END_REF].

Chemical compostion or structure of chitosan is similar to that of cellulose, with one hydroxyl group on each monomer replaced with an acetyl amine group. The molecular weight (MW) of chitosan and the degree of acetylation are its most important characteristics. Chitosan is a weak base that cannot be dissolved in water. Chitosan solubility is determined by its biological origin, molecular weight, and acetylation degree. Chitosan film is a biofunctional substance that is well tolerated by living tissues, and it can be used as an edible coating to extend the shelf life and maintain the freshness of fresh foods [START_REF] Goy | A review of the antimicrobial activity of chitosan[END_REF]. Because of its amino groups, chitosan is bacteriostatic and fungistatic [START_REF] Goy | A review of the antimicrobial activity of chitosan[END_REF]. Its antimicrobial properties were cited by many researchers. As an example, Renouard et al. (2014) explained that chitosan showed good antimicrobial properties on the flax fibres, and chitosan helped to reduce the kinetics of natural degradation of flax yarns in the soil, thus increasing their service life [START_REF] Hamzeh | Pre-extraction of hemicelluloses from bagasse fibers: Effects of dry-strength additives on paper properties[END_REF]Renouard et al., 2014).

Linseed oil

Linseed oil, in fact, is a drying oil that is susceptible to autooxidation and especially polymerization, resulting in tough, elastic and hydrophobic films when exposed to air [START_REF] Sharma | Addition polymers from natural oils-A review[END_REF]. Of renewable origin, linseed oil is cited in literature to lower the water absorption of plant aggregates used in plant concretes (Page et al., 2021). In that study, it was used as a coating treatment on flax fibres to improve the properties of flax-based reinforced mortars. A glossy appearance of the linseed oil coating was evidenced on the fibre's surface when they were observed by SEM. Page et al. (2021) concluded that linseed oil coating was useful to lower the water absorption, and water absorption properties of the mortars were thus improved using this coating treatment.

Similarly, linseed oil coating was made on flax shives used for the manufacture of flax shivecementitious composites, and it was concluded that linseed oil helped to decrease their water absorption, with shives coated with linseed oil showing a maximum water absorption rate four times slower as compared to the non-coated flax shives. Also, linseed oil coating helped to increase the thermal conductivity and mechanical strength of the composite [START_REF] Khazma | Optimization of flax shive-cementitious composites: Impact of different aggregate treatments using linseed oil[END_REF].

With regard to these results from the literature, the coating of yarns from oleaginous flax fibres with linseed oil would possibly render them less water-sensitive, and this would perhaps help the corresponding geotextiles to better resist biodegradation in soil.

Conclusion

In view of the initial bibliographical information mentioned above, the objectives of this thesis work will be:

-To propose a procedure for mechanically extracting bast fibres from oleaginous flax straw in a continuous mode; in particular, this part will study the influence of the dew retting duration, the harvesting methodology, and the fibre extraction method used in the characteristics of the extracted fibres bundles (i.e., chemical composition, fibre bundle length, tensile strength of individual fibres, etc.).

-To produce yarns with controlled tex value from the extracted fibre bundles, and to propose bio-based coating post-treatments on their surface with the objective to improve their durability over time once used in real conditions in soil.

-To suggest an original way to valorize shives also generated at the moment of the fibre bundle extraction, i.e., the production of 100% linseed flax-based fiberboards proposed as an environment-and health-friendly alternative to commercial wood-based boards.

This thesis manuscript will have the form of three successive scientific articles:

-A first article, untitled "Continuous mechanical extraction of fibres from linseed flax straw for subsequent geotextile applications" and published in the Coatings journal July 15,

2021.

Ullah Khan, S., Labonne, L., Ouagne, P., Evon, Ph., Continuous mechanical extraction of fibres from linseed flax straw for subsequent geotextile applications. Coatings, 11, 852, 1-16 (2021). 

Sowing dates in 2018 and 2019

For the 2018 batches (batches number 1 to 6 presented in Table 2.1), sowing of seeds was made on 10 th October, 2017. Seed density was 27 kg/ha in the fields. For the 2019 batches (batches number 1 to 4 presented in Table 2.2), sowing of seeds took place on 10 th October, 2018. Seed density was in that case 30 kg/ha.

Agronomic way (i.e., use of a plant growth regulator or not)

In 2018, a total of six batches were used for the purpose of this study, and each batch was divided into two sub batches to treat them using two different methods for the fibre mechanical extraction.

A growth regulator is usually used to limit the height of the plants of linseed flax, thus avoiding their lodging and facilitating the seed harvesting. For the 2019 batches, no growth regulator was applied and batches were also divided into two sub batches for fibre extraction.

Seed harvesting details

For the 2018 batches, the flowering started on 8 th May, and it was finished on 30 th May. Seeds were harvested on 11 th July for the batches number 1 to 4 in Pavie, and on 12 th August for the batches number 5 and 6 in Seissan. Seed yield was around 14.6 q/ha.

For the 2019 batches, the flowering started on 19 th April. The seed harvesting was conducted on

Combine harvester used for the seed harvesting

A John Deere W550 2016 combine harvester was used to harvest the oleaginous flax seeds. The straw was obtained at the same time and left on the ground. Depending on the straw batches, the settings of the machine were adjusted. On the one hand, the cutting height of straws was low or high. On the other hand, the shredder of the combine harvester was disconnected or not.

Dew retting / field retting

Some of the oleaginous flax straw batches were left on the field for dew retting before their collection. In 2018, dew retting duration varied from 0 to 6 weeks whereas, for 2019, dew retting duration was 12 weeks or 14 weeks.

Straw collection dates

In 2018, straws in the Pavie location were collected on 12th July for batches number 2 to 4 (no dew retting), and straw batch number 1 was collected on 22nd August, i.e., after six weeks of dew retting. For the Seissan location, straw batches number 5 and 6 were collected on 28th August (dew retting during two weeks) and on 16th August (no dew retting), respectively.

In 2019, the collection of straw batches number 1 and 2, and 3 and 4 was made on 30th September and 16th October, respectively. These batches were thus dew-retted during 12 weeks and 14 weeks, respectively. 

Experimental devices to characterise the plant materials and the end products 2.2.1 Procedure for manual extraction of fibres

For all the batches used in this research, around 200 g mass of straw was chosen randomly, and the straw sample was used to separate the bast fibres from the shives manually. At the end of the manual extraction, the weight of the extracted fibres and that of shives were determined to calculate the fibre content inside the straw batch. For this calculation, the following formula was used:

Fibre content (%) = (Mass of fibres inside the straw) (Total mass of the straw sample)

x 100

In parallel, shives content inside the straw sample was determined according to the following formula:

Shives content (%) = (Mass of shives inside the straw sample) (Total mass of the straw sample) x 100

Milling / grinding of fibres

A cutter mill was used to grind finely both fibres and shives before determining their chemical compositions. Firstly, fibres were cut manually with the help of scissors into a length of 4-5 cm.

Fibres and shives were then converted to a fine powder using a Foss (Denmark) Tecator Cyclotec 1093 mill. A sieve of 1 mm was used to produce the fine powder of the material. This machine uses an electric motor to operate the sharp blade that cuts the material into fine particles, the sieve helping to collect the required particle size. After each grinding operation, proper cleaning of the machine and sample collector was made using compressed air to avoid any pollution of the following sample.

Chemical composition of bast fibres

As the chemical composition of the fibres will give us an idea about the effectiveness of dew retting and as it may also influence the tensile properties of the fibres, such composition was determined on four batches from 2018 and four batches from 2019 having different dew retting durations (i.e., from no dew retting to 14 weeks dew retting). Details of dew retting duration are given in Table 2.1 and Table 2.2. Chemical composition was determined from the manually extracted fibres. To determine chemical composition, the following analyses were considered.

Moisture content

Moisture content was measured simply by estimating the loss in the sample weight before and after drying. The sample was heated at 105°C so that the moisture content inside the sample was evaporated. To start, the sample was weighed (i.e., wet weight) and then drying was conducted in a ventilated oven. Moisture evaporated over time until stable weight (i.e., dry weight) was achieved. Then, the following formula was applied to determine the moisture content of the analyzed sample.

Moisture content (%) = (Wet weight -Dry weight) (Wet weight)

x 100

All determinations were conducted in duplicate. Results were expressed as mean values ± standard deviations. They were mentioned as a percentage of the initial sample mass.

Parietal constituents (FT 122/121 Fibertec TM

Parietal constituents were determined through the ADF-NDF (ADF for Acid Detergent Fiber, NDF for Neutral Detergent Fiber) method of Van Soest andWine (1967, 1968). The hot extractions were conducted using a Foss (Denmark) FT122 Fibertec™ hot extractor, and the cold one was conducted using a Foss (Denmark) FT121 Fibertec™ cold extractor. The test sample mass was around 1,000 mg for all the samples analysed. All determinations were conducted in duplicate.

Results were expressed as mean values ± standard deviations. They were mentioned as a percentage of the dry mass of the fibres.

The FT 122/121 FibertecTM device includes hot and cold extraction units for determining crude fibres and detergent fibres, as well as related parameters, in the laboratory, using conventional reference crucible methods such as the Van Soest and Wine one or others. Acid detergent fibre (ADF) and Neutral detergent fibre (NDF) methods as described by Van Soest andWine (1967, 1968) were applied in the present work for the determination of the contents in cellulose, hemicelluloses and lignins inside the biomass.

This equipment can analyse six samples at the same time. For reliable fibre analysis, single or sequential extractions, including boiling, rinsing, and filtration, are carried out under repeatable and controlled circumstances. Specially designed, filter crucibles (P2 standard) are part of this system. Weighing, drying and ashing can be done with the help of these crucibles.

The FT 122 FibertecTM unit is used for the hot extractions and hot hydrolysis due to the built-in heating and filtrations system. On the contrary, the FT 121 FibertecTM unit is designed for the cold extractions (e.g., lignin analysis). Using the same crucible for both hot and cold extractions make this equipment more reliable and interesting.

Some of the technical details related to the FT122 and FT121 FibertecTM units are given in the From the solid sample to be tested, two successive pre-steps were required before quantifying the pectins inside the sample. Both pre-steps were conducted using a Foss (Denmark) FT122

Fibertec™ hot extractor.

Generation of an alcohol-insoluble solid fraction

An alcohol-insoluble solid fraction was first obtained after 3 min boiling in ethanol (95°), filtration, rinsing with ethanol (80°), and then drying.

Extraction of total pectins

To continue, the total pectins were extracted, and their acid hydrolysis into galacturonic acid was realized. For these two simultaneous actions, 30 min boiling in 100 mL HCl 0.05 M was required, and the extraction was conducted twice.

Pectin quantification through the Blumenkrantz and Asboe-Hansen method

Once the extract containing galacturonic acid was recovered, it was then analysed using the Blumenkrantz and Asboe-Hasnen colorimetric method (1973) for quantifying galacturonic acid.

Pectins are in fact polymers of galacturonic acid, i.e., polygalacturonic acids.

For each replication, the test sample mass was around 500 mg. All determinations were conducted in duplicate. Results were expressed as mean values ± standard deviations. They were mentioned as a percentage of the dry mass of the fibres.

Characterization of bast fibres after their continuous mechanical extraction

Two different methods (i.e., routes) were chosen for conducting the continuous mechanical extraction of fibres from oleaginous flax straw, i.e., method A and method B. Experiments of mechanical extraction of fibres through method A were conducted using a breaking card from the Hemp-Act society located in Lacapelle-Marival (France) whereas experimental work for method B was performed using an "all fibre" extraction device available in the LCA's Agromat technological transfer hall located in ENIT engineering school (Tarbes). More details about these two equipments are given below.

Purity determination

Once fibres had been mechanically extracted, the purity (%) of each fibre batch was determined manually. For that, a portion of fibre lap was chosen randomly, and fibres were separated from the remaining shives. The weight of both vegetable fractions was measured using a precision balance (i.e., accuracy to 1 mg), and the purity in fibres was then determined.

Fibre length determination

The length of each extracted fibre bundle was determined manually by fixing one end and extending the other one. Fibre bundle length was measured for around 200 fibre bundles, and the average fibre bundle length was calculated for each batch just as the corresponding standard deviation.

Tensile properties of elementary fibres

Around 40 elementary fibres from each batch were tested for tensile strength, Young's modulus and diameter using a Diastron equipment that is available at ENIT engineering school (Tarbes).

More details about the method used are given in the chapter numbers 3 and 4.

Following their extraction using two different mechanical approaches, the impact of the extraction process on the tensile properties (strength and modulus of elasticity) of elementary fibres is addressed. A high precision extensometer, developed by Diastron Ltd. Hampshire, UK is that is used to investigate these properties. The test specimens are prepared by separating the elementary fibres from the fibre bundles using a magnifying glass and then each elementary fibres is glued on the sample tab with the help of light-sensitive glue (DYMAX, Wiesbaden, Germany). This helps the elementary fibres to prevent slippage and also to keep them straight during the test. 20 samples can be placed on a plastic tab at a time and then this sample tab is placed on the diameter measuring end of the equipment. The cross sectional are of elementary fibres is measured using an automated laser scanning method also purchased to the Diastron Ltd. company. Samples are first moved with the help of a pneumatic system to a scanner to measure the fibre cross sectional area necessary for computing strength and elastic modulus properties. Each elementary fibre is scanned on ten or more different points along the length of 12 mm gauge length throughout the rotation of 360 0 .

Individual fibre sections are determined using high precision laser photodetector and a fibre dimensional system analysis (FDSA) operated by UV Win software. Mean values of minimum diameter and maximum diameter measured with a precision of 0.01 μm are used to determine the cross-sectional area (evaluated using an elliptical model) of the individual elementary fibres.

On the opposite end of the machine, there is a system for the tensile strength measurement of the elementary fibre. So, each elementary fibre is transported from the scanning device (FDAS) to the tensile measurement module using a pneumatic pressure actuated system. This end of the equipment (LEX 820) is equipped with a load cell of ±20 N and a stepping motor for traction. It is an automated high precision extensometer with a precision of 1 μm displacement.s measured.

Speed of 1 mm/min is employed for the tensile testing of the fibres and the periodicity of measuring points is 20 ms. Young's modulus is measured using the initial tangent of the stress-strain curve.

Tensile property measurement of yarns

Instron 5500 R equipment is used for the tensile properties measurements of the yarns manufactured from linseed flax fibres. It is a universal testing machine on which some specially designed jaws are placed to hold the yarns and prevent any slippage during the test as shown by A load cell of 500 N was used in our experiments to get precise results.

The sample is mounted between the jaws with a gauge length of 25 cm. The tests were performed at a speed of 1 mm/min.

Durability tests on the yarns with different coatings

Coarse yarns of around 4.1 ktex manufactured using the Gille spinning machine were subjected to durability tests. The yarns were cut into 25 cm length yarn samples, and 108 samples were prepared. These were distributed into three groups, each one having 36 yarn samples. One group was made of non coated samples, the second group was coated with chitosan, and the third and last one was coated with linseed oil. Tensile strength measurements were conducted on four yarn samples from each group before placing them in the soil for the durability protocol. The other yarns were placed under the soil in real-life conditions to assess their durability after specific durations varying from one to five months. Four yarn samples from each group were taken out of the soil after 1, 2, 2.5, 3, 4 and 5 months. Once recovered, they were cleaned carefully with a brush to remove the soil particles from their periphery. These samples were then conditioned in a climatic chamber and, once equilibrated, tested for tensile strength. In doing so, loss in tensile strength was estimated over time for each group.

Microscopic analysis

Microscopic analysis of the yarns was conducted using a Keyence (France) VHX-6000 digital microscope. Non coated yarns and yarns coated with both chitosan and linseed oil were observed with the help of this microscope to estimate visually the biodegradation level of the yarns over time during the durability tests.

This microscope is equipped with an advanced scanning system with a 1/1.8-inch CMOS image sensor. Once recovered from the soil and cleaned manually with great care, yarn samples were placed on the microscope. A microscopic image having a 20,000 × 20,000 pixels size was taken to observe the yarn's degradability level. Images were also taken from the initial yarns, i.e., before placing them in the soil for the durability tests.

Fiberboard's characterization

Thermogravimetric analysis

Thermogravimetric analysis (TGA) is used for quantitative analysis, which describes the change in the mass as a function of temperature. This instrument has many components. The analytical balance is one of them, which is highly sensitive, precise and accurate at experimental temperatures. Another important component of this equipment is the furnace (or heating device), which is used to heat the sample. It is important to opt constant rate of heating. The third important peripheral is the sample holder. It is usually made up of quartz. Thermocouples are used to measure the temperature, and they are fixed as close as possible to the analyzed sample. Then, there is a recorder that records the electrical signals and enables to plot the graph, which gives the evolution of the test sample mass as a function of the applied temperature. The whole experiment can be conducted in an inert atmosphere, which is possible by introducing nitrogen or Argon gas, or simply under air.

In our case, shives before and after twin-screw extrusion-refining and plasticized linseed cake were analysed through TGA using a Shimadzu (Japan) TGA-50 analyser. Dynamic analysis was conducted under air at a heating rate of 5°C/min, from 20°C to 750°C. Before analysing them, samples were placed in a climatic chamber (60% RH, 25°C) for three weeks to reach an equilibrium state. Test sample mass was about 5 mg. Sample weight was measured as a function of the increasing temperature. Subsequently, data were used to plot the percentage of the undegraded sample as a function of the temperature. Determinations were carried out in duplicates.

DMTA analysis

Dynamic mechanical thermal analysis enables to characterize the viscoelastic properties of the analyzed material as a function of frequency and temperature. Storage modulus (E') and loss modulus (E'') can be measured. In this study, the mechanical solicitation applied to the fiberboards manufactured from shives was the two-points bending technique. The temperature sensor was placed near the sample to measure the temperature precisely. The temperature mode gives an idea about the evolution of the material's mechanical resistance with temperature (damping behaviour), and then the glass transition and crystallization phenomena. Usually, storage modulus, loss modulus and loss factor (i.e., tan δ, defined as the ratio of the loss modulus to the storage one) are represented as a function of the temperature. Glass transition is found when the sample becomes soft, which is evidenced in the curves by a rapid decrease in the storage modulus simultaneously with a peak in the loss modulus and loss factor curves. Usually, at low temperatures (i.e., under their glass transition), polymeric materials resist the changes and, as temperature increases, a slow and progressive reduction in the storage modulus is observed until this decrease is very rapid by the time the glass transition is reached. This is what was tipically observed in this study for the fiberboards analysed.

A Triton Technology (UK) Tritec 2000 machine was used in this study to conduct the DMTA analysis of the fiberboards. A total of five different fiberboards were tested. They were manufactured from different molding conditions. For each fiberboard, two samples, 10 mm in width and 30 mm in length, were tested. The selected mode was the single cantilever one, and the operating conditions were as follows: 1 Hz frequency, 50 μm displacement, and a 3°C/min heating rate from -50°C to 165°C. The test was conducted using the two-points bending technique. There was a distance of 10 mm between these two points. Test results were analysed by plotting the curves of E), E'' and tan δ as a function of temperature.

Bending properties

The bending properties of the fiberboards (i.e., flexural strength and elastic modulus) were measured using an Instron (USA) 33R4204 universal testing machine. The three-points bending technique was used for all the tested boards according to the NF EN 312 French standard. Each fiberboard was cut into four specimens, each one having a length of 12.5 cm and a width of 3 cm.

A load cell of 500 N, a testing speed of 2 mm/min, and a grip separation of 80 mm were used for these testsFrom the four specimens tested, the results for flexural strength and elastic modulus were expressed as mean values ± standard deviations.

Shore D surface hardness

The NF EN ISO 868 French standard was used to measure the Shore D surface hardness of the samples using a Bareiss (Germany) Shore D durometer. For each fiberboard tested, the hardness measurements were carried out 48 times in total (i.e., 24 times in the board's upper surface and 24

times in the lower one). The results were expressed as mean values ± standard deviations.

Fiberboard's density

The densities of all manufactured fiberboards were measured using the four bending specimens.

For each of them, its weight was determined using a precision balance, and its dimensions (i.e., length, width and thickness) were measured using a digital sliding caliper. Length, width and thickness of all specimens were measured at two, three and three equally displaced points, respectively, along the specimen. Then, an average of all dimensions was calculated, and densities were determined as the ratio of the specimen mass to its volume. From the four specimens tested, the results were expressed as mean values ± standard deviations.

Water absorption (WA) and thickness swelling (TS)

WA and TS of the fiberboards were measured by cutting the boards into four 50 mm × 50 mm samples. All the samples were then placed in water for 24 h at 25°C. The NF EN 317 French standard was used to determine the TS value. According to this standard, the thickness of the sample was measured at four different points before and after soaking in water. To measure WA, each sample was weighed before and after water soaking. From the four specimens tested, the results for TS and WA values were expressed as mean values ± standard deviations.

Processing devices

There are many instruments used for both the processing and the characterization of the materials in this research work. Details about many of them are given directly in the experimental chapters.

In addition, under are the details of some other instruments and equipments that were used in the present study.

Breaking rollers

This machine, manufactured by TAPROOT FIBRE LAB INCORPORATION CANADA, was used to perform a crushing step on the linseed flax stems before proceeding to the fibre extraction using a fibre opener described in the following Section. Linseed flax straws, packed in small bags are processed through the breaking rollers which consist in 5 vertically grooved rollers having a small gauge between each others. The driving force is provided by the electric motor that uses 230

V AC. Due to the mechanical action of the grooved rollers powered by an electric motor, breaking of the woody part of the stems happens and a part of the this woody core (also called shives) is removed. The material was processed three times through these rollers so that the woody core is sufficiently broken.

Laroche (France) Cadette 1000 "all fibre" extraction device

This equipment is available in the LCA's Agromat technological transfer hall located in ENIT (Tarbes). This device is helpful as it converts continuously the biomass into bast fibres, shives and dust that are collected separately. At the outlet of the equipment, a fibre web is achieved. Even if the latter still contains some shives as well, most of the shives and dust are removed during the mechanical extraction operation. The Laroche Cadette 1000 has three successive modules. There is a pair of rollers at the inlet of each module, the first one smooth and the other one made of grooved rubber, enabling the feeding of the material into each module. Then, in each module, an extracting roller made of nails in its surface helps the fibre extraction process while rotating at a speed that may be adjusted from 700 rpm to 1850 rpm. Shives are removed from the material due to gravity, and they are collected at the bottom of each module on a conveyer belt and then collected in one single bag. Meanwhile, suction rollers at the end of each module (i.e., perforated modules) are helpful (i) to remove the vegetable dust, and (ii) to transport the material (web) to the next module or to the "all fibre" extraction device's outlet. For each module, the vegetative dust and small shives are transported to receiving bags thanks to the aspiration. For each perforated roller, the aspiration is generated using a motor with a maximum rotation speed of 2865 rpm.

The capacity of the Laroche Cadette 1000 machine (1 m for the width of the feeding belt) is as high as up to 175 kg/h of oleaginous flax straw. Details about the machine parameters used in the present work are given in the experimental chapters.

Ritec (France) 600 sieving machine

As the fibrous material collected at the "all fibre" extraction device's outlet still contained some impurities like shives and dust, a sieving extra-step was performed to make the fibre purity increasing. A Ritec (France) 600 vibrating sieve shaker was used to remove as many remaining shives and dust as possible from the fibre lap with the help of the vibration created by this equipment. Fibre lap was continuously spread above the sieve, and the fibre opening was made manually. A 12 mm sieve was used above this equipment so that shives and dust could pass through it easily while the bast fibres remained above the sieve. Removed shives and dust were collected from two points located at the bottom of this equipment. Although some amount of fibres (especially the shorter ones) were also lost during this process, the latter globally resulted in an increase in the lap purity in fibres.

Breaking rollers and breaking card

Another fibre extraction path, which consists in using breaker roller and a breaking card, was also considered. It is a two steps process which consists in feeding the oleaginous flax straw to the combination of breaking rollers and breaking card that is available at Hemp-Act company facility (Lacapelle Marival, France). Here, the purpose of the breaker rollers is to break the woody core of the stem as well as the barkand beat the mixture of fibres and shives so that to get rid off them and keep as intact as possible the fibres. The breaking card removes most of the remaining shives and partly align the fibres to form a web which is concentrated to form a sliver.

Breaker rollers are basically the combination of few pairs of fluted rollers that have different arrangements (some are horizontal and some are inclined at an angle). These rollers are machinedriven, bottom rollers are driven positively by motors whereas, top rollers drive negatively and have pneumatic pressure during fibre extraction.

When the dry stems of linseed flax are fed to the successive pairs of breaking rollers, breaking of the woody core of the stem is observed during the material processing to the next rollers. Inclined rollers help to break the shives into some more smaller shives and also due to the gravity, these entrapped shives are removed at this point as well. During this process it is expected that the fibres preserve globally their integrity.

Most of the shives were removed using the breaking rollers and the mixture of fibres and remaining shives is fed to the breaking card. The breaking card is an old type of machine designed originally by the MACKIE company (Belfast Ireland). It has actually similarities with the ones which are used for jute breaking card with some minor changes. The mixture was processed twice from the breaking card to get the desired fibre alignment and purity of the fibres. In the first passage, there are generally too many shives remaining in the formed sliver and this one may be too irregular also. After the second passage, the purity of the material is improved as well as the alignment of the fibre and the regularity of the produced sliver. This machine has a feeding belt tray that is approximately 1.75 m in length to bring the fibres up to the Gill drawing system (Machine 1). At the entrance of the machine a coated feed roller places the fibres in the pins which bring the fibres at a constant speed to the drafting zone. This one is constituted by a pair of rollers at the outlet of the pins. The upper roller is smooth and coated whereas the bottom roller is grooved. Their speed is higher than the pin bed and therefore lead to a drafting of the sliver. Similarly, these are three more pairs of rollers with the same structure of the rollers but with different rollers sizes and speeds at the end of the first unit to homogenise and concentrate the drafted sliver. Sliver is obtained at the end of two pairs of rollers and the third pair of rollers is used when this unit is connected to the twist insertion unit. Both units may be synchronized.

When the sliver is uniform, after several passages of the materials through the first unit of the machine, another unit may be attached to the drawing machine. This one performs the twisting of the sliver and transforms it into yarns by performing twisting and winding. The path of the sliver is from the outlet of the first unit to the flyer legs and then bobbin (some tension is also needed).

This machine was designed for coarser counts yarns such as the ones constituting wove geotextiles and is not suitable for fine yarn manufacturing.

Twin-screw extruder

A Clextral (France) Evolum HT 53 co-rotating and co-penetrating twin-screw extruder was used to conduct the thermo-mechanical extrusion-refining of shives in the presence of water before transforming them into fiberboards through hot pressing. This equipement also enabled to add continuously a plasticized linseed cake (used as natural binder) to the previously extrusion-refined fibers, thus resulting in an homogeneous premix ready for subsequent molding.

There Technical details of the machine and the peripheral equipments also used in this study are given in the Table 2.5.

Table 2.5: Technical details of the Clextral Evolum HT 53 twin-screw extruder and its peripheral equipments.

Part Brand and model Characteristics Year

Twin-screw extruder Clextral Evolum HT Molding time, pressure applied and mold temperature are the key parameters for the hot-pressing procedure. In this work, these parameters were adjusted by taking into account molding conditions used in previous studies, and twelve different fiberboards were manufactured from shives. Two out of the twelve fiberboards were manufactured by using the raw shives whereas the remaining ten fiberboards were manufactured from the previously extrusion-refined ones. The addition of plasticized linseed cake (used as natural binder) to the shives (from 10% to 25% (w/w)) was also considered for eight fiberboards. Details about the exact molding conditions used and the fiberboard's characteristics are given in chapter number 5.

Introduction of chapter 3

In this chapter, the mechanical extraction of technical fibres from linseed flax straws will be investigated. Two different mechanical extraction methods will be studied, i.e., method A using a breaking card, and method B using an "all fiber" extraction device. These two methods will be tested on straw batches harvested in 2018. As linseed flax is for the moment cultivated for its seeds only, its straw is a by-product considered as a burden over the farmers due to its limited use.

Fibre content inside the dry mass of the straw batches will be determined manually. The extraction of fibres from straw batches will then be conducted mechanically. As retting is known to be vital to facilitate the fiber's mechanical extraction while preserving the fibre bundle length, different retting durations will be studied, varying from no dew retting to six weeks dew retting. The impact of the disconnection of the shredder of the combine harvester will be also investigated in this chapter.

The fibre's chemical composition will be analyzed as a function of the dew retting duration. Then, once mechanically extracted, the length of fibre bundles will be determined as well as the tensile properties of individual fibres. Results obtained from the different straw batches tested will be also compared with each other, and discussed.

In this chapter, it will be concluded that method A shows better results as compared to method B.

Indeed, an increase in fibre bundle length will be observed for method A, the latter showing also better results in terms of tensile strength and Young's modulus. In addition, with the increase in the dew retting duration, cellulose content will be found to be increased inside fibres whereas pectin content will be decreased, even if even higher dew retting durations should be tested in the future.

This chapter has been published in 2021 in the Special Issue of the Coatings journal untitled "Natural Fiber Based Composites" (https://doi.org/10.3390/coatings1107085)

Introduction

Between 2016 and 2018, an average of 97,700 ha/year of textile flax was cultivated in France with an average straw yield of 6 t/ha [START_REF] Martelli | Twin-screw extruders: a basic understanding[END_REF]. So, about 600 ktons of straw are globally available on this market. This economic activity represents about 12,000 direct jobs in in the growing and scutching sectors [2]. The long line fibres (about 25% of the straw mass) are used for fine and delicate textiles and structural composite materials, which are in high demand. In 2015, China was importing about 140 ktons of these fibres, representing approximately the total amount of the French production [3]. Even if the long textile flax are also produced in Belgium and the Netherlands, the demand is continuously increasing from China and Europe, but the land available for the production of textile flax cannot globally be extended in a great extent. The demand for tow fibres (scutching and hackling tows) is also very high for the manufacturing of coarser yarns for home textiles or technical applications such as in the composite industry for medium load bearing applications or for injected parts [4].

To answer the high flax fibre demand (both long line and tows), other sources of fibres may be promoted. Linseed, or oilseed flax may be one of them, as at the present time the valorization of this straw and its associated fibres only concerns low added value applications such as insulations or paper, as the traditional linseed flax straw is often short in length (40-60 cm) with a high ramification, leading to a low straw yield (0.4 t/ha) available for fibre production [5]. Rennebaum et al. [6] showed that much higher straw yields can be obtained if no chemical shortener is used.

A straw yield of 5.1 t/ha was obtained in their study, and this indicates that the linseed flax straw in their study consisted of between 25% and 30% fibre (in weight), and so could be a large source of fibre. The tensile properties of linseed flax fibres were also investigated by Pillin et al. [7]. Their work showed that the tensile properties of elementary fibres extracted manually are equivalent to the ones of textile flax extracted using the same process. During the continuous mechanical extraction of linseed flax fibres, Ouagne et al. [8] showed that the process parameter should be chosen with care as this may degrade the mechanical potential of the fibres if the extraction process is too aggressive.

An "all fibre" extraction set-up needs to be used as the linseed flax stems are randomly aligned on the ground and collected as such in round bales. In those conditions, it is not possible to use the same device as the one used for textile flax (scutching and hackling). Other devices exist to extract fibres from linseed flax or hemp stems. These ones are often based on hammer mills, which is a very efficient process permitting to break the woody part of the stem and to separate globally the shives from the fibres [9]. The process is very efficient but also very aggressive, and it was demonstrated that the fibres extracted using this process show relatively poor mechanical properties [10]. It is therefore important to minimize the impact of the fibre extraction on the mechanical potential of the fibres, especially when a geotextile valorization is targeted [11,12].

With hammer mill fibre extraction, the fibres are damaged and numerous defects such as kinkbands that are at the origin of strength and modulus decreases may be observed [13,14]. Two other processes which are expected to minimise their impact on the fibre mechanical properties will be tested in this study.

During fibre extraction, most of the shives in the straw are separated [8]. As for shives from textile flax, they could be used as animal litters because of their high water absorbency [15]. Recent works have nevertheless shown that shives from linseed flax could be also used to replace wood particles in the manufacture of boards [15,16]. Extrusion-refining pre-treatment of shives increases their mean aspect ratio and, consequently, the mechanical strength of the boards, and proteins from linseed cake can even be added as naturel binder to further increase this strength [16]. On the basis of their usage properties, such materials could find various applications, e.g., intermediate containers, furniture, domestic flooring, shelving, general construction, etc. In addition, as they do not emit formaldehyde, they are much more environmentally and human-health friendly than the wood-based boards currently found in the market, e.g., medium-density fibreboard (MDF), chipboard, oriented strand board (OSB) or plywood [16].

The aim of the present work is to study and to compare two different fibre extraction methods used to obtain technical fibres from various batches of oleaginous flax straw having different characteristics (e.g., cultivation locations, cutting height, and dew retting duration), for subsequent geotextile applications. Fibre content, fibre purity, and the mechanical properties of mechanically extracted fibres are determined, and they are discussed in relation to field parameters such as dew retting performed to ease the fibre extraction and to determine if the geotextile targeted application may seriously be considered to increase the income of the farmers besides the ones of seeds (for human or industrial oils) and shives (for animal litters and boards) [15,16].

Materials and Methods

Plant Material

Straws of oleaginous flax (Linum usitatissimum L.) used in this study were supplied by Ovalie Innovation (Auch, France). They were from the Everest variety, and the plants were cultivated in the south-west part of France. All the straw samples tested were collected using a combine harvester, and their harvesting took place after the seed one. Six different batches were used, with different dew retting durations (i.e., from 0 to 6 weeks) and with different harvesting methods (i.e., high cut or low cut of the straw, and disconnection or not of the shredder of the combine harvester during the straw harvest). The details of those six batches are given in the Table 3.1. On the one hand, the cutting height of the straw directly influenced the quantity of straw harvested in the field.

For a high cut (i.e., 30 cm above the ground), the length of the harvested stems was on average 35 cm. For a low cut (i.e., only 5 cm above the ground), it was around 60 cm in length. On the other hand, the objective of the disconnection of the shredder of the combine harvester during the straw harvesting was to better preserve the fibre integrity.

Those six batches were cultivated during the summer 2018 in two different locations. However, both were relatively close to each other (14 km). Firstly, batches number 1 to 4 were collected in the city of Pavie (43°62′ N, 0°57′ E). For this first location, after the seeds were harvested on July 11, the straw batches number 2 to 4 were harvested on July 12 and the straw batch number 1 was harvested on August 22, i.e., after six weeks of dew retting. Secondly, batches number 5 and 6

were collected in the city of Seissan (43°49′ N, 0°55′ E). For this second location, the seed harvesting took place on August 12, and straw batches number 5 and 6 were made on August 28

(dew retting during two weeks) and August 16 (no dew retting), respectively.

Secondly, pectins were also quantified inside the manually extracted fibres. To begin, a nonnormalized two-step extraction procedure was conducted on the test sample for analyses using each time a Foss Tecator FT122 Fibertec hot extractor:

(i) An alcohol-insoluble solid fraction was first obtained after 3 min boiling in ethanol (95°), filtration, rinsing with ethanol (80°), and then drying.

(ii) To continue, the total pectins were extracted, and their acid hydrolysis into galacturonic acid was realized; for these two simultaneous actions, 30 min boiling in 100 mL HCl 0.05 M was required, and the extraction was conducted twice.

Once the extract containing galacturonic acid recovered, it was then analysed using the Blumenkrantz and Asboe-Hansen colorimetric method for quantifying galacturonic acid [20].

Pectins are in fact polymers of galacturonic acid, i.e., polygalacturonic acids.

For each replication, the test sample mass was around 1 g for the determination of cellulose, hemicelluloses and lignins, and it was around 500 mg for measuring pectins. All determinations were conducted in duplicate. Results were expressed as mean values ± standard deviations. They were mentioned as a percentage of the dry matter mass of the fibres.

Mechanical Extraction of Fibres

Two different methodologies were used in this study to extract mechanically fibres from the oleaginous flax straw batches, i.e., the method A, and the method B. The two next paragraphs describe them in more details.

Method A

The method A consisted in the succession of (i) horizontal breaker rollers (Hemp-Act, Lacapelle-Marival, France), (ii) a thresher (Hemp-Act, Lacapelle-Marival, France), and then (iii) a breaking card (Hemp-Act, Lacapelle-Marival, France). In the horizontal rollers, the straw samples were broken, and shives were partly removed by gravity at the bottom of the device. The latter was in fact the assembly of five horizontal rollers in a staggered arrangement. At the output of these horizontal rollers, the fibrous material was then fed to the thresher, where additional shives were removed by intense threshing. Lastly, a breaking card from Russian origin inspired from the classical Mackie breaking cards was used for an additional removing of shives plus the alignment of fibres. At the outlet of the breaking card, a web was formed, and it was rolled up continuously.

Method B

The method B consisted in the succession of (i) vertical breaker rollers (Taproot Fibre Lab, Port Williams, NS, Canada), (ii) an "all fibre" extraction device (Laroche, Cours, France), and then (iii) a sieving machine (Ritec, Signes, France). To begin, the straw samples were processed in the vertical breaker rollers of a lab-scale device (processing machine) after stems (around 1 kg) were packed inside small bags having an appropriate volume. Here, the main purpose of this step was to break the stems, and to remove part of the shives inside the oleaginous flax straw before mechanically extracting the fibres. There were five vertical breaker rollers, and an efficient breaking of the stems was obtained thanks to their specific groove structure, to their staggered position, and also to an optimized spacing between them. After the breaker rollers partially broke the straw samples, the latter were kept in a climatic chamber at 25°C and 90% relative humidity (RH) during seven to ten days to favour the adsorption of water by fibres until equilibration (i.e., up to a constant weight). Because this conditioning step allowed an increase in the moisture content of the fibrous material up to 14%-19% in weight, it was helpful for the next fibre extraction step to better preserve the fibre length during their mechanical extraction. Indeed, with an increased moisture content, Ouagne et al. [8] evidenced that the rigidity of fibres is reduced, thus leading to less breakages when extracting them mechanically.

Then, the fibrous material was treated using a Laroche Cadette 1000 "all fibre" extraction device (Laroche, Cours, France). This industrial equipment was used to extract fibres in a mechanical way, and it is presented in Figure 3.1. With a 1 m width, this machine allowed the treatment of a 175 kg/h inlet flow rate of the fibrous material collected at the outlet of the vertical breaking rollers, corresponding to a 3.5 m/min speed for the feed belt. This tearing machine has a double ability, i.e., the opening and the cleaning of natural fibres, as well as the formation of laps. It is composed of three successive modules. A pair of rollers, one smooth and the other grooved (made of rubber), is placed at the inlet of each module, thus ensuring a regular feeding of the raw material. In each module, a first cylinder equipped with nails (i.e., the extracting roller or fibre extraction roller) was the place where fibres were extracted. Its rotation speed can vary from 750 rpm to 1,800 rpm. In addition, at the level of each of the three modules, shives can be (at least partially) eliminated by gravity, thanks to a trap door situated under the extracting roller. In this study, the opening of the trap door was set at its maximum to favour the most possible the removal of shives.

A perforated cylinder is also positioned at the end of each module. It is equipped with a ventilation system having a motor with a 2865 rpm maximum rotation speed. The perforated cylinder has three functions: (i) removing dust from the fibrous material by aspiration, (ii) forming a fibrous lap, and (iii) passing it on to the next module or the machine outlet.

The operating parameters used in the present study for the "all fibre" extraction device are presented in Table 3.2. They were the same as those used in [8], as the extraction of fibres from oleaginous flax straw was considered in that previous study as satisfactory for the two batches tested. Finally, the speed of the output belt was 1.8 m/min. Table 3.2: Operating parameters used for the "all fibre" extraction device.

Lastly, after the mechanical extraction of fibres using the "all fibre" extraction device, the fibrous lap obtained was sieved using a Ritec 600 (Ritec, Signes, France) vibrating sieving machine fitted with a 12 mm sieve. Here, the objective was to eliminate as much as possible the dust and the residual shives still trapped inside the lap, to obtain oleaginous flax fibres with a much higher purity.

Purity in Fibres of the Different Fibrous Materials

As the laps collected after the mechanical extraction of fibres did not consist only in bast fibres but also in some remaining shives and dust, the content in those impurities inside the different fibrous materials (including the starting oleaginous flax straw batches) was evaluated. For each fibrous material, a 50 g test sample mass was collected, and shives and dust were removed thanks to a mechanical sieving operation conducted during 5 min. Then, the residual shives that remained trapped were collected manually. The content of impurities inside the fibrous material, and thus the real bast fibre content could then be calculated, and they were expressed as a percentage in weight.

Morphological Analysis of the Mechanically Extracted Fibre Bundles

The morphological analysis of the vegetal fractions obtained at the outlet of the fibre extraction devices used in this study were carried out on all the treated batches. A specific mass (around 10 g) of the extracted fibres was randomly picked from different places inside the laps, and around two hundred fibre bundles were measured in length. Each bundle was attached to one end and then linearly extended in order to know its actual length, which was measured between its two extremities using a double decimetre with a 0.25 mm accuracy. The average fibre length was then calculated, and also the corresponding standard deviation.

Operating

Tensile Testing on Elementary Fibres

Diameter, tensile strength and elastic modulus of elementary fibres were measured using a Diastron Ltd. Lex 820 (Diastron Ltd., Andover, UK) automated high-precision extensometer. For this purpose, elementary fibres were firstly separated, and they were then glued on a 12 mm gauge length. To begin, the samples were placed on a peripheral equipment for the diameter measurement. This portion of the Diastron testing machine measured the diameter of each elementary fibre along ten different places throughout the whole fibre length. The diameter was measured with an accuracy of 0.01 µm.

Then, the same fibre sample was positioned in the high-precision extensometer of the testing machine for measuring tensile strength and elastic modulus. Here, a stepping motor was used for traction up to the breakage of the individual fibre, and a 20 N capacity load cell was used for measuring the force applied to the sample analysed. The extensometer was used for failing at low strain values. The accuracy for the obtained displacement was 1 μm, and the tensile test was conducted at a 1 mm/min speed. A 20 ms periodicity was chosen for recording the measuring points, i.e., the force and the displacement. The calculation of the tensile strength and elastic modulus thus became possible without using any supplementary strain measurement device. For each batch, forty samples of individual fibres were tested, and the mean value and standard deviation were then calculated for both tensile strength and elastic modulus.

Results

Contents in Fibres and Shives inside the Straw Batches

Table 3.3 mentions the contents of fibres and shives inside the six straw batches tested in this study. A manual extraction of the fibres inside the straw samples was conducted to obtain these results. For batches number 1 to 5, the content of fibres inside straw varied from 29 % to 33%, and these results were in perfect accordance with those of a previous study where the fibre content inside linseed flax straw was found to be around 30% as well [21]. In another study [6], the fibre content inside technical stems was a little lower (from 23% to 29%), depending on different factors such as the variety of oleaginous flax.

When comparing batches number 3 and 4 with batches number 1 and 2, all coming from the same location, a low cut used during the stem harvesting had a slightly positive effect in the fibre content of the starting straw, i.e., 33% instead of 30%-31%. Because the fibre proportion along the stem is known to be a little more important at its bottom [22], choosing a low cut for the combine harvester thus favours the collection of a higher proportion of fibres. However, such a setting for the harvesting machine may cause machine breakage if stones are present in the field that are caught at the same time. The harvesting must therefore be done with great care in this case.

With a fibre content surprisingly much higher (i.e., 46%), the straw batch number 6 was the exception in this study. Here, the reason is presumably due to cultivation considerations. Indeed, for this specific batch, no plant-growth regulator was used on the plot during the oleaginous flax development, and stems partly suffered lodging before the seed harvesting. The subsequent straw harvesting using the combine harvester was thus much more difficult in that case, and it is reasonable to assume that some part of the shives were in fact directly lost on the field during the harvesting of the straw. Indeed, for this specific batch, it was observed before the manual extraction of fibres that stems were already partially broken, and shives were absent in some places along them.

In fact, with a 46% fibre content inside straw, batch number 6 was more in accordance with results on textile flax presented in another study [23], where the crude fibre content varied from 36% to 50%, depending on many factors such as the soil type, and the nature of the fertilizer applied.

Nevertheless, one should be aware that this batch is not representative of what could be produced on average at an industrial scale. 

Chemical Composition of Bast Fibres

With cellulose, hemicelluloses and lignins, pectins are one of the main constituents of the plant cell walls. They are also the predominant compound within the middle lamella. In fact, pectins have the function to hold the cells of plant tissue together. In linseed flax stems, pectins are more specifically responsible for "cementing" the bast fibres together. Thus, by reducing the pectin content, this definitely helps to separate the fibres from each other, and both their extraction and opening thus become facilitated. For fibrous plants such as textile flax, linseed flax and hemp, this is the retting operation that allows the removing of pectins before conducting the extraction of fibres, and the evolution of their content over time is a clue to estimate its efficiency.

Table 3.4 shows the evolution of the pectin content inside manually extracted bast fibres as a function of the dew retting duration. Dew retting is a natural retting process conducted directly on the ground before the straw harvesting. It involves in fact two different actions, both resulting in the progressive dissolution of the pectic binder over time, i.e., a chemical action (thanks to the morning dew) and a biological one (thanks to the microorganisms, fungi and bacteria in soil).

Table 3.4: Chemical composition of manually extracted fibres as a function of the dew retting duration (from 0 to 6 weeks) (% of dry matter).

Dew Retting Duration Hemicelluloses

Lignins Cellulose Pectins

No dew retting (i.e., batch number 2)

12.9 ± 0. For this part of the work, batches number 2 and 1 were analysed, corresponding to no dew retting and to a six weeks dew retting duration, respectively. To complete the analysis, two stem samples were also collected in the same plot during the retting period, i.e., after two weeks and four weeks of dew retting, respectively. Table 3.4 also mentions the evolutions in the content for the three other parietal constituents (i.e., hemicelluloses, lignins, and cellulose).

From the results in this table, it is clear that the dew retting played an important role in the reduction of the pectin content, which was only 3.7% after six weeks of dew retting instead of 4.4 % immediately after the seed harvesting (i.e., no dew retting). The pectin content remained unchanged after two weeks, and a four weeks dew retting duration was at least necessary to see a reduction in the pectin content inside the manually extracted bast fibres. In parallel, from zero to six weeks, their cellulose content increased progressively (i.e., from 62.1% to 67.0%), indicating that retting was effective but rather slow. The content of hemicelluloses was also lowered after retting, whatever its duration. In contrast, because lignins are biopolymers with a high hydrophobic character due to their polyphenol structure, their content inside bast fibres logically tended to increase during retting.

Purity of Extracted Fibres from Process A

The A methodology for the extraction of fibres from straw used a succession of three different operations, i.e., (i) horizontal breaker rollers, (ii) a thresher, and then (iii) a breaking card. No sampling was made from this methodology after the breaker rollers and the thresher, meaning that the purity of the extracted fibres was measured only inside the final fibrous material, collected at the outlet of the breaking card in the form of a rolled web. The purity of the obtained webs in fibres is mentioned in Table 3.5, and it varied from 66% to 90%.

Table 3.5: Comparison of the final purities in fibres (%) for the two processes tested (i.e., A and B).

The web originating from batch number 4 showed the minimum value for fibre purity (i.e., 66%).

As a reminder, that straw batch was not dew retted, and the linseed flax straw was harvested using a low cut setting, with disconnection of the combine harvester shredder (Table 3.1). This resulted in longer stems with shives still well glued by the pectic cement to the bast fibres. Undoubtedly, this had reduced the chance to remove in a proper way shives from the extracted fibres. The web purity in fibres was in the same order of magnitude (i.e., 67%) for batch number 2. In the same way, this straw batch was not dew retted, and it was also harvested with the shredder of the combine harvester disconnected. On the contrary, the batch number 1 showed the maximal purity level (i.e., 90%) for the obtained web at the outlet of the breaking card. Because this batch was dew retted during six weeks, shives were less attached to the fibres. In addition, straw was harvested using a high cut in that case. Stems collected on the field were thus shorter, and shives were probably less retained by the fibre web during its formation in the inside of the breaking card.

With that 90% purity, additional spinning and weaving operations should be perfectly possible to manufacture geotextiles. Inside the obtained webs, straw batches number 5 and 6 had quite comparable fibre purities to that of batch number this means that the corresponding extracted fibres would be also suitable for subsequent geotextile applications.

Purity of Extracted Fibres from Process B

As a reminder, the B methodology for the extraction of fibres from the straw involved three successive steps, i.e., (i) vertical breaker rollers for the stem breaking and the removing of part of shives, (ii) the "all fibre" extraction device for extracting fibres (plus the loss of more shives by gravity at the bottom of each of the three extracting rollers), and (iii) a sieving extra-step which consisted in eliminating as much as possible the remaining shives to increase more the purity in fibres of the final lap. Table 3.6 mentions the purity of the different fibrous materials in fibres after the vertical breaker rollers, after the "all fibre" extraction device, and also after the sieving extrastep. The impurities in the fibrous lap after sieving also appear in Table 3.6. For the purpose of comparison between the two tested processes, the final purity in fibres for process B is also mentioned in Table 3.5.

Table 3.6: Purity of the fibrous materials in fibres during process B (i.e., after the vertical breaker rollers, for the fibre lap at the outlet of the "all fibre" extraction device, and after sieving), and amount of impurities in the fibrous lap after sieving (% in weight).

1 Shives and dust amount.

After the fibre extraction step using the "all fibre" machine, a 63%-71% purity in fibres was achieved instead of 29%-46% in the starting materials. The minimal purities (i.e., 63% and 65% in weight, respectively) were observed in the case of the batches number 3 and 4, which were the non-retted batches and had a low cut at harvesting. Because stems were in that cases longer (i.e., around 60 cm) and still contained their pectic cement, the extraction of fibres was more difficult, and this resulted in a reduced fibre purity level. The separation of shives from fibres was disadvantaged due to the presence of more pectins (Table 3.4), and the shive particles really separated from the fibres remained also easier trapped inside the fibrous material made of longer stems. In parallel, when comparing batches number 3 and 4, the disconnection of the shredder of the combine harvester at the moment of the straw harvesting (case of batch number 4) had in fact no real importance for the purity in fibres at the "all fibre" device outlet. In fact, a low cut at harvesting should be privileged to increase the crop yield in the field, even if it is necessary in that case to pay attention to the increased risks of machine breakage.

The highest purity in fibres at the outlet of the "all fibre" extraction device (i.e., 71%) was obtained for the batch number 2. Because the latter was harvested using a high cut at the straw harvesting, stems collected were shorter, and woody parts were thus more easily removed (when harvesting straws just as when extracting fibres) as the stem entanglement was less significant. For the three other batches (i.e., batches number 1, 5 and 6), the fibre purities were quite similar and median, with contents of fibres between 68% and 70%. In particular, batches retted before the straw harvesting (i.e., batches number 1 and 5) did not reveal especially higher purity values after the "all fibre" extraction device. Tis means that even if the shives were more easily detached from the bast fibres once the straw had been retted, the "all fibre" extraction device was not able to remove them in totality from the inside of the obtained lap. In fact, part of them remained trapped inside the fibrous lap, and this is the reason why a sieving extra-step was applied to it to eliminate the remaining shives as much as possible.

After sieving, the purity of all batches was markedly increased, and it ranged from 82% to 96%, which was considered as a good material purity for future geotextile applications. In fact, such values confirmed the real efficiency of the sieving extra-step for reaching a better fibre purity of the final lap. In addition, the obtained purities were much better than those obtained from the A methodology using the breaking card as fibre extraction mode (i.e., maximum value of 90%). In the case of process B, the minimal fibre purity (i.e., 82%) was observed for batch number 4, and it was in fact exactly the same situation when using the A methodology for fibre extraction (Table 3.5). Although this purity would be enough for further processing in geotextile applications, the most likely reasons for such low purity may be the cutting type (i.e., a low one) on the straws on the field and the disconnection of the combine harvester shredder during the straw harvesting.

Those two harvesting settings both contributed to stems with higher length and thus in a more important entangling of fibres once extracted, and this probably unfavoured the removing of shives at sieving.

Batches number 5 and 6 showed the best values for purity (i.e., 94%-96%). Here, it must be kept in mind that those two batches originated from a different location than the four others. Contrary to batches number 1 to 4, no plant-growth regulator was used during the linseed flax cultivation in that second location. It is thus reasonable to assume that both soil and climate conditions, and cultivation mode were the most likely reasons to explain such differences in fibre purity.

Morphological Analysis of the Extracted Fibre Bundles

Length of the extracted fibre bundles was measured after having randomly taking a handful of them from each batch. Then, around two hundred bundles were analysed for their lengths, and the results (i.e., mean values ± standard deviations) are given in Table 3.7. Here, the average length gives a good indication of the ease of subsequently obtaining a yarn, after passing over a drawing frame. For its part, Figure 3.2 represents the frequency distribution curve of the length of fibre bundles extracted from batch number 6 using the two extracting methodologies (i.e., A and B). As a first result, longer fibre bundles were obtained in the present study in comparison with other values from linseed flax fibres in the literature [8,24], regardless of the linseed flax straw batch and the extraction method used.

Additionally, Figure 3.2 perfectly illustrates the fact that process A is more accurate for better preservation of fibre length, and this was true for all six batches tested in this study, even though Figure 3.2 only shows the results obtained from batch number 6. Only 13% and up to 32% fibre bundles extracted from batch number 6 were observed less than 6 cm in length for processes A and B, respectively, which is interesting for further spinning stages. Portions of 36% and 76%, respectively, of fibre bundles were less than 10 cm in length, and at least half of the fibre bundles (i.e., 50% and 62%, respectively) had a length comprised between 6 and 14 cm, which should be really interesting for subsequent spinning.

An increase in the standard deviations was nevertheless observed in the case of the fibre bundles extracted through process A (Table 3.7), thus indicating that a larger dispersion in length existed for the bundles extracted from the breaking card.

Mechanical Properties of Elementary Fibres inside the Extracted Bundles

The tensile properties of the individual fibres inside the extracted bundles are mentioned in Table 3.8. The individual fibres analysed were separated with care from the bundles using a method presented in [14]. Fibre bundles originating from the six straw batches used, and from both methodologies (i.e., A and B), were immersed in water at 30 °C for 72 h. Here, the objective was to facilitate the manual extraction of the elementary fibres from the bundles, and to extract them with the highest care. For all the treated samples, the section of the individual fibres had the form of an oval shape and not of a cylindrical one. Indeed, minimal and maximal diameters measured were always different.

The first one ranged from 10.0 to 16.2 µm, whereas the second one ranged from 23.5 to 34.4 µm.

The cross section area of the manually extracted individual fibres was thus between 241 and 466 µm2, and this would correspond to diameters ranging from 17.5 to 24.4 µm if considering the cross section of all fibres as an ideal cylinder.

The mechanical results obtained for the elementary fibres inside the extracted bundles showed that a reduced cross-sectional area led to better tensile properties (Table 3.8). In addition, because the obtained diameter values were in the same order of magnitude as those mentioned in other studies for individual fibres from linseed [8] and textile [23] flax, it is reasonable to assume that, in the present study, fibres manually extracted from bundles using the hot water procedure were indeed elementary fibres.

Values for the average tensile strength ranged from 456 to 939 MPa. The minimal value (i.e., 456

MPa) was for the 1A sample, corresponding to the batch number 1 treated with the A methodology.

In parallel, the maximal one (i.e., 939 MPa) was obtained from sample 4B (i.e., straw batch number 4 using the B methodology). Similarly, Young's modules ranged from 29.5 to 63.7 GPa (samples 1A and 6B, respectively).

Discussion

Contents in Fibres and Shives inside the Straw Batches, and Chemical Composition of Bast Fibres

The contents of fibres inside straw batches in this study (from 29% to 33% for batches number 1 to 5) are quite coherent in comparison with other data in the literature also dealing with oleaginous flax [21]. The batch number 6 was the only straw batch for which the fibre content was surprisingly much higher (i.e., 46%), and the reason was presumably due to cultivation considerations as mentioned above. Using oleaginous flax straw for its richness in bast fibres (most often around 30% in weight with the exception of the 46% fibre content in the case of batch number 6, which is however not representative with what could be obtained at industrial scale) was thus quite possible, the straw possibly becoming in that way a supplementary added-value product of the linseed flax cultivation in addition to the seeds.

From the results in Table 3.4 presenting the chemical composition of bast fibres, it is obvious that dew retting contributed to a reduction in the pectin content. However, the duration for dew retting was probably not long enough in that case. The cultivation place in France (Gers department) is also known to be a quite sunny and hot region in summer, and with low rainfall. Surely, this can explain, at least in part, why the reduction in the pectin content was not so important. For future works, because dew retting is really of key importance, an increase in its duration will thus need to be tested in order to identify the optimal retting duration. Choosing agricultural plots at the bottom of the valleys, where the morning dew is stronger and more persistent over time, would also be better.

Jute and flax fibres [25] are subjected to the dew retting mostly. Pectin content is removed in dew retting due to bacterial activity. Dew retting depends on soil fungi colonization on stem/bast to degrade pectin and hemicelluloses by releasing polygalacturunase and xylanase.

In a review, [26] reported the changes in flax fibre during dew retting process. Cell wall composition was directly related to the microbial colonization. Partial damage and fibre bundle decohesion was observed due to fungal hyphase and parenchyma on the epidermis and around the fibre during dew retting. Furthermore, a decrease on the primary cell wall of polysaccharides was noticed on the fourteenth day of retting due to higher enzymatic activities. This spreading of microbial colonization went towards the inner core of the stem after 6 weeks retting.

Comparison of the Purity of Extracted Fibres from Processes A and B

When comparing the two extracting methodologies, i.e., A and B, the batch number 4 resulted in both cases in the minimal fibre purity. This means that long stems for which no dew retting was applied before their harvesting were an unfavourable situation for reaching high fibre purity (Table 3.5). In contrast, batches number 5 and 6-for which no plant-growth regulator was used during the linseed flax cultivation-had high purity levels (up to 96% for batch number 6 treated using process B) once fibres were extracted, for both methodologies used.

In addition, except for batch number 1, laps produced using the B methodology (i.e., the "all fibre"

extraction device plus the sieving extra-step) had all a more important fibre purity than the webs collected at the outlet of the breaking card for process A. This highlights with no doubt the real interest of the sieving extra-step conducted at the end of the B methodology. For future work, it could thus be interesting to apply the same sieving treatment to webs produced using the breaking card, on the condition of unwrapping them before sieving. In conclusion, producing geotextiles should be accessible with fibre purities of at least 85%, and such purity was in fact reached in eight out of twelve cases, including five out of six cases for laps originating from process B.

Morphology of the Extracted Fibre Bundles

The average fibre length for all batches (11-13 cm for process A, and 8-9 cm for process B) (Table 3.7) was increased as compared to previous values in the literature also obtained from linseed flax fibres, i.e., only 2 cm [24] and around 5 cm [8]. In the case of process B, this increase in fibre length in comparison with previous results [8] was probably partly due to the rewetting of the raw batches inside the humid climatic chamber before extracting fibres. With higher moisture levels (14%-19%) for straw after conditioning instead of 9%-10.5% before conditioning, the fibres thus became more flexible (i.e., less brittle), and their breakage during the severe extraction action in the "all fibre" extraction machine tended to be reduced. The same results were observed in Ouagne et al. [8] but to a lesser extent. The overall fibre length for process B varied from 6.4 cm to 9.4 cm, which was considered as good enough for subsequent spinning process before obtaining the geotextiles. When looking more precisely to the length values for batches number 1 to 4, it has to also be mentioned here that a six weeks dew retting duration (case of batch number 1) tended to favour a better preservation of the bundle length, even if the differences were not statistically significant. On the contrary, for batches number 5 and 6 coming from the same plot, the lengths of bundles were the same, meaning that a two weeks dew retting was probably too short for generating longer fibre bundles once extracted.

Fibre bundles produced through the breaking card (i.e., process A) were much longer, and their average length varied from 10.6 cm to 13.4 cm. However, the associated standard deviations were even higher. In fact, the horizontal breaker rollers and/or the garniture of the breaking card (i.e., geometry, height and diameter of nails, and distance between them) used in process A were much more suitable to better preserve the fibre bundle length, which is surely a much less aggressive mechanical extraction technique in comparison with the "all fibre" machine used for process B. In addition, the interest of the dew retting step before the straw collection was less evident in the case of process A.

In fact, the highest average length of extracted fibre bundles coming from the A methodology was obtained for batch number 6, which was a non-retted batch. However, because a low cut setting was used at harvesting for that batch, the longer stems collected on the field favoured higher bundle length once extracted.

As a conclusion, with the longer fibres obtained from the breaking card (especially those from batch number 6), the subsequent spinning step will be easier from the A-based rolled web. Indeed, less twist should be required in that case, and there should have also more friction between the fibres, thus favouring better maintenance of fibre bundles in the form of slivers or yarns at weaving.

Mechanical Properties of Elementary Fibres inside the Extracted Bundles

Table 3.8 mentions the tensile properties of elementary fibres inside the produced laps. Here, the influences of (i) the batch type, and (ii) the mechanical extraction methodology on these properties were not easy to discuss. Nonetheless, when calculating a mean value of the average tensile strengths, it was 732 and 771 MPa for processes A and B, respectively. In parallel, this mean value was 41 and 45 GPa, respectively, for the average Young's modules. It is thus reasonable to consider that both mechanical extraction methodologies (i.e., the breaking card for process A, and the "all fibre" extraction device for process B) resulted in quite equivalent tensile properties for the individual fibres inside the extracted bundles. Such overall average values for tensile strengths and Young's modules will undoubtedly authorize the use of the extracted bundles in geotextile applications. Indeed, for comparison, a previous study dealing with the mechanical extraction of fibres from oleaginous flax straw revealed much lower tensile strengths for the individual fibres (i.e., only 323-377 MPa mean values) for the same application in geotextiles [8].

As a reminder, batch number 1 was dew retted for six weeks before the straw harvesting. However, the tensile properties of the individual fibres obtained from that batch were the minimal ones for process A (i.e., horizontal breaker rollers and breaking card route), and they were median for process B (i.e., vertical breaker rollers plus "all fibre" extraction device plus sieving). Whereas a long-term dew retting was expected to favour the tensile properties of the extracted fibres, the results of the present study from batch number 1 did not confirm surprisingly this assumption. On the contrary, the batch number 5 which was dew retted during only two weeks resulted in much higher tensile properties for both extraction processes tested. Nonetheless, the plots were not the same (i.e., differences in the soil composition and, to a lesser extent, in climatic conditions) for batches number 1 and 5. In addition, no plant-growth regulator was used in the case of batch number 5. It is thus difficult to conclude at this point on the differences observed in the tensile properties between these two batches.

However, in the case of textile flax, it should be borne in mind that dew retting can last up to three months depending on the climatic conditions and industrial requirements [27]. In addition, it is mainly grown in the Northern part of France, a region known to be much wetter and more prone to morning dew than the Gers department where the linseed flax straws in this study were produced. It is therefore reasonable to assume that the dew retting durations tested here (six weeks max) were simply not sufficient. For future work, longer durations should thus be tested. Due to the low rainfall observed in summer in south-western France, periods of at least three months should be considered. The plots should also be chosen carefully, and those at the bottom of valleys should be preferred because of their higher humidity.

In conclusion for this study, the elementary linseed flax fibres inside the extracted bundles thus revealed an average tensile strength of 750 MPa and an average Young's modulus of 43 GPa. This was in perfect accordance with recent results on the tensile properties of hemp fibres (660 and 38

GPa for tensile strength and Young's modulus, respectively) [14] and nettle ones (712-812 MPa and 36-53 GPa) [28], both intended for the production of load-bearing composite materials. As geotextiles require lower mechanical properties, the use of the linseed flax fibres resulting from this study should thus be possible for such an application.

The fibre extraction processes used in this study were selected to work with bast fibre type plants such as hemp, flax or nettle. As mentioned in the text, it is important that a minimum level of retting is performed so that the natural cements binding the fibres together and the ones binding the fibres to the rest of the plant are degraded. This favours the fibre division and the separation between the fibres and the woody core of the plant and the bark. As these machines are mainly dedicated to the fibre extraction of European bast fibres, one can imagine that they could also operate with other types of bast fibre plants such as kenaf or jute for example. Of course, modification of some of the settings would be necessary to accommodate the changes in plant diameter, or woody core breaking strength.

Both the machines were designed to operate in a dry state. If dried, resources such as banana trunks or sisal leaves could probably be used with the breaking rollers and the breaking card. However, some modifications in the corrugated rollers and of course in the process settings would probably be necessary. In any case, dedicated machines already exist for these kinds of resources [29,30],

and the machines presented in this study should be dedicated to the use of retted bast fibre plants.

Conclusions

Linseed flax is a dual-purpose crop. Even if it is firstly cultivated for its seeds, its straw can be also useful, thus possibly contributing to an additional source of income for farmers due to its high bast fibre content. In this study, the straw batches tested had a significant amount of fibre, the latter varying from 29% to 46% of the straw dry mass. Depending on the dew retting duration of oleaginous flax straw on the field before its harvesting, the cellulose content inside bast fibres was between 62% when no dew retting was applied and 67% when a dew retting duration of six weeks was chosen. Simultaneously, their pectin content decreased from 4.4% to 3.7%. Dew retting appeared as an important parameter for the subsequent mechanical extraction of fibres and their opening. It favoured the extraction of fibres, contributing at the same time to a better preservation of the fibre length. Two different methodologies were also tested in this study for the fibre mechanical extraction. The first one consisted in the use of a breaking card, and the second one in the use of an "all fibre" extraction device. As the second methodology was completed by a sieving extra-step for better purifying the obtained fibre lap, it resulted in the production of purer fibres as compared to the first extraction method. However, the purity of the fibres extracted thanks to the breaking card was considered as good enough for geotextile applications, and this purity may be further increased by additional work through sieving and/or their treatment using new breaker rollers. For all the straw batches tested, the breaking card resulted in much longer fibre bundles, and this could be attributed to a too strong severity of the "all fibre" extraction device when used.

Looking at their length and their tensile properties, the extracted fibre bundles obtained from both methodologies would be of sufficient quality for further spinning into yarns. Thus, they appeared as promising candidates for the manufacture of innovative and renewable geotextiles.

For future work, much longer dew retting durations (at least three months or even more) should be applied as this is known to have a beneficial effect on the ease of the mechanical extraction of bast fibres. A low cutting height of the straw should also be favoured as it increases straw yields, especially if no shortener has been added during plant cultivation. The shredder of the combine harvester should also be disconnected as it allows a better preservation of the mechanical strength of the fibres at the moment of their harvesting. Lastly, with regard to the fibre extraction stage, a breaking card can produce longer fibre bundles, which can be an advantage for subsequent spinning operations. However, a sieving extra-step should be carried out in order to eliminate the residual shives present in the extracted fibres as much as possible. 
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Introduction of chapter 4

In this chapter, an optimization of each process step, from start to end, will be proposed to produce value-added products for geotextile applications. In the case of bast fibres, the importance of the field parameters cannot be compromised to optimize the whole process. In particular, dew retting is among the most important parameters that need to be optimized for good quality of extracted fibres along with both the cutting height and the combine harvester settings. In this chapter, dew retting will thus be optimized for linseed flax straw. Four different batches with different field parameters will be studied to optimize the fibre's properties so that coarse geotextile yarns can be produced. Once again, the effect of dew retting duration on the chemical composition of the fibres will be investigated, and the tensile properties of individual fibres will be studied as well. The two mechanical extraction methods already used in Chapter 3 (i.e., A and B) will be also compared to analyse the most suitable method for fibre extraction in the case of straw batches will longer dew retting duration.

Fibre bundles from a twelve week's retted batch will be then chosen to manufacture coarse geotextile yarns using a gille spinning frame. To enhance the durability of yarns during biodegradation tests conducted in real soil conditions, linseed oil and chitosan coatings will be also proposed to improve the yarn's durability. A non-coated yarn will be also testedas a reference. It will be concluded that linseed oil provides the best protection against microbes.

This chapter was recently submitted in the form of an original research article in the Journal of Natural Fibers. It is now under review. Laboratoire Génie de Production, Université de Toulouse, ENIT, 65016 Tarbes, France ; pierre.ouagne@enit.fr (P.O.)

From the Field to the
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Abstract

Conversion of bast fibres into useful products for different applications such as geotextiles requires the optimization of all the different processes along the value chain, from start to end. The output of one step becomes the input of the next one. So, high-quality product is only possible with optimization of the entire processing chain. In this context, field retting is of key importance. It is mainly dependent on some factors such as weather, temperature, morning dew, rainfall, soil composition, soil pH, etc. The purpose of dew retting is to help/favour the fibre extraction. In this study, dew retting duration was optimized for linseed flax straw. Along with the optimization of dew retting duration, fibres were mechanically extracted from straw and then converted into 100% linseed coarse yarns for geotextile applications. Four batches of linseed flax straw were investigated with different dew retting durations and other parameters such as the cutting height and the combine harvester settings. Also, the effect of dew retting on the chemical and mechanical properties of linseed flax fibres was investigated. Two different methods were used for the mechanical fibre extraction and results were compared for fibre purity, length of fibre bundles and elementary fibre's tensile properties. The tensile strength of linseed yarn was also assessed. For dew retting, a 12 weeks duration is the optimum with a pectin content inside technical fibres of only 2.6%. The best fibre purity results were obtained with horizontal breaker rollers followed by a thresher and then a breaking card (method A), and the same trend was observed in fibre length results as longer fibres were achieved by this method: around 14 cm as compared to 7.5 cm when using an "all fibre" (fibre opener) extraction device (method B). Tensile strength of elementary fibres ranged from 781 MPa to 922 MPa for method A, and from 737 MPa to 807 MPa for method B. Similarly, tensile modulus values varied from 52 GPa to 57 GPa for method A, and from 49

GPa to 53 GPa for method B. So, it was concluded that the optimal conditions were a 12 weeks dew retting duration associated to method A fibre extraction. The optimal extracted fibres were selected for the yarn manufacturing and 100% linseed yarns were manufactured using a flyer spinning machine. Their tensile strength was 49 MPa with a diameter of 2.5 mm and a linear mass of 4060 tex (g/km). Durability tests were also conducted by submitting the yarns to soil ageing.

The tests were performed on non-coated yarns (as received after spinning), and on yarns coated with linseed oil or chitosan. It was concluded that the linseed oil coating better preserved the yarn's integrity and mechanical properties over time, making these yarns more suitable for geotextile applications.

Keywords: Linseed flax, straw, dew retting, fibre mechanical extraction, mean fibre length, mean fibre diameter, tensile properties, yarn, coating, durability in the soil, geotextiles.

Introduction

Fibres can be of natural or synthetic origin. Animals, minerals and plants are all sources of natural fibres. Plant fibres are usually enriched in cellulose and their further classification is bast fibres, leaf fibres, seed fibres, stalk fibres and fruits fibres. Bast fibres are the longest ones and they are usually located in the stems of fibre plants, e.g., jute, kenaf, hemp, textile flax, linseed flax, ramie etc. [START_REF] Chandramohan | A Review on Natural Fibers[END_REF]. The population of the planet is steadily increasing and landfills are filling up very quickly with wastes generated by human activity. In the meantime, the planet is being polluted at a rapid rate and the non-renewable resources are being depleted day by day. These non-renewable resources will not last forever. There is therefore an urgent need for new resources, both renewable and reusable. This point has attracted researchers around the world to new trends in the use of natural fibres as potential candidates for various material reinforcement applications. Thus, natural fibres are used for the manufacture of environmentally friendly composite materials, referred to as eco-composites (Hejazi et al. 2012). Given the pollution and environmental impacts associated with the intensive production of cotton fibre, other natural fibres such as flax have advantages. Flax fibre is twelve times more mechanically resistant than an equivalent cotton product and it does not also require as many chemical treatments for its production in the field (Dhirhi et al. 2015).

Bast fibres are obtained from the outer layer of the plant's stem and they are generally mechanically resistant. They are also called natural cellulosic fibres as their main chemical constituent is cellulose. To facilitate the separation of the bast fibres from the woody (i.e., ligneous) part of the stem, a biological process called retting (or degumming) is usually applied (Tahir et al.

2011).

Retting is a process consisting in the controlled degradation of the stems, which eases the fibre separation from the woody core. The exposure time to moisture helps the microorganisms such as bacteria and fungi to degrade the pectic polysaccharides contained in the stems of fibre plants at the level of their non-fibre tissues. The retting process can affect the chemical structure and physical properties of the fibres [START_REF] Kalia | Cellulose Fibres: Bio-and Nano-Polymer Composites[END_REF]. There are five different types of retting processes used for the production of bast fibres, which are dew retting, water retting, enzymatic retting, chemical retting and mechanical retting, and their duration varies from 75 minutes to a few weeks (Tahir et al. 2011). In the case of dew retting, straws are cut and laid on the fields for different durations, which range from a few days to a few weeks depending on the type of bast fibres and the expected level of retting. Humidity, temperature and soil pH are the main parameters which control the microorganisms activity . Some other parameters that are also important to determine the intensity of enzymatic activity are the geographical location, weather conditions and water quality (Akin et al. 2007;Dhirhi et al. 2015;[START_REF] Ribeiro | Microbial Diversity Observed during Hemp Retting[END_REF]. Dew retting must be carried out in a controlled manner to avoid altering the quality of the extracted fibres. As an example, the effect of an unintended field retting was studied by [START_REF] Placet | The Influence of Unintended Field Retting on the Physicochemical and Mechanical Properties of Industrial Hemp Bast Fibres[END_REF] on hemp. The authors investigated the changes in the physicochemical and mechanical properties of the bast fibres. A change in the colour of the stems from yellow to dark grey has been found, and a decrease in the tensile strength of individual and technical hemp fibres was observed with unintended dew retting.

For flax, there are a lot of literature data available on the properties of textile flax fibres [START_REF] Baley | Analysis of the Flax Fibres Tensile Behaviour and Analysis of the Tensile Stiffness Increase[END_REF]. On the opposite, data for linseed flax fibres are rather limited. Linseed flax is firstly cultivated for its seeds and particularly for its vegetable oil. Once the oil extracted, the solid residue (i.e., the cake) is generally used for its high protein content as animal feed, especially for cattle.

Canada and, to a lesser extent, France and Belgium are the three main countries for linseed flax cultivation. For their part, straws of linseed flax are generally buried in the fields or burnt. This does not constitute good practices for the environment and from an economical point of view.

There are also some other known applications for fibres (e.g., paper pulp) and shives (e.g., thermal insulation of buildings, environmentally and human-health friendly fibreboards, animal bedding, etc.) (Evon et al. 2019(Evon et al. , 2021) ) but these are rather of low added value. However, recent studies evidenced that, due to their quite promising mechanical properties, oleaginous flax straw fibres could still find applications in the textile, geotextile and composite fields (Pillin et al. 2011;Ouagne et al. 2017a;[START_REF] Khan Saif Ullah | Continuous Mechanical Extraction of Fibres from Linseed Flax Straw for Subsequent Geotextile Applications[END_REF].

In most cases, a chemical shortener is used when growing linseed flax to prevent lodging. This makes it easier to harvest the seeds when they are at maturity. Thus, the straw is often short in length (40-60 cm) with high ramification. Straw yield available for the production of fibres is therefore generally rather low (0.4 t/ha) (Zuk et al. 2015). Nonetheless, linseed flax straw may be a large source of fibres. In particular, Diederichsen and Ulrich (2009) reported that the maximal fibre content inside the straws of linseed flax was around 27% whereas it was 34% for textile flax.

In an earlier study, Rennebaum et al. (2002) obtained results of the same order of magnitude (between 25% and 30% fibres). In their study, no chemical shortener was used, and the authors claimed that significantly higher straw yields than usual were even observed (up to 5.1 t/ha).

Lastly, Ouagne et al. (2017a) reported a 37-40% fibres content, which was greater than all other results reported in earlier literature. No shortener was used and long usable straws of about 70 cm were processed. In this last study, the mean length of fibre bundles extracted from straw using an "all fibre" extraction device varied from 3.7 cm to 5.3 cm for the different batches tested whereas the mean tensile strength values of individual fibres were in the 324-377 MPa range. These results confirmed are much lower than the ones obtained by Pillin et al. (2011) who claimed that the average mechanical properties of linseed flax fibres were in the lower range of textile flax if extracted with care using a manual process. The same authors also revealed that further research should be conducted to optimize the linseed flax variety, the dew retting duration of straw before its collection and the method to apply for the mechanical extraction of fibre bundles.

The mechanical potential of the fibres may however be degraded if the extraction process is too aggressive (Ouagne et al. 2017a). The scutching and hackling device classically used for textile flax is not used in the case of linseed flax. Indeed, linseed flax stems are not only short in length but also randomly aligned on the ground following seed harvest by a combine harvesting machine making the scutching and hackling device inappropriate as they require aligned parallel straws. In addition to the "all fibre" extraction set-up already mentioned (Ouagne et al. 2017a), hammer mills [START_REF] Xu | Analysis of energy requirement for hemp fibre decortication using a hammer mill[END_REF]) may also be used to extract fibres from linseed flax . However, although very effective, these two extraction procedures are often very aggressive, especially the hammer mills.

When using the latter, many defects such as kink-bands may be generated, causing damage to the fibres that see their mechanical properties largely decreased (Grégoire et al. 2020). Using other extraction devices able to better preserve the mechanical potential of the fibres therefore appears to be of importance for the years to come, especially when a geotextile or any load bearing valorisation is targeted (Ghosh, Choudhury, and Sanyal 2009;Renouard et al. 2017).

In a much more recent study [START_REF] Khan Saif Ullah | Continuous Mechanical Extraction of Fibres from Linseed Flax Straw for Subsequent Geotextile Applications[END_REF]), a significant improvement in the tensile properties of individual oleaginous flax fibres from bundles extracted via a dry mechanical process was obtained. The authors explained these good results by the precautions taken during the straw harvesting (i.e., low cutting height to favour the straw yield, and disconnection of the shredder of the combine harvester to better preserve the fibre's mechanical strength at the moment of their harvesting) on the one hand, and by the fact that a dew retting of up to six weeks had been applied before processing the straw on the other hand. A three-step process involving horizontal breaker rollers, a thresher and then a breaking card resulted in the longest fibre bundles (from 10.6 cm to 13.4 cm), and the purity in fibres in the rolled web collected at the outlet of the breaking card was up to 90% (w/w) instead of 30% in the starting straw. In particular, the breaking card was much better at preserving the length of the extracted fibre bundles than the "all fibre" extraction device also used in that work. Depending on the straw batch used, the mechanical properties of elementary fibres manually extracted with the highest care from the bundles ranged from 456 MPa to 874 MPa for the tensile strength, and from 29.5 GPa to 46.1 GPa for the tensile modulus. Such tensile properties would make them suitable for structural geotextile yarn manufacturing. However, the authors stated that a retting time of only six weeks was still relatively short, and they suggested that much longer dew retting durations (at least three months) should be applied for future work.

Fibre bundles with a mean length of at least 5 cm are generally considered long enough for the subsequent spinning process. From the point of view of their tensile strength, the standard deviation values are generally high for natural fibre bundles, due to some external factors.

However, once the technical fibres are converted into yarns by twisting them around an axis, the tensile strength's standard deviation is reduced, making these yarns more interesting in a practical point of view. This was for example evidenced by Sharif ullah, Shahunur, and Haniu (2017) in the case of jute fibre bundles and yarns from the latter. The reason is that when jute fibres are processed into yarns, the weak and strong fibres are intimately mixed together, thus drawing closer to each other, to give the yarn a resulting strength. This yarn can be considered in various design decisions, and values of tensile strength for jute yarns were observed in the range of 40 MPa with a diameter of 1.7 mm. Similarly, coir and hemp yarns are also usable in geotextile applications (Ouagne et al. 2017b). Tensile strengths of 14 MPa and 45 MPa, with tex values of 6172 tex and 4312 tex, respectively were determined.

Although synthetic fibres are still dominating the geotextile market, the presence of natural fibres in geotextile applications cannot be denied because of their good mechanical strength, their low cost and their renewable and more environment-friendly character. The fibre requirements in geotextiles depend mainly on their end applications. The use of natural fibres in geotextiles is in mostly short-term reinforcement and erosion control applications as these geotextiles should be decomposed once the soil is stabilised by plant roots (Rawal, Shah, and Anand 2010). Coir is the main natural fibre used for geotextile applications in Europe but the vast majority of coir nets is imported from Asia. For the future, it would be judicious to be able to produce geotextiles for the European market with local resources, which would improve the carbon footprint of the manufactured product by reducing the distance it would have to travel between its place of production and its place of use. Initial works on oleaginous flax fibre (from the south-west of France) showed that it could be used for the manufacture of yarns and then geotextiles (Ouagne et al. 2017a;[START_REF] Khan Saif Ullah | Continuous Mechanical Extraction of Fibres from Linseed Flax Straw for Subsequent Geotextile Applications[END_REF]). Nevertheless, the mechanical properties of the individual fibres presented in these two papers suggest that improvements are still possible, in particular by applying longer field retting times to the straw before its collection than those already tested.

Moreover, it will be necessary in the future to be able to adapt the life span of geotextiles in real conditions to the needs expected by the applicator. Indeed, [START_REF] Lekha | Field Instrumentation and Monitoring of Soil Erosion in Coir Geotextile Stabilised Slopes-A Case Study[END_REF]) placed coir net in soil to test its biodegradability and it was concluded that it lost 68% of its tensile strength in seven months.

In parallel, some treatments applied to fibres prior to the use of geotextiles could increase their life in soils by inhibiting the activity of cellulolytic soil bacteria and/or by increasing their hydrophobic character. Low-molecular-weight chitosan is able to protect textile flax fibre-based yarns against natural soil biodegradation when impregnated on the fibres, preventing the degradation of amorphous and crystalline cellulose, hemicelluloses and pectins (Renouard et al. 2014;Ouagne et al. 2017b). As a reminder, chitosan is a polyoside produced from chitin, the component of the exoskeleton of crustaceans. Page et al. (2021) also evidenced that the treatment of textile flax fibres with linseed oil for fibre-reinforced cementitious composites reduced their water absorption property. Although the materials described in this recent study were not geotextiles, such a solution would be worth considering for the future on geotextile products based on linseed flax fibres, before they are placed in soils.

Based on this state-of-the-art, this study aims to optimize all the parameters, from the field to the final product, to produce yarns based on 100% linseed flax fibres for subsequent geotextile applications. These parameters include the combine harvester settings at the moment of the straw harvesting, the dew retting duration of straw (up to 14 weeks) before its collection in the field, the mechanical extraction methodology applied for continuously extracting fibre bundles from straw, the yarn manufacturing using a gill spinning frame and the effect of coating treatments (with chitosan or linseed oil) on the evolution of the yarn's tensile properties over time when they are positioned in the soil to simulate the actual conditions of use of a geotextile.

Materials and methods

Raw materials

Ovalie Innovation cooperative (Auch, France) provided the straws of oleaginous flax (Linum usitatissimum L.) used in this study. Oleaginous flax was cultivated in summer 2019 in the South-West part of France (Gers department), and it was from the Everest variety. More precisely, the four batches of straw tested in this study came from the same plot, located in Saramon (43°52' N, 0°77' E). A combine harvester was used for the seed harvesting that took place on July 13, 2019.

The straws were sprayed in the field for dew retting at the same time. The four straw batches corresponded to two different settings for the combine harvester for which the shredder was disconnected to preserve both the length of the stems and the mechanical strength of the bast fibres.

On the one hand, a high (i.e., a normal) cut (i.e., 30 cm above the ground) was chosen for batches number 1 and 3, corresponding to a mean length for stems of around 35 cm. On the other hand, a low cut (i.e., only 5 cm above the ground) was chosen for batches number 2 and 4, corresponding to a mean length for stems of around 60 cm. In parallel, two different dew retting durations were tested, i.e., 12 weeks for batches number 1 and 2 (straw collection on September 30, 2019), and 14 weeks for batches number 3 and 4 (straw collection on October 16, 2019). These retting durations were deliberately chosen to be much longer than in a previous study conducted also on oleaginous flax straw (6 weeks max) [START_REF] Khan Saif Ullah | Continuous Mechanical Extraction of Fibres from Linseed Flax Straw for Subsequent Geotextile Applications[END_REF]. Harvesting details of the four batches of oleaginous flax straw used in this study are given in Table 4.1. 

Manual extraction of fibres

Around 200 g of oleaginous flax straw were chosen randomly from each batch, and the bast fibres and shives were then manually separated from each other. The mass content of fibres in each batch of oleaginous flax straw was determined at the end, and the result was expressed as a mass percentage of the straw. The manually extracted fibres were then used to determine their chemical composition.

Chemical composition of fibres

The moisture content of the fibrous materials was determined using the ISO 665:2000 standard.

Manually extracted fibres were used for the analysis of their chemical composition. For this purpose, they were cut into a length of 4-5 mm with a pair of scissors. Then, a Foss (Denmark)

Tecator Cyclotec 1093 mill grinder was used to grind the fibres into a fine powder using a 1 mm sieve. This fine ground powder was used for the chemical composition characterization.

The ADF-NDF (ADF for Acid Detergent Fibre, and NDF for Neutral Detergent Fibre) method developed by Van Soest and Wine was used to determine the three main parietal constituents inside fibres, i.e., lignins, hemicelluloses and cellulose (Soest and Wine 1946;[START_REF] Soest | Determination of lignin and cellulose in acid detergent fiber with permanganate[END_REF]. A Foss Tecator FT122 Fibertec hot extractor was used for the hot extractions whereas a Foss Tecator FT121 Fibertec cold extractor was used for the cold ones.

In a second time, pectin content was determined using a non-normalized two-step method:

(i) An alcohol-insoluble solid fraction was first obtained using a Foss Tecator FT122 Fibertec hot extractor after 3 min boiling in ethanol (95°), filtration, rinsing with ethanol (80°), and then drying.

(ii) To continue, pectins were extracted, and they were then transformed into galacturonic acid through their acid hydrolysis; for these two simultaneous actions, 30 min boiling in 100 mL HCl 0.05 M was required, and the extraction was conducted twice.

The colorimetric method of Blumenkrantz and Asboe-Hansen was used at the end to quantify galacturonic acid in the extract (Blumenkrantz and Asboe-Hasen 1973). In fact, pectins are polymers of galacturonic acid, i.e., polygalacturonic acids.

The test sample mass used was around 1 g for the determination of moisture, lignins, hemicelluloses and cellulose, and it was around 500 mg for measuring pectins. All determinations were conducted twice. Results were expressed as mean values ± standard deviations, in proportion to the dry mass of fibres.

Mechanical extraction of fibres

Before mechanically extracting fibres from oleaginous flax straw, the humidity of each batch was determined, and it was estimated to 13-14%. The moisture content of straw at the moment of the mechanical extraction of fibres was identified by Ouagne et al. (2017a) as a key factor as high humidity levels (more than 10%) help in fibre extraction. With more moisture, fibre bundles are less rigid, which contributes to a reduction in dust (i.e., fines) generation during mechanical extraction and consequently to longer fibre bundles. Two different mechanical extraction methodologies were used for the continuous extraction of fibres from the four oleaginous flax straw batches tested, which were denominated as method A and method B. A detailed description of these two methods is given in the paragraphs below.

Method A

Method A was the combination of horizontal breaker rollers, a thresher and a breaking card.

Horizontal breaker rollers were the assembly of five horizontal rollers in a specific arrangement and the purpose of these rollers was to break the straws. Part of shives were thus separated from the fibres and collected at the bottom of the rollers due to gravity. The output of the horizontal breaker rollers became the input of a thresher, which was used to remove remaining particles of shives from the fibrous material through an intense threshing action. The last step of method A consisted in a breaking card. At its level, some additional shives were removed due to the applied carding action. The fibres were simultaneously refined in diameter, and a web was formed at the breaking card outlet, which was rolled up and collected for further experiments.

Method B

The main equipment of method B was a Laroche (France) Cadette 1000 "all fibre" extraction device ( Opening and cleaning of the fibres along with the web formation are the characteristics of this tearing machine. It consists of three modules with a pair of rollers at the start of each module for smooth feeding of the material. One roller is smooth, and the other grooved roller is made of rubber. The first cylinder of each module has spikes (i.e., nails) to extract fibres from the straw.

This cylinder thus consists in a fibre extraction roller, and its speed varies from 750 rpm to 1800 rpm. Trap doors are also situated at the bottom of each module to collect some parts of the shives as well due to gravity. For these experiments, the trap door opening was maximal to ensure as much as possible the removal of shives.

A perforated cylinder is also situated at the end of each module. Its purposes are triple, i.e., (i) the removing of dust due to aspiration, (ii) the web formation, and (iii) the transfer of the fibrous material to the next module or to the machine outlet (case of module 3).

The operating parameters used in this study for modules 1 to 3 (Table 4.2) were the same as those optimized by Ouagne et al. (2017a) in a previous study related to the processing of non-retted oleaginous flaw straw samples. In addition, a 1.8 m/min speed was chosen for the output belt.

Table 4.2: Operating parameters used for the "all fibre" extraction device. After the "all fibre" extraction equipment, a Ritec (France) 600 vibrating sieving machine was used for the sieving extra-step. It was fitted with a 12 mm sieve. The objective of this extra-step was to eliminate as much as possible shives and dust still trapped inside the fibrous lap although some short fibres could be also lost during this step due to their very small size.

Purity of the fibrous materials

After the collection of fibrous materials from the two different mechanical extraction methods described above, the fibres still contained some remaining shives and dust as impurities. So, their purity was evaluated. A 100 g test sample mass of the fibrous materials was taken randomly, and shives, dust and fibres were separated manually and weighed. Then, the content of impurities inside the fibrous lap was calculated just as its purity in fibres, which was expressed as a percentage by weight.

Morphological analysis of the mechanically extracted fibre bundles

The vegetable fraction obtained at the outlet of each methodology was analysed morphologically for each treated batch. Some extracted fibres were taken randomly from different locations. Then, 200 fibre bundles per batch were measured to calculate their lengths. Fibre length was determined by fixing one end of the fibre bundle and extending the other linearly. The actual length was then measured using a double decimetre with an accuracy of 0.5 mm. Then, the average length of fibre bundles was calculated just as the associated standard deviation.

Elementry fibre's tensile testing

A Diastron Ltd. (UK) Lex 820 automated high-precision extensometer was used to measure the diameter, tensile strength and elastic modulus of elementary (i.e., individual) fibres. To prepare the sample for testing, the individual fibres were extracted manually with care from the bundles using a method involving hot water (Grégoire et al. 2020). Then, they were mounted on a dedicated plastic tabs having a length of 12 mm with the help of special glue. To measure the diameter, the prepared sample was placed on the peripheral equipment of the machine. The diameter of the elementary fibre was measured along the whole fibre length in ten different places.

The sample was then placed in the high-precision extensometer of the testing machine to measure the tensile strength and elastic modulus of the elementary fibre. A 20 N load cell was used for the force measurement applied on the sample with the help of a stepping motor used for traction to break the individual fibre. The speed of the tensile test was 1 mm/min with a displacement accuracy of 1 μm. Recorded points were measured with a 20 ms periodicity. Tensile strength and elastic modulus were measured on forty samples for each batch, allowing at the end the calculation of the related mean values and standard deviations.

Yarn production

A Trytex(India) gill-flyer spinning frame was used to produce yarns from the fibre bundles. It was a specially designed laboratory machine having a feed belt, a combing rail, a drafting zone and a special peripheral to cause twisting along the yarn. The control panel of the machine allowed setting the speeds of feed and delivery rollers to adjust the sliver to the requirements for obtaining the yarns. 100% pure linseed flax fibres were weighted and they were then fed uniformly at the input of the gill spinning machine. A uniform sliver was obtained at its outlet. The doubling and even the tripling of the slivers were made to achieve the required sliver counts and, at the end, to get the required linear mass value for yarns. By increasing or decreasing the speed of the spindles, one could increase or decrease the twist per meter of the yarns. Around 4 ktex yarns were achieved with a twist level of around 100 tpm (i.e., twists per meter).

Yarn's breaking force and tensile strength

An Instron (USA) ElectroPuls TM E3000 all-electric dynamic test instrument was used to determine the breaking force and tensile strength of yarns. Yarns to be tested were cut to a 25 cm length according to the specimen requirements, and they were then fixed on the specimen holder of the machine. A 3 kN load cell was used for the force measurement applied on the sample. During the tensile test, the speed was 1 mm/min until the yarn was broken, deducing its breaking force. Four replications were tested for each of the yarns. The results for breaking force and tensile strength were presented as mean values ± standard deviations.

Yarn's coating and durability tests

For assessing the service life of the yarns in real soil conditions, two different coating posttreatments were applied in addition to the non-coated yarns. Yarns manufactured from 100% linseed flax fibres and having linear mass values of 4060 tex were used for these durability tests.

They were cut into equal lengths of 25 cm, and all tested yarns had knots at each end. In total, 108 yarn samples were prepared, and 36 of them were used as such, corresponding to the reference yarns (i.e., non-coated yarns). The other yarns were used for the coating treatment, one half with chitosan and the other with linseed oil.

Chitosan from Kalys company (France) was used to prepare a 1% (w/v) chitosan solution in 2% acetic acid. To facilitate the chitosan solubilisation in the acetic acid solution, it was heated up to 75°C using a magnetic stirrer. Then, the 36 yarn samples were dipped in this solution for 8 h for coating. Coated samples were then placed in a metallic grid, and the grid was positioned in a ventilated oven for 48 h at 50°C to allow the water to evaporate. The coated samples were then placed in a climatic chamber (25°C, 65% relative humidity) for 72 h before being placed in the soil for durability testing. 800 g of linseed oil obtained by first cold pressing of flax seeds were mixed with 200 g of pure gem turpentine oil and a drier at a 15 g/L volume concentration, all three from the Onyx company (France). Based on cobalt salts and C6 to C19 branched fatty acids, the drier has been added to accelerate the drying of linseed oil. For its side, turpentine was added to make the mixture more fluid and to further reduce the drying time. Then, 36 yarn samples were dipped in this solution for 120 s. To remove the excess of linseed oil, these samples were placed in a metallic grid at ambient temperature for 24 h. Furthermore, the oil was removed by rolling the samples between paper towels with great care.

Four yarn samples of each type (i.e., non-coated yarns, and yarns coated with chitosan or linseed oil) were kept for yarn's tensile strength measurements. The others (32 per type) were buried in the soil to a depth of about 5 cm in order to simulate the application of a geotextile in real-life conditions. Three separated zones of equal area were set up, one for each type of yarn samples, and the yarn samples were all aligned with each other and separated by a distance of 10 cm to ensure full contact with the earth. At well-defined times (1 month, 2 months, 2.5 months, 3 months, 4 months, 5 months, 6 months and lastly 8 months), four yarn samples of each type were recovered from the soil, and they were then mechanically tested in order to follow the evolution of their tensile strength during the durability tests.

Yarn's observation through microscopy

A Keyence (France) VHX-6000 digital microscope was used for observing non-coated and coated yarns before and during the durability tests conducted in the soil. Its camera has a progressive scanning system with a 1/1.8-inch CMOS image sensor. For the yarns taken from the soil during the durability tests, they were first cleaned gently with a brush before being observed under the digital microscope in order to remove any soil particles they may have had on their surface. The size of the images obtained was 20000 × 20000 pixels.

Results and discussion

Contents of fibres and shives inside the straw batches

Fibres contents inside the dry mass of the four batches of oleaginous flax straw that were under investigation in this study are presented in Table 4.3. These results were obtained after manual extraction of fibres from the straws. Fibre content inside the dry mass of straw was in the 29-34% range and these results were in perfect accordance with some other ones already cited in literature for linseed flax: 27% (Diederichsen and Ulrich 2009), 25-30% (Rennebaum et al. 2002), and up to 29-33% (Khan et al. 2021). And, although the levels obtained in the present study are lower than in another one, i.e., 37-40% (Ouagne et al. 2017a), they confirm that oleaginous flax straw can indeed be considered an important source of bast fibres. Comparing the results of this study with each other, it can be further observed that the low cut resulted in straw batches with higher fibre content. Indeed, as batches number 1 and 3 obtained with a high cut setting had fibre contents of 30.4% and 28.8%, respectively, batches number 2 and 4 generated with a low cut were a little richer in fibres (i.e., fibre contents of 32.8% and 33.6%, respectively). These results show that the proportion of fibers along the stem is higher in the lower part. A low cut also allows higher straw yields to be obtained.

Such a setting of the combine harvester should be preferred for future industrial exploitation although care should be taken as the harvesting machine could be damaged more by stones or other hard materials on the ground than with a normal (i.e., higher) cutting height.

Chemical composition of fibres

At the level of the microstructure of linseed flax stems, cell wall and middle lamella are mainly composed of cellulose, hemicelluloses, lignins and pectins. The chemical composition of the fibres is given in Table 4.4: 2021) were cultivated during the summer 2018 but using the same Everest variety and in the same geographic area. When comparing these results, a clear reduction in the pectin content (from 4.4% to 2.5%) was observed with increased dew retting duration (up to 14 weeks). These results allow us to draw two conclusions. On the one hand, dew retting is a particularly slow process. On the other hand, the choice made for this study of a more than doubled duration of dew retting (14 weeks instead of 6 weeks only) has actually allowed to get rid of the pectic cement in higher proportions. A significant reduction in the contents of the hemicelluloses (from 12.9% to 3.4%) and, to a lesser extent and in a less obvious way, of the lignins was also observed during the retting process. In contrast, cellulose content inside fibres was logically increased from 62.1% with no dew retting to 76.8% after 14 weeks dew retting.

Also, it has to be mentioned here that the amount of rainfall affects the dew retting effectiveness.

The four straw batches in this study were cultivated during the summer 2019 during which the cumulative rainfall was 150 mm on the total 14 weeks duration of the retting whereas the batches of [START_REF] Khan Saif Ullah | Continuous Mechanical Extraction of Fibres from Linseed Flax Straw for Subsequent Geotextile Applications[END_REF] were from the previous year (2018) for which the rainfall was only 78 mm during the 6 weeks retting process. So, it is reasonable to assume that with more rainfall, a more efficient dew retting can be reached.

To conclude, dew retting is a particularly important parameter for the subsequent fibre mechanical extraction and further processes. In this study, much higher dew retting durations were applied in comparison with a previous study [START_REF] Khan Saif Ullah | Continuous Mechanical Extraction of Fibres from Linseed Flax Straw for Subsequent Geotextile Applications[END_REF], i.e., 12-14 weeks instead of 6 weeks max, and their effectiveness in reducing the pectin content in fibres has been clearly demonstrated. And, although the 14 weeks duration showed slightly better results, the difference in cellulose contents between 12 weeks and 14 weeks dew retting remained particularly limited. The 12 weeks dew retting duration could thus be considered sufficient in this study, allowing the farmer to free his land plot more quickly for tillage and then the following crop.

Fibre purity of extracted fibre bundles from method A

Method A was an arranged sequence of horizontal breaker rollers, a thresher and then a breaking card. In this method, sampling of fibre bundles to measure their purity was not done after each step but only inside the fibre sliver collected at the outlet of the breaking card. Purity in fibres of all the slivers is given in Table 4.5, and it varied from 73% to 86%. The minimal purity value (i.e., 73%)

was that obtained from batch number 3. This straw batch was produced using a high (i.e., normal)

cutting height, and it was surprisingly associated with a long dew retting duration of 14 weeks.

This low purity value could be the consequence of a more uncontrolled and inhomogeneous retting process, as evidenced by a slightly higher and more dispersed pectin content in the fibres (2.7±0.3%) than for batch number 4 (2.5±0.1%), which was also dew retted for 14 weeks. With Straw batch number 4 showed the maximal fibre purity, i.e., 86%. This batch was a low-cut one having undergone a 14 weeks dew retting duration. It was also the batch with the lowest pectin content (i.e., only 2.5%) inside fibres. It can thus be concluded that longer dew retting duration promoted a better separation of fibres and shives, thus contributing to a higher fibre purity in the sliver obtained at the breaking card outlet. In parallel, as batch number 4 was harvested using a low cutting height, the straw yield was higher just as the fibre content inside the starting straw (Table 4.3), thus leading to the production of a larger quantity of extracted fibres with more purity.

Finally, although batches number 1 and 2 were retted during only 12 weeks instead of 14 weeks, the fibre purity of extracted fibre bundles was 82% in both cases (Table 4.5), which is high enough for further processing of the extracted fibres bundles into yarns and then for geotextile applications.

Fibre purity of extracted fibre bundles from method B

Method B was composed of a Laroche Cadette 1000 "all fibre" extraction device for the continuous extraction of fibre bundles and then a sieving extra-step, which was useful to remove additional small shive particles still entrapped inside the fibrous lap at the Cadette machine outlet. The fibre purity inside the lap at the outlet of the "all fibre" extraction device varied from 50% to 63% (Table 4.6) as compared to the content in fibres of the starting straws that was between 29% and 34% (Table 4.3). The minimal purity levels after the extraction device (i.e., 50% and 54%) were observed for batches number 1 and 2, respectively, which were both dew-retted during only 12

weeks. Thus, contrary to what was previously observed with the breaking card in method A, it seems that it was more difficult to extract the fibre bundles and to eliminate the shives at the same time when the "all fibre" extraction device was used on straw batches for which the retting time was shorter, i.e., for which the pectin content was a little higher. And, the proportion of shives remaining trapped inside the fibrous lap was quite high. The sieving extra-step to remove shives was thus particularly required in those two cases. The number in parentheses is the difference in the final purity in fibres between process A and process B for the same straw batch.

After the sieving extra-step, purity values were largely increased, varying from a minimum of 73% to a maximum of 80%. The significant increase in purity as compared to that at the outlet of the "all fibre" extraction device confirmed the importance of this step for the removal of an additional fraction of shives. Both batches dew retted during 12 weeks showed only a 73% purity level, which was expected due to the low purity values observed at the Cadette machine outlet. Globally, although significantly lower than with the method A with the exception of batch number 3 (Table 4.5), purity values of the fibrous laps after sieving should nevertheless be suitable for further processing of the fibres into yarns and geotextiles. It is however noticeable that the fibre purities in this study were much less than those reported in a previous work from [START_REF] Khan Saif Ullah | Continuous Mechanical Extraction of Fibres from Linseed Flax Straw for Subsequent Geotextile Applications[END_REF] for which the same "all fibre" extraction device was also used for extracting fibre bundles from oleaginous flax straw: 73-80% instead of 82-96%. In that study, vertical breaker rollers have been implemented before the introduction of the straw in the Cadette machine. That additional unit operation eliminated a part of the shives even before the extraction of the fibre bundles followed by their opening.

Comparison between methods A and B

When comparing both fibre extraction methodologies, i.e., A and B, batch number 3 (normal cut and 14 weeks dew retting) showed a reduced purity of 73% for method A. On the opposite, batches number 1 and 2 showed a minimal purity of 73% for method B, the same being also true for batch number 4 (80% purity). Batches number 1 and 2 were both retted during 12 weeks but they corresponded to two different cutting heights, i.e., high and low, respectively. It can thus reasonably be concluded that the height of the cutting was not significant for the purity values. In fact, fibre bundles produced through method A showed better purity as compared to method B, with the exception of batch number 3 for which the results obtained were surprisingly the opposite.

This indicates the better adaptability of the breaking rollers, breaking card combination for extracting fibres bundles from oleaginous flax straws. It is thus reasonable to assume that the breaking card is less aggressive, i.e., more suitable, for these straws.

The sieving extra-step has been however of particular interest for method B as it increases the fibre purity. This step removes the smaller shives from the fibrous lap, the bigger ones, especially those entangled to the fibres, being more difficult to remove during this step. Also, it is necessary to keep in mind that the vertical breaker rollers placed before the "all fibre" extraction device in [START_REF] Khan Saif Ullah | Continuous Mechanical Extraction of Fibres from Linseed Flax Straw for Subsequent Geotextile Applications[END_REF] were not implemented in the present study, thus reducing the interest of method B with respect to fibre purity.

It is admitted that a fibre purity of more than 80% must be attained in the extracted fibre bundles to greatly facilitate the next spinning step for obtaining coarse yarns. In this study, such purity level was achieved for four fibrous materials out of eight, and three of them were obtained from the method A. Consequently, the latter appeared as more suitable for subsequent geotextile applications. For future work, additional improvement in the fibre purity would however be appreciated for other applications with higher added value (e.g., load bearing composite applications).

Fibre bundle lengths

The fibre bundle length of each batch was measured by taking randomly a handful amount of fibre bundles. Around two hundred fibre bundles were analysed per batch and the obtained results are given in Table 4.7. The mean length was always more than 5 cm, meaning that all the extracted fibre bundles are suitable for the subsequent yarn production with respect to fibre bundle length. In this work, the average fibre bundle lengths were largely increased in comparison with some previous results (4-5 cm) described in the literature (Ouagne et al. 2017a). Additionally, length values obtained from the breaking card (method A) were improved in comparison with results from a more recent study for which the dew retting of straws was no more than six weeks before their processing using the same equipment (Khan et al. 2021).

On the contrary, for fibre bundles extracted using the "all fibre" extraction device (method B), the were more rigid, and their increased brittleness resulted in more fibre breaks at the moment of their mechanical extraction in the "all fibre" device. The fibre bundle lengths for method B, i.e., from 7.3 cm to 7.8 cm, would however be high enough for further yarn processing.

In the case of method A, fibres bundle length was much higher as it varied from 12.8 cm to 14.9 cm. But, as a reminder, these fibre bundles were coming from another route, i.e., horizontal breaker rollers, a thresher and then a breaking card. Such route was thus much more favourable for linseed flax straws, constituting with no doubt a much less aggressive set-up. The breaking card was the main equipment of this route. The height and structure of its nails, their spacings and geometry were evidently more accurate for better preserving the length of fibre bundles once extracted. This breaking card was thus less aggressive than the "all fibre" extraction device used for the B route, hence providing a certain edge in terms of fibre bundle length. Also, no significant difference was observed between the straw batches obtained from the same cutting height, illustrating that the dew retting duration had no real influence in this study for the mean length of the extracted fibre bundles.

As a first conclusion, an increase in the mean length of fibre bundles from 68% to 104% was found for process A as compared to process B, corresponding to an increase in length of 5.0 cm to 7.6 cm depending on the straw batch. In addition, the relative increases were more important for batches number 2 and 4 (i.e., 104% and 90%, respectively), both harvested using a low cutting height. Such harvesting setting was thus more favourable than the dew retting duration to obtain longer bundles when using the breaking card route. Besides, the most important relative increase for fibre bundle length between the two extracting methods (i.e., 104%) was observed for batch number 2 for which the dew retting duration was only 12 weeks. The corresponding 14.9 cm mean length for the fibre bundles extracted through the breaking card route was also the most important one of the entire study, meaning that 12 weeks dew retting duration was sufficient for optimizing the length of fibre bundles. As a result, extending the dew retting period by two more weeks had no positive effect on the length of the bundles obtained, and this could also be of real practical interest to the farmer who could thus free his plot more rapidly.

Elementary fibre's tensile properties

Table 4.8 shows the tensile properties of the elementary fibres manually separated from the mechanically extracted bundles. Their separation from the fibre bundles was conducted with the highest care using hot water to avoid any damage. First of all, when looking at the diameter results, the section of the fibres was more oval than cylindrical. All the batches had indeed really different values for their minimal and maximal diameters. Indeed, the minimal diameter ranged from 10.8 µm to 12.3 µm whereas the maximal one ranged from 20.9 µm to 24.7 µm. Values for the cross sectional areas were between 181 µm 2 and 242 µm 2 , and this would correspond to diameters ranging from 15.2 µm to 17.6 µm if considering the cross section of all fibres as an ideal cylinder.

The diameter values obtained for these elementary fibres were quite in the same order of magnitude as those obtained by Ouagne et al. (2017a) and [START_REF] Khan Saif Ullah | Continuous Mechanical Extraction of Fibres from Linseed Flax Straw for Subsequent Geotextile Applications[END_REF]. So, it is believed that the manually extracted fibres were indeed individual ones. was obtained for batch number 1B, which corresponded to the fibre bundles extracted from the straw batch number 1 using the B methodology. For its part, the maximal value (i.e., 922 MPa) was obtained from the same straw batch but with fibre bundles extracted using the A methodology (i.e., batch number 1A). As these two opposite tensile strength values came from the same straw batch (high cut and 12 weeks dew retting duration), these results clearly highlight the interest of method A. Indeed, in addition to better preserving the length of the extracted fibre bundles (Table 4.7), the breaking card route also led to more mechanically resistant elementary fibres. Evidently, the breaking roller/breaking card combination was less aggressive at the moment of the fibre extraction. Similarly, Young's modulus values varied from 49 GPa (batch number 3B) to 57 GPa (batch number 1A). Thus, the elementary fibres with the higher tensile strength value were also stiffer ones. When looking at the average values for tensile strength and Young's modulus for yarn which characteristics are presented in Table 4.9 corresponded to 100 twists per meter, resulting in a linear mass value of 4060 tex. As compared to previous results in the literature, the tensile strength of the optimal yarn showed a real interest of the linseed flax fibres for the yarn manufacturing for geotextile applications. In Ouagne et al. (2017b), hemp and coir yarns used for geotextile applications had a tensile strength of 45 MPa and 14 MPa, respectively, for linear mass values of 4312 tex and 6172 tex, respectively.

Results of the optimal linseed flax yarn are much higher than those of the coir yarn (+250% for tensile strength), which is already used for geotextile applications. The optimal linseed flax yarn in this study was also 0.66 time finer than the coir one. So, fewer fibres enabled to reach better strength results when using the linseed flax fibres to produce yarn for geotextile applications. The linseed flax yarn's tensile strength and linear mass value were in the same order of magnitude as those of the hemp yarn in Ouagne et al. (2017b). The yarn in this study will thus undoubtedly be usable for subsequent geotextile applications. It was however less resistant (-31% for tensile strength) than the textile flax yarn having equivalent linear mass value and also presented in the study mentioned above (72 MPa tensile strength and 4187 tex value), illustrating the reduced mechanical resistance of the oleaginous flax fibres in comparison with that of the textile flax ones.

It is also important to note that a significant decrease in the standard deviation of the yarn's tensile strength was observed as compared to the results obtained for the elementary fibres. Indeed, for the 1A elementary fibres, the standard deviation for tensile strength represented 39% of the associated mean value (Table 4.8), and it was only 20% in the case of the optimal linseed flax yarn (Table 4.9). This decrease in standard deviation may be due to the assembly in the same yarn of different fibres with dispersed mechanical properties which come together to form a more homogeneous and mechanically uniform yarn thanks to the twist, resulting in a reduction in the tensile strength's standard deviation.

Yarn's observation with a microscope during the durability tests

Before testing the yarn in real soil conditions, the latter was coated with chitosan or linseed oil.

Images of the three different yarns (i.e., non-coated yarn and yarns coated with chitosan or linseed oil) were taken with a microscope, and they are presented in Figure 4.2. The coating on the yarns can be clearly evidenced when applied. Page et al. (2021) showed that linseed oil coating on textile flax fibres gave a glossy appearance to them when observed with a microscope, and the same was true in the present study for linseed flax fibres. These authors concluded that linseed oil coated all the elementary fibres within the fibre bundles. Oil impregnation also contributed to the fibre swelling Page et al. (2021), in this case the compaction of the yarn increases and probably contributes to increase the tensile properties of the yarn.

Non-coated yarn Yarn coated with chitosan Yarn coated with linseed oil In the present study, it was observed that after chitosan coating, the yarns became more compact and some form of stiffness was also observed in those yarns. On the opposite, linseed oil coated yarns also became more compact. However, no increase in the stiffness of these yarns was observed, which will be an advantage for handling and laying the geotextiles. Overall, the weight of both types of coated yarns was found to be increased after coating. And, this confirmed that there was indeed some coating on the yarns.

Also, microscopic images of the yarns were taken during soil durability tests after two months and four months (Figure 4.3). These images showed that there was some kind of biodegradation over time, the latter being perfectly visible. The shape of the yarns was clearly affected due to this biodegradation. For the non-coated yarn, the microbial attack occurred quite rapidly and the microorganisms in the soil "ate" a lot of portion of the yarn, the latter being broken into small pieces after only two months. On the opposite, yarns coated with chitosan and especially with linseed oil were able to maintain their initial shape longer although their strength was found to be decreased due to biodegradation. Yarn coated with chitosan was also broken into many small pieces but only after month 2.5. For its part, the yarn coated with linseed oil kept both its shape and its integrity during a much longer period, i.e., till month 4, but its integrity finally disappeared at the end of month 5. Indeed, at that moment, only 2 yarns coated with linseed oil out of 4 were found in the same shape, and the two others were broken into two pieces. Oppositely, non-coated and chitosan-coated yarns were found into several pieces from month 2 and month 2.5, respectively, and measuring their tensile strengths became completely impossible after month 4.

Yarn coated with linseed oil was the only one for which the shape has been more or less maintained until the end of the durability tests, although it became more and more fragile as the microorganisms in the soil progressively degraded it over time. It is however evident that their activity was largely slowed down in comparison with the untreated yarn and the one treated with chitosan. The "hydrophobation" of the surface of the yarn coated with linseed oil is a priori the main reason for that. To conclude, when looking at the microscopic images of the yarns in Figure 4.3 after different times during soil durability tests, it is possible to conclude that the biodegradation of fibres occurred for the three tested yarns, leading to its breaking. Soil particles were also visible in between the fibre bundles after a while, which will certainly increases the kinetics of biodegradation. However, it is obvious that the linseed oil coating treatment applied on the 100% linseed flax yarn slows down this kinetic.

Yarn's tensile strength evolution during the durability tests

The tensile strength of the non-coated yarn and yarns coated with chitosan and linseed oil was measured during the durability tests. Results obtained are presented in Figure 4.4. Each yarn was also tested for tensile strength before it was buried in the soil. This initial tensile strength value was the reference value, and samples were tested again after specific durations. Before testing the samples, they were taken out from the soil and placed on a grid at atmospheric conditions for 24 h so that they could dry. The extra-fine soil particles were then removed with care before mechanical testing. Here, it has to be mentioned that the slight reduction in the tensile strength observed before the beginning of the durability tests for both coated yarns (i.e., 45.6 MPa and 41.0 MPa, respectively, for chitosan and linseed oil) is mainly the consequence of the increase of their diameters, due to the application of this coating treatment: 2.93 mm and 2.70 mm for the yarns coated with chitosan and linseed oil, respectively, instead of 2.5 mm for the non-coated yarn (Table 4.9).

After month 1, the tensile strength of the non-coated yarn was decreased by 43%, which was the worst result at this time. For chitosan-coated yarn, the decrease in tensile strength was 25%, and it was only 12% for the yarn coated with linseed oil. So, it was evidenced that the non-coated yarn showed more loss in tensile strength as compared to the other two yarns. Lignin content and the crystallinity rate of cellulose are known for their benefits in limiting the kinetics of biodegradation in soils [START_REF] Leão | Natural Fibres for Geotextiles[END_REF]. Lignin content for coir fibre is around 35%, which is very high and makes it quite resistant to microbial attack. Jute has around 12% lignin content whereas other bast fibres (e.g., hemp or flax) have much lower lignin contents (less than 5%). In our case, lignin content was 3.6% (Table 4.4), which was very limited as compared to jute and coir fibres. So, due to low lignin content, non-coated yarns were rapidly subjected to microbial attack and lost their strength very quickly. Oppositely, chitosan is known for its antimicrobial properties (Lim ad Hudson 2003;[START_REF] Rinaudo | Chitin and Chitosan: Properties and Applications[END_REF], thus explaining why the loss in tensile strength after month 1 was less significant (25% instead of 43%) for the yarn coated with chitosan. The yarn coated with linseed oil was however the most promising one, probably due to the hydrophobic behaviour of linseed oil [START_REF] Nunes | Influence of Linseed Oil on the Microstructure and Composition of Lime and Lime-Metakaolin Pastes after a Long Curing Time[END_REF]. So, if the water in soil is repelled during the durability tests, there is then definitely less risk of microbial attack of the fibrous yarn.

At month 2, the tensile strength values of yarns still continued to decrease, and this was also clearly evidenced by visual observation (Figure 4.3). In particular, the non-coated yarn showed a 96% loss in its tensile strength, thus confirming the observations already made after month 1. The same trend was also observed for the chitosan-coated yarn for which the tensile strength was 91% less than the initial value. Although chitosan has known antimicrobial properties, it is soluble in acidic conditions. The pH of the soil for the durability tests in this study was estimated to around 5, meaning that it was slightly acid. Thus, it is reasonable to assume that coated chitosan was progressively dissolved during the test, being removed probably in totality from the yarn's surface after two months and explaining the tensile results as bad as the ones of the untreated yarn at this time. Meanwhile, the yarn coated with linseed oil was still more resistant, i.e., less than 50% reduction in its tensile strength even though the mechanical strength value at this time was surprisingly rather low compared to the other values measured during the durability test (Figure 4.4). Linseed oil firstly reduced water diffusion inside the coated yarn and, in a second phase, this prevented from the attack of microorganisms. After month 3, the non-coated and chitosan-coated yarns lost almost 97-99% of their initial tensile strengths as shown in Figure 4.4. Besides, it was no more possible to assess their tensile strengths at month 4 and the following times. On the contrary, the yarns coated with linseed oil were able to maintain their shape for a much longer time, and some strength till month 5. The reduction in the initial tensile strength for that yarn was 16%, 31%, 79% and 92%, respectively, after months 2.5, 3, 4 and 5. Finally, tensile strength values were not measured after month 6 and month 8 as the yarns were all degraded, including the one coated with linseed oil.

In conclusion, non-coated yarns are almost completely degraded in soil after only two months. In parallel, it is difficult to conclude here on the interest of coating the 100% linseed flax yarn with chitosan. Certainly, such a coated yarn should not be used in acid soils. It should therefore be reserved for neutral soils or especially basic ones (i.e., calcareous soils), even if durability measurements should be carried out for future work in such pH conditions. On the opposite, yarns coated with linseed oil showed significant resistance against biodegradation over time, even after five months. It can thus be concluded that yarns coated with linseed oil are good candidates to resist to the microorganisms in soils, and this would increase the service lives (up to about five months) for geotextiles made from these treated yarns.

Conclusion

Linseed flax is an important crop due to the interest of its seeds. This study evidenced that the straw could be valorised too if no shortener is used. The presence of bast fibres in straw is in the range of 29-34%, making linseed flax a competitive crop for providing natural fibres. Before the fibre extraction step, dew retting is an important process as it helps to better preserve fibre bundle length while easing their dry mechanical extraction. It was witnessed in the study that with increased dew retting durations, cellulose content inside fibres was found to increase simultaneously with a decrease in the pectin content, which is an advantage for the subsequent mechanical extraction of fibres.

Fibre purity is mainly dependent on the extraction method, and the best purity in this study (86%)

was obtained with horizontal breaker rollers followed by a thresher and then a breaking card, from a batch dew retted for 14 weeks. Fibre bundle length was then in the range of 13-14 cm, which is interesting for further spinning stages. The mechanical properties of elementary fibres manually extracted from these bundles were also promising with tensile strength and Young's modulus of 922 MPa and 56 GPa, respectively.

100% linseed flax yarns could also be manufactured from the optimal bundles using a gill-flyer spinning machine. With a tensile strength and a linear mass value of 49 MPa and 4060 tex, respectively, they were then assessed for durability tests in the soil. Non-coated yarns and those coated with chitosan lost their tensile strength up to 96% and 91%, respectively, after only two months whereas yarns coated with linseed oil lost only 31% tensile strength after three months.

Due to the hydrophobic behaviour of linseed oil, using it for coating significantly increased the service life of linseed flax yarns. Such post-treatment should be preferred to increase the geotextile service life.

Chapter 5. Twin-Screw Extrusion Process to Produce Renewable Fiberboards

Introduction of chapter 5

Straws are an important part of the linseed flax plant that should be valorized for economic and financial benefits. As explained in the two previous experimental chapters, straws can be converted into technical fibres that have the potential to be used in geotextile applications. An important part of shives (i.e., around 60% to 70% of the dry mass of straw) is also generated at the moment of the fibre's mechanical extraction. In this chapter, the use of shives to produce fiberboards will be investigated to evaluate the opportunity of a full valorization of linseed flax straw. A twin-screw extruder will be used for the thermo-mechanical pretreatment (i.e., the extrusion-refining) of shives. Linseed cake will be also used as a natural binder to manufacture 100% linseed flax-based fiberboards using a hot press, with the objective of better cohesion. Different parameters will be used to optimize the board's properties, including the applied pressure, the mold temperature and the content in plasticized linseed cake. Fiberboards obtained will then be situated in terms of performance according to the NF EN 312 French standard dedicated to the specifications for particleboards.

This chapter has been published in 2021 in the Journal of Visualized Experiments (https://doi.org/10.3791/62072).

performances. Such one-step extrusion operation may be at the origin of a valuable industrial process intensification.

Compared to commercial wood-based materials, these fully bio-based fiberboards do not emit any formaldehyde, and they could find various applications, e.g., intermediate containers, furniture, domestic flooring, shelving, general construction, etc.

Introduction

Extrusion is a process during which a flowing material is forced through a hot die. Extrusion, therefore, permits the forming of preheated products under pressure. The first industrial singlescrew extruder appeared in 1873. It was used for the manufacture of metallic continuous cables.

From 1930 onwards, single-screw extrusion was adapted to the food industry to produce sausages and past. Conversely, the first twin-screw extruder has first been used for developments in the food industry. It did not appear in the field of synthetic polymers until the 1940s. For this purpose, new machines were designed, and their operation was also modeled 1 . A system with co-penetrating and co-rotating screws was developed, allowing mixing and extrusion to be carried out simultaneously.

Since then, the extrusion technology has developed continuously via the design of new types of screws. Today, the food industry makes extensive use of twin-screw extrusion although it is more expensive than single-screw extrusion as twin-screw extrusion permits access to more elaborated material processing and final products. It is particularly used for extrusion-cooking of starchy products but also the texturing of proteins and the manufacture of pet food and fish feed.

More recently, twin-screw extrusion has seen its field of application extended to the thermomechano-chemical fractionation of plant matter 2,3 . This new concept has led to the development of real reactors capable of transforming or fractionating plant matters in a single step, up to the separate production of an extract and a raffinate by liquid/solid separation 2-4 . Work carried out at the Laboratory of Agro-industrial Chemistry (LCA) has highlighted the multiple possibilities of the twin-screw technology for the fractionation and valorization of agroresources 2,3 . Some of the examples are: 1) The mechanical pressing and/or "green" solvent extraction of vegetable oil 5-10 .

2) The extraction of hemicelluloses 11,12 , pectins 13 , proteins 14,15 , and polyphenolic extracts 16 .

3) The enzymatic degradation of plant cell walls for producing second-generation bioethanol 17 . 4) The production of biocomposite materials with protein 18 or polysaccharide 19 matrices. 5) The production of thermoplastic materials by mixing cereals, and bio-based polyesters 20,21 . 6) The production of biocomposites by compounding a thermoplastic polymer, bio-based or not, and plant fillers 22,23 . 7) The defibration of lignocellulosic materials for producing paper pulp 13,24 , and fiberboards 25-32 .

The twin-screw extruder is often considered as a continuous thermo-mechano-chemical (TMC)

reactor. Indeed, it combines in a single step chemical, thermal, and, also, mechanical actions. The chemical one results in the possibility to inject liquid reagents in various points along the barrel.

The thermal one is possible due to the thermal regulation of the barrel. Lastly, the mechanical one depends on the choice of the screw elements along the screw profile.

For the defibration of lignocellulosic materials to produce fiberboards, the most recent works have used rice straw 25,28 , coriander straw 26,29 , oleaginous flax shives 27 as well as sunflower 30,32 and amaranth 31 barks. The current interest of lignocellulosic biomasses for such an application (i.e., mechanical reinforcement) is explained by the regular depletion of forest resources used for producing wood-based materials. Crop residues are inexpensive and may be widely available. In addition, current wood particles are mixed with petrochemical resins which can be toxic. Often accounting for more than 30% of the total cost of current commercial materials 33 , some resins contribute to formaldehyde emissions and reduce indoor air quality 34 . Research interest has shifted to the use of natural binders.

Lignocellulosic biomass is mainly composed of cellulose and hemicelluloses, forming a heterogeneous complex. Hemicelluloses are impregnated with layers of lignins that form a threedimensional network around these complexes. The use of lignocellulosic biomass for the manufacture of fiberboards generally requires a defibration pre-treatment. For this, it is necessary to break down the lignins that protect cellulose and hemicelluloses. Mechanical, thermal, and chemical 35 or even enzymatic 36-38 pre-treatments must be applied. These steps also increase selfadhesion of fibers, which can promote the production of binderless boards 27 even if an exogenous binder is most often added.

The primary purpose of pre-treatments is to improve the particle size profile of micrometric fibers.

A simple grinding offers the possibility to reduce the fiber size 27,39,40 . Inexpensive, it contributes to increase the fiber specific surface. The components of the inner cell wall become more accessible and the mechanical properties of the obtained panels are improved. The efficiency of defibration is significantly increased when a thermo-mechanical pulp is produced, e.g., by digestion plus defibration 41 , from different pulping processes 42 or by steam explosion 43-47 . More recently, LCA has developed an original pre-treatment of lignocellulosic fibers using twin-screw extrusion 25-32 . After TMC defibration, the extruder also enables the homogeneous dispersion of a natural binder inside fibers. The resulting premix is ready to be hot pressed into fiberboards.

During the defibration of rice straw, twin-screw extrusion was compared to a digestion plus defibration process 25 . The extrusion method revealed a significantly reduced cost, i.e., nine times lower than the pulping one. Furthermore, the amount of added water is reduced (1.0 max liquid/solid ratio instead of 4.0 min with the pulping method), and a clear increase in the average aspect ratio of refined fibers (21.2-22.6 instead of 16.3-17.9) is observed as well. These fibers present highly improved mechanical strengthening capability. This was demonstrated for rice straw-based fiberboards, in which pure non deteriorated lignin (e.g., Biolignin) was used as a binder (up to 50 MPa for bending strength and 24% for thickness swelling after 24 h immersion in water) 28 .

The interest of TMC defibration in twin-screw extruder has also been confirmed with coriander straw 26 . The aspect ratio of refined fibers varies from 22.9-26.5 instead of only 4.5 for simply ground fibers. 100% coriander-based fiberboards were obtained by adding to the extrusion-refined straws a cake from the seed as protein binder (40% in mass). Their flexural strength (up to 29 MPa) and especially their resistance to water (up to 24% thickness swelling) were significantly improved compared to panels made from simply crushed straw. Moreover, these panels do not emit formaldehyde and, as a consequence, they are more environmentally and human-health friendly than medium-density fiberboard (MDF) and chipboard 29 classically found in the market.

Similarly, panels entirely based on amaranth 31 and sunflower 32 , combining extrusion-refined fibers from bark as reinforcement and seed cake as a protein binder, were successfully produced. They showed flexural strengths of 35 MPa and 36 MPa, respectively. However, their water resistance was found to be lower: 71% and 87%, respectively, for thickness swelling. Self-bonded panels based on extrusion-refined shives from oleaginous flax straw can also be obtained 27 . In this case, it is the ligneous fraction, released during the twin-screw TMC defibration, that contributes to the self-bonding. However, hardboards obtained show a lower mechanical strength (only 12 MPa flexural strength), and very high thickness swelling (127%).

All the extruded fiber-based panels presented above can find industrial applications and are, therefore, sustainable alternatives to current commercial wood-based materials. According to the International Organization for Standardization (ISO) requirements 48-50 , their specific applications will depend on their mechanical and water sensitivity characteristics.

In this paper, the procedure to extrude and refine lignocellulosic fibers before using them as mechanical reinforcement in renewable boards is described in detail. As a reminder, this process reduces the amount of water to be added in comparison to traditional pulping methodologies, and it is also less energy consuming 25 . The same twin-screw machine can also be used for adding a natural binder to fibers.

More specifically, a detailed outline for conducting the twin-screw extrusion-refining of shives from oleaginous flax (Linum usitatissimum L.) straw is presented. The straw used in this study was commercially obtained. It was from the Everest variety, and the plants were cultivated in the South West part of France in 2018. In the same extruder pass, a plasticized linseed cake (used as exogenous binder) can also be added in the middle of the barrel, and then mixed intimately to the refined shives along the second half of the screw profile. A homogeneous mixture having the form of a fluffy material is collected at the machine outlet. The one-step TMC operation is conducted using a pilot scale machine. Our goal is to provide a detailed procedure for the operators to conduct properly the extrusion-refining of shives, and then the cake addition. Following this operation, the obtained premix is ready for subsequent manufacture of 100% oleaginous flax-based hardboards using hot pressing.

Protocol

Prepare the raw materials

1. Use oleaginous flax shives, which are the result of a preliminary stage of mechanical extraction of the bast fibers from straw in an "all fiber" extraction device 51 . Use a vibrating sieve to remove short textile fibers that they may still contain.

NOTE: As the removal of these short textile fibers may be difficult, do not hesitate to repeat this sieving operation as many times as necessary. Here, the objective is to improve the flow of the oleaginous flax shives in the hopper of the weight feeder, and, therefore, facilitate their dosing before their introduction into the twin-screw extruder.

2. Use a plasticized linseed cake, obtained by destructuring/plasticizing of the proteins according to the methodology described by Rouilly et al. 18 .

NOTE: By doing so, the proteins show better thermoplastic and adhesive aptitudes.

3. Grind the agro-granulates of plasticized linseed cake using a hammer mill fitted with a 1 mm grid, and then sieve the grinded material obtained to retain only the particles smaller than 500 µm.

Check the proper functioning of the constant weight feeders and the piston pump

1. For the flow rates at which the operator works during production, chosen to avoid the clogging of the machine (15 kg/h for oleaginous flax shives (OFS), and from 1.50 kg/h to 3.75 kg/h for plasticized linseed cake), check the correspondence between the set value entered to the two constant weight feeders and the solid flow rates really distributed by these dosing devices.

NOTE:

The actual solid flow rate is determined experimentally by weighing the mass of the solid distributed by the constant weight feeder for a known period of time (5 min). If there is a significant deviation between the set value and the actual measured flow rate, this may indicate a malfunction of the weigh feeder. To prevent this, the entire dosing unit should be thoroughly cleaned, with particular emphasis on the area where the weighing device is located. In fact, the cause of this type of malfunction is very often a poor cleaning of the device, as traces of previously used solids can be found in the smallest corners of the dosing unit. If the problem persists, it will then be necessary to check the correct gauging of the balance itself and, if necessary, recalibrate it.

2. Calibrate the piston pump to establish a relationship between the electrical power of the motor and the actual water flow rate distributed by the pump.

NOTE: For each tested electrical power, the actual water flow rate is determined experimentally by weighing the mass of the water distributed by the piston pump for a known period of time ( 5min). Five different electrical powers are tested to draw the calibration curve. The highest electrical power tested is chosen so that it delivers a higher water flow rate than that chosen during production.

3. Once the calibration of the pump has been carried out, check for the water flow rate at which the operator works during production (15 kg/h to avoid the clogging of the machine while preserving the length of the extrusion-refined fibers) the correspondence between the set value given to the piston pump for the engine power and the water flow rate actually distributed.

Prepare the twin-screw extruder

1. Correctly arrange the twin-screw extruder modules (AB1-GG-8D, FER, and ABF types) by connecting them one after the other (by means of two half clamps) in the correct order according to the machine configuration to be used:

1.1. Set up the configuration for which only the fiber defibration takes place (Figure 5.1A).

1.2. Alternatively, set up the configuration which is completed with the addition of the natural binder (Figure 5.1B).

NOTE: For both configurations, the first module is used for the introduction of oleaginous flax shives. This is a type AB1-GG-8D module, which has an 8D length, D corresponding to the screw diameter (i.e., 53 mm). The large upper opening of this module is primarily intended to facilitate the introduction of the shives. Modules 2 to 8 are temperature controlled. They are closed modules (type FER), except module 5 in the case of configuration (step 3.1.2), which is of ABF type (i.e., module equipped with a side opening to ensure the connection of the side feeder used to force the introduction of the plasticized linseed cake inside the main barrel). The side feeder consists of two co-rotating and co-penetrating Archimedean screws of constant pitch and conjugated profile.

2. Position the water inlet pipe laterally at the end of module 2 to connect the piston pump to the machine.

3. Set aside the screw elements (Figure 5.2) that will be needed to set up the screw profile, either the one used for configuration (step 3.1.1) or the one used for configuration (step 3.1.2) (Figure 5.3).

NOTE: Make sure that these are the correct screw elements by carefully checking their type (T2F, C2F, C1F, CF1C, BB, or INO0), length, pitch (for the conveying and reverse screw elements), and their staggering angle (for the BB mixing blocks).

4. Set up the screw profile (Figure 5.3) by inserting the screw elements along the two splined shafts, from the first pair to the last one.

NOTE: The screw profiles used for the two configurations tested, are different and both result from prior optimization 25-27 .

5. When assembling the screw profile, make sure that the threads of the screw elements just inserted on the splined shafts are always perfectly aligned with the previously assembled elements.

6. Once the entire screw profile is assembled, screw by hand the screw points at the end of the two shafts, completely close the barrel of the machine and then tighten the two screw points to the tightening torque recommended by the manufacturer (30 daN m for the twin-screw extruder used in this study) using a torque wrench. 9. Once the barrel is closed, clamp it to the machine with half clamps, and make sure with the help of a level tester that the barrel is perfectly horizontal.

NOTE: If the barrel of the twin-screw extruder is not perfectly horizontal, this may lead to premature wear by abrasion of the screw elements and/or the inner walls of the barrel.

10. Position the peripherals (the weight feeders for the two solids to be introduced, and the piston pump for the water to be injected) at the required places along the barrel: above module 1 for the feeder used for the oleaginous flax shives, above the hopper of the side feeder (itself connected laterally to module 5) for the one used for the plasticized linseed cake (case of configuration (step 3.1.2) only), and at the end of module 2 for the water injection. 2. Wait for the stability of the measured temperatures and make sure that these temperatures are equal to the set points.

NOTE:

The measured temperatures are given on the control panel of the machine. In order to ensure a second control of these temperatures, it is also possible to measure them with an infrared thermometer at the level of each module along the barrel.

3. Slowly turn the screws (i.e., 50 rpm max).

NOTE: Premature abrasive wear of the screw elements and the inner walls of the barrel can occur if the screws turn too quickly while the machine is empty.

4. Gently feed the twin-screw extruder with water (5 kg/h flow rate).

5. Wait for around 30 s until water comes out at the end of the barrel.

6. Then, start to introduce the oleaginous flax shives in module 1 at a 3 kg/h flow rate, and wait (for around 1 min) for the solid to start coming out of the extruder.

7. Gradually increase (at least in three successive steps) the speed of the screws, then the water flow rate and finally the shives flow rate until the desired set points are reached: 150 rpm, 15 kg/h and 15 kg/h, respectively (Table 5.1).

NOTE: These set points were determined in previous studies and result from the optimization of the process 25-27 .

8. Wait for the machine stabilization by following the evolution of the electrical current consumed by the engine over time (variation of the electrical current no more than 5% from the 125 A average value).

NOTE: The stabilization time is usually in the range of 10 to 15 min. 9. For configuration (step 3.1.2) only, start introducing the plasticized linseed cake at 0.50 kg/h once the machine has stabilized in amperage after the shives and water addition to the desired set values. Then, increase the flow rate of the plasticized linseed cake in at least three successive steps up to the desired set point (from 1.50 kg/h to 3.75 kg/h, which corresponds to values between 10% and 25% by mass in relation to the shives) (Table 5.1).

10. Once the electrical current consumed by the twin-screw extruder motor is perfectly stable, make sure that the temperature profile measured along the barrel is conform to the set values given by the operator, and then start sampling the extruded shives for configuration (step 3.1.1) or the premix for configuration (step 3.1.2) at the outlet.

NOTE: In order to not clog the unit, the current drawn by the motor must always remain below its limit value (i.e., 400 A for the pilot scale twin-screw extruder used in this study). It should, therefore, be checked that this limit value is not reached during the entire flow ramp-up phase as well as during sampling. During production, if the cooling system of the machine is not able to maintain the temperature of at least one module at its set value, this may be the consequence of an inappropriate screw profile (i.e., too restrictive screw elements at this location), which causes a local self-heating of the treated material. It is then necessary to make sure, e.g., by means of a thermogravimetric analysis (TGA) of the solid being processed, that this temperature does not cause any fiber degradation.

11. During the entire sampling process, make sure that the machine feed is trouble-free by regularly checking the effective entry of solids and water into the barrel of the machine.

NOTE: A stable amperage of the current drawn by the motor of the twin-screw extruder during the entire sampling time is a confirmation of a stable feeding of the machine.

12. At the end of production, switch off the two solid dosing units and the piston pump.

13. Empty the machine while gradually reducing the speed of rotation of the screws to 50 rpm.

14. When nothing comes out of the barrel end, clean the inside of the barrel of the twin-screw extruder with plenty of water, introduced in large excess from module 1, while the screws are still rotating at 50 rpm. Add water until the solid residues disappear completely at the outlet of the barrel. Then, stop the rotation of the screws and switch off the heating control of the machine.

Dry and condition the resulting extrudates (i.e., extrusion-refined shives or premix)

1. When the extrudates are not to be molded into fiberboards immediately after the twin-screw extrusion process, dry them with a hot air stream to a humidity between 8% and 12% before their conditioning. For this purpose, use a simple ventilated oven or, in the case of large quantities of extrudate to be dried, a continuous belt dryer.

NOTE: With such humidity, the extrudates can be conditioned without the risk of fungus or mold growth over time. Packaging should be carried out in perfectly sealed plastic bags, which should be stored in a dry place.

2. Dry the extrudates with hot air flow to a humidity between 3% and 4% when fiberboard molding takes place immediately after the twin-screw extrusion process.

NOTE: Previous studies showed that a moisture content of 3% to 4% of the solid to be hot pressed is ideal to limit degassing phenomena at the end of molding. When it occurs and it is not controlled, degassing can generate defects (e.g., blisters or cracks) inside the fiberboard, and these defects have a negative impact on its mechanical resistance 26,27,31,32 . When hot pressing is carried out after the extrudates have been stored in airtight plastic bags at a moisture content of 8% to 12%, they should be dried further, i.e., up to 3%-4%, before molding.

Mold the fiberboards by hot pressing

NOTE: The operating conditions for hot pressing have been chosen on the basis of previous studies 26,27,31,32 .

1. Pre-heat the mold. Then, position the solid material to be hot pressed inside the mold. Lastly, pre-heat this solid material for 3 min before applying the pressure.

NOTE: For all the fiberboards produced, the proportion of shives in the mix to be molded represents a mass of 100 g when the mold used is square in shape and with 15 cm sides.

2. Apply a pressure of 30 MPa with the raw shives, and 10 MPa, 20 MPa, or 30 MPa with the extruded ones (Table 5.2).

3. Set the mold temperature to 200 °C.

NOTE: Because the temperature greatly influences the quality (especially the bending properties) of the boards obtained 9,26,27,28,31,32 , it is important to check the mold temperature with an infrared thermometer on both its male and female parts.

4. Set the molding time to 150 s.

5. Manufacture different fiberboards with different contents of plasticized linseed cake (from 0% to 25%) using the extrusion-refined fibers obtained through twin-screw extrusion via configuration (step 3.1.1) or one of the three premixes obtained via configuration (step 3.1.2) (Table 5.1 and Table 5.2).

6. As references, also manufacture two additional fiberboards based on the raw OFS, one without the addition of exogenous binder (board number 11) and the other with the addition of 25% (w/w) of plasticized linseed cake (board number 12) (Table 5.2).

NOTE: For these two boards, the molding conditions are the same, i.e., 200 °C for the mold temperature, 150 s for the molding time, and 30 MPa for the applied pressure.

contributes to a modification of the flax shives structure. This was first confirmed by the lower apparent and tapped densities of the extruded shives compared to the values obtained with the raw shives (Table 5.4). The morphological analysis of the fibers also confirmed this first observation as a very significant increase in their aspect ratio is also observed using a fiber morphology analysis device (Table 5.5).

When considering binderless boards from oleaginous flax shives molded using hot pressing, the TMC defibring pre-treatment using twin-screw extrusion according to configuration (step 3.1.1) is of obvious interest. Indeed, a separation of lignins from cellulose and hemicelluloses inside extruded shives takes place. During hot pressing, lignins can thus be easily mobilized and used as a natural binder. In addition, with a higher average fiber aspect ratio than for raw shives, the particle size profile of the extrusion-refined fibers is more favorable in terms of their performance for mechanical reinforcement. This means that boards made from extruded fibers alone (board numbers 1, 3, and 7), i.e., without the addition of plasticized linseed cake as an external binder, are not only all three cohesive, but above all present significantly improved usage properties in comparison to the board obtained by hot pressing of the raw shives (board number 11) (Table 5.6).

Although the board number 1 from the extruded shives is hot pressed at a pressure of only 10 MPa, it is even significantly better from the point of view of its mechanical performance than board number 11, which is molded from the raw shives, but at a pressure value three times higher (30 MPa). The advantages of the pre-treatment in the twin-screw extruder for the subsequent mobilization of the lignins as internal binder on the one hand, and for increasing the average fiber aspect ratio on the other hand, are thus clearly demonstrated. A comparison of the usage properties of board numbers 1, 3, and 7 also shows the beneficial effects of higher applied pressure during molding on these properties, whether it is the flexural strength, the Shore D surface hardness, or the water resistance of the material after immersion. As the pressure increases, the mobilization of the lignin-based binder is promoted 27 . In the molten phase, its viscosity is reduced, and wetting of the fibers is optimized.

Using configuration (step 3.1.2), once the shives were defibrated, the plasticized linseed cake was also added directly into the twin-screw extruder and intimately mixed with the refined fibers in the second half of the screw profile. The plasticized linseed cake was added at contents between 10% and 25% (Table 5.1). Intimate mixing was obtained thanks to the use of two successive series of bilobe paddles (BB elements), mounted in staggered rows (90°). These are positioned at the level of modules 7 and 8 (Figure 5.3). When the plasticized linseed cake is added, the observed increase of total specific energy consumption is very small despite a higher filling of the machine: 1.35 ± 0.04 kW h/kg of dry matter max instead of 1.28 ± 0.05 kW h/kg of dry matter in the case of configuration (step 3.1.1) for which the shives are defibrated but without the addition of exogenous binder. The CF1C reverse screw elements used for shives defibration are, therefore, the most restrictive elements of the screw profile. The mixing zone of the refined fibers and linseed cake, therefore, contributes in a small extent to the increase in the overall energy consumption of the machine.

The addition of the plasticized linseed cake to the extrusion-refined fibers results in a premix enriched with natural binder, which must be dried to a moisture content of between 3% and 4% before molding. Overall, this addition increases the flexural properties of the fiberboards obtained (Table 5.6). For an applied pressure of 10 MPa, the addition of 25% linseed cake leads to a 15% increase in the flexural strength of the material (comparison of board numbers 1 and 2). For a doubled pressure (20 MPa), an increase of 25% is observed when 10% flax-based binder is added (board number 4) and it rises to 53% when 17.5% of this binder is added (board number 5). Finally, for the highest forming pressure (30 MPa), the relative increase in bending strength is maximum (+12%) when 10% linseed cake is added (comparison of board numbers 7 and 8).

At the same time, the Shore D surface hardness and the water resistance of the fiberboards after immersion are largely independent of the plasticized linseed cake content in the premix. The application of a pressure of at least 20 MPa during hot pressing is still accompanied by a reduction in thickness swelling, regardless of the exogenous binder content. Under such forming conditions, the density of hardboards increases. Their internal porosity is then reduced, and the diffusion of water inside the material during immersion is thus reduced.

The role of exogenous binder played by the linseed cake in the premix is thus confirmed and explained by the presence of a significant content (estimated at 40.5% of its dry mass 52 ) of proteins with plastic and adhesive behavior. This role is also confirmed when the oleaginous flax proteinbased binder is added to the raw shives. Indeed, with 25% of this binder (case of board number 12), the board obtained ( pressing should be tested to improve this dimensional stability parameter 27 to a greater extent.

Another original solution could be the addition of hydrophobing agent(s), e.g., vegetable oil derivatives, to the premix directly in the twin-screw extruder. In addition, as this optimal board may be used inside houses, its fire resistance will need to be evaluated before it is proposed to the market. Indeed, this characteristic is of key importance. If the fire resistance of this material proves to be insufficient, the addition of a fireproofing product to the premix directly in the twin-screw extruder should be considered before the panel is molded by hot pressing. For each of the two tested configurations, the successive unit operations are mentioned. Board numbers 12 and 10 both contain 25% plasticized linseed cake. Board number 12 is made of the OFS raw shives whereas board number 10 originates from the P3 premix (i.e., contains the extrusion-refined fibers).

Figure and Table Legends

Table 5.2: Molding parameters used for the manufacture of the fiberboards.

OFS, oleaginous flax shives (i.e., raw shives not previously treated through twin-screw extrusion).

Made of OFS and plasticized linseed cake, the solid mixture used for producing board number 12 was obtained mechanically using a double-helix mixer. The contents in moisture were determined according to the ISO 665:2000 standard 54 . They were measured from equilibrated materials, i.e., after conditioning in a climatic chamber (60% relative humidity, 25 °C). The contents in minerals were determined according to the ISO 749:1977 standard 55 . The contents in cellulose, hemicelluloses, and lignins were determined using the Acid Detergent Fiber (ADF) -Neutral Detergent Fiber (NDF) method of Van Soest and Wine 56,57 The tapped density of oleaginous flax shives was measured in triplicate using a densitometer.

The apparent density was obtained before compaction. Results in the table correspond to the mean values ± standard deviations. n.d., non-determined. The morphological analysis of raw shives (i.e., before the extrusion-refining pre-treatment) was performed by image analysis using a software from a scan of about 3,000 particles 27 . That of the extrusion-refined shives was conducted using an analyzer for fiber morphology measurement and characterization. For these measurements, determinations were carried out in triplicate and, for each experiment, about 15,000 particles were analyzed. Results in the table correspond to the mean values ± standard deviations. 

Discussion

The protocol outlined here describes how to process the extrusion-refining of lignocellulosic fibers before using them as mechanical reinforcement in renewable boards. Here, the twin-screw extruder used is a pilot scale machine. With screws of 53 mm in diameter (D), it is equipped with eight modules, each 4D in length, except for module 1 that has an 8D length, corresponding to a 36D total length (i.e., 1,908 mm) for the barrel. Its length is long enough to apply to the processed material the succession of several elementary operations in a single pass, i.e., feeding, compression, intimate mixing between the fibrous solid and the added water, expansion, compression, intense shearing, and then expansion. Here, the extrusion-refining pre-treatment was successfully applied to shives from oleaginous flax straw. They constitute the residue collected after the mechanical extraction of technical fibers from oleaginous flax straw using an "all fiber" extraction device 51 . In the same twin-screw machine, it is also possible to add an exogenous binder to the defibrated lignocellulosic biomass immediately after the extrusion-refining step. The second half of the screw profile is thus devoted to the intimate blending of the refined fibers and this external binder. Here, this is a previously plasticized linseed cake that was used as additional binder. It has been added to the refined fibers using various rates (from 10% to 25% in proportion to shives). The resulting 100% oleaginous flax-based premixes were subsequently transformed into hardboards through hot pressing.

Due to the large number of elementary operations to be applied for configuration (step 3.1.2), which allows not only the refining of the fibers but also the addition of an external binder, the length of the barrel of the machine to be used is decisive for the success of the treatment. A barrel length of at least 32D is required, although lengths of 36D or even 40D are more appropriate. The expansion of the mixture transported between two successive zones of restrictive elements is then better and this favors exchanges between the constituents of the solid mixture and the water.

In addition, the screw profile is of key importance for the twin-screw processes 2-4 . In particular, the restrictive areas (i.e., areas of intense mechanical work) must be chosen with the utmost care.

Here, this leads to concerns with the reverse screw elements used for the defibration of lignocellulosic biomass, and the mixing elements needed for the impregnation of this biomass with water prior to defibration and subsequent intimate mixing of the refined fibers with natural binder.

The typology of these elements (i.e., pitch of reverse screw elements, and width and stagger angle of mixing blocks), their respective lengths, and their positioning along the screw profile can be adapted to the formulation to be produced.

Similarly, the optimization of the operating conditions (i.e., inlet flow rates of solids, inlet flow rate of water, screw rotation speed, and temperature profile) will be necessary for any new formulation to be produced 2-4 . In fact, just like the screw profile, the operating conditions to be implemented will have to be adapted to the nature of each lignocellulosic biomass treated (e.g., distribution between cellulose, hemicelluloses and lignins, possible presence of other constituents, morphology, and hardness of the solid particles at the inlet, etc.). The filling rate of the twin-screw extruder can thus be adjusted to each new formulation with the aim of optimizing its residence time and increasing the productivity of the machine, while avoiding clogging.

It is, therefore, the filling rate of the twin-screw device that is the main limitation of the defibring pre-treatment presented here. Depending on the nature of the raw material to be processed, the screw profile used, and the extrusion conditions applied (i.e., input flow rates of solids, liquid/solid ratio, and screw rotation speed), the mean residence time of the mixture inside the twin-screw tool is not the same. In order to increase the productivity of the machine, the objective is always to increase the flow of treated plant material as much as possible while preserving a sufficient quality of the TMC work carried out on it.

At the screw rotation speed used during the production and chosen as close as possible to the maximum rotation speed of the twin-screw machine used to increase its productivity, the machine can be overfilled if the incoming flows of solid material(s) and water become too high. It is, therefore, important for the operators to choose the optimum filling rate to ensure that the machine is not overfilled. To avoid such clogging, the twin-screw tool should be used for a sufficiently long time, i.e., at least half an hour. The stability of the electric current consumed by its motor during the production will be the confirmation of a machine that does not overfeed. Its control panel makes it easy to follow the evolution of the electric current over time. To conclude, the twin-screw extrusion technology is, therefore, a versatile and high-performance tool to produce renewable fiberboards, free of synthetic resins. First of all, the continuous TMC defibration of lignocellulosic fibers, leading to an increase in their aptitude for mechanical reinforcement through an increase in the mean aspect ratio of the refined fibers, can be performed. The twin-screw tool can be considered as a credible alternative to other defibration methods classically used, i.e., a simple grinding, pulping processes, and steam explosion.

A recent study carried out on rice straw showed that this tool offers the possibility to better preserve the length of the fibers during their defibration than a method resulting from paper processes and involving a digestion stage followed by a defibration one 25 . The same study also showed that the defibration conducted in a twin-screw extruder was less water consuming and can be performed at a lower cost. During twin-screw defibration, the release of lignins also contributes in part to the cohesion (by self-bonding) of the obtained fiberboards 27 . These are called "self-bonded boards".

In the same twin-screw extruder and for greater compactness, it is also possible to continuously add an external binder to the previously refined fibers in variable proportions. This reduces drastically, which means that something (e.g., a phase change) has happened inside the fibrous material. From the data analysis, it was concluded that these boards can be used up to 50°C, where they still withstand good mechanical properties.

Results clearly indicate that conservation modulus (E') has two groups as shown in Figure 5.5.

-Board numbers 1 and 2 that are molded at only 9.8 MPa has lower value of E'.

-Board number 7,10, and 10b that are molded at 29.4 MPa (3 times more), have much higher value for E' at least along the -100 0 C to 100 0 C temperature range. This illustrates the positive effect of higher applied pressure at molding on the mechanical performance of the panels that we have already observed during the bending tests at ambient temperature, but in that case this effect is observed in a much larger temperature range.

Looking at tan δ curves, there is a peak in the 55-110°C range, meaning that something inside shives is transitioning.
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In parallel, 55°C is also the temperature for which E' values begin to drastically decrease in all curves, meaning that something inside shives (hemicelluloses and/or lignins) is really transitioning at this temperature, thus resulting in the alteration of the general cohesion of the panel.

However, the relative decrease in E' from 20°C to 50°C remains limited (around -15%) for all the panels, and it has sense to say that all boards could be usable up to 50°C without significant decrease in their mechanical performance.

On the contrary, for higher usage temperatures, the cohesion of the material will be highly impacted.

A second transition from 150°C results in negligible E' values. For such temperature, the cohesion of the materials does not exist anymore .

Conclusion

This work was conducted to investigate the potential of linseed flax straw for applications as geotextiles and fiberboards. Two different mechanical extraction methods were discussed in details, and efforts were made to optimize the characteristics of linseed flax fibres for geotextile uses. Also, shives were used to manufacture 100% linseed flax-based fiberboards usable as type P6 boards according to the NF EN 312 standard, i.e., boards working under high stress and used in dry environments.

The first experimental chapter of the thesis presents two different mechanical extraction methods (i.e., a breaking card for method A, and an "all fibre" extraction device for method B) to extract technical fibres from different batches. These batches had different dew retting durations, cutting heights, and harvesting parameters. Fibre content, chemical composition, fibre bundle length, and mechanical properties of the individual fibres from each tested batch were assessed with respect to their field parameters.

Manual extraction of fibres was used for determining the fibre content inside the different straw batches. It was around 30% (w/w), except for one batch. This fibre content was comparable to the earlier ones found in the literature. Also, the chemical composition of the different batches was determined to know the impact of dew retting. With an increase in the dew retting duration, cellulose content was found to be increased (i.e., from 62.1% for no dew retting to 67.0% for six weeks dew retting), and pectin content was slightly decreased at the same time (from 4.4% to 3.7%). This decrease in pectin content was due to the microbial activity during the dew retting, and it helped in the fibre extraction process.

Mechanical extraction of fibres for method A was a series of steps including horizontal breaker rollers, a thresher, and a breaking card. For its side, method B was consisting of vertical breaker rollers, an "all fibre" extraction machine, and a sieving extra-step for the removal of part of the residual shives. After mechanical extraction, purity values of technical fibres were higher for method B, due to the addition of the sieving extra-step. Nonetheless, method A also showed a sufficient purity for the subsequent use of technical fibres in geotextiles. Also, dew retting helped to increase the fibre purity.

The coarse yarn manufactured from the 12 weeks dew retted batch had a 4,060 tex value, and a tensile strength of 49 MPa, which is largely sufficient for geotextile applications. Equal lengths of yarns were distributed for linseed oil and chitosan coating. A durability test was then conducted for these coated yarn samples while non coated linseed flax yarns were used as a reference. After different time intervals, samples were analyzed for the decrease in the yarn's tensile strength, and it was concluded that coated samples with linseed oil preserved their strength and integrity for a much longer period than the two others. They lost 31% tensile strength after 3 months as compared to 96% tensile strength loss for the non coated samples. Chitosan coated samples showed some resistance initially but, as chitosan is soluble in acid medium and the pH of the soil was acidic, the chitosan coating dissolved quickly, no longer protecting the yarns against the soil's microbial activity.

In the third and last experimental chapter, shives generated during the mechanical extraction of technical fibres from oleaginous flax straw are used for the production of innovative fiberboards by hot pressing. As they represent around two-thirds of the incoming straw, it is therefore important to utilize this woody part of the straw in some useful applications for a full valorization of straw. Fiberboards were manufactured by hot pressing from shives, before and after their extrusion-refining treatment using a twin-screw extruder, and a plasticized linseed cake was used as a natural protein-based binder to make the board's cohesion increasing. 100% oleaginous flaxbased hardboards were thus obtained.

Before their transformation, shives were purified by eliminating the short fibres they still contained using a sieving process, and some of them were then defibrated using a twin-screw extruder. Used as a natural binder, a plasticized linseed cake was added during the extrusion process, and water was adjusted to avoid any clogging while preserving as much as possible the length of the extrusion-refined particles. Having the form of a fluffy premix, the extrudates were dried in a ventilated oven and then hot pressed to manufacture the fiberboards. Different binder contents and molding parameters (i.e., mold temperature and pressure applied) were used. Conditioning of the fiberboards was then conducted in a climatic chamber at 60% relative humidity and 25°C temperature before testing them.
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In total, twelve different fiberboards were manufactured with two of them made from the raw shives (i.e., shives that were not extrusion-refined). These two boards did not show good mechanical (i.e., bending strength, internal bond strength and Shore D surface hardness) and water resistance properties, due to the weakness in bonding and particle's aspect ratio. The content of plasticized linseed cake varied from 0% to 25% for the different boards, with respect to shives.

With the addition of 25% plasticized linseed cake to the extrusion-refined shives on the one hand, and hot pressing by applying a 30 MPa pressure during 150 s at 200°C mold temperature, the resulting fiberboard showed a bending strength of 24.1 MPa, a flexural modulus of 4.0 GPa, and an internal bond strength of 0.70 MPa. Its post-curing treatment led also to a reduction in its thickness swelling after 24 h immersion in water from 78% to 49%. This optimal hardboard could thus be used as a type P6 board according to the NF EN 312 standard, i.e., a board working under high stress and used in dry environments.

As a final conclusion of this thesis work, oleaginous flax will be usable for the near future as a dual-purpose crop as its straw can be utilized and valorized in different applications like geotextiles for bast fibres, fiberboards for shives, and even wood polymer composites (WPCs) for vegetal dust. This valorization of linseed flax would be helpful for the economic and financial perspectives of the farmers cultivating this plant.

Future perspective

For future work, different perspectives can be considered, and some of them are mentioned under.

➢ Instead of dew retting, some other types of retting could be applied to see their impact on fibre properties. Especially, enzymatic retting could save a lot of time and may give better results.

➢ For the mechanical fibre extraction, if a Laroche Cadette 1000 "all fibre" extraction machine is used, there is a need for some modifications. Machine settings will have to be adjusted, especially by lowering the rotation speed of the extracting rollers. Such setting should limit the severity of the mechanical extraction and, consequently, better preserve the length of the extracted bundles, while not impacting the machine's capacity.

➢ Also, a reduction in the density of nails around the extracting rollers should be tested. High density of nails is helpful in fibre extraction. However, it damages the fibres as well.

➢ Another option could be to change to roller's nails from coarse nails to finer ones, always with the primary objective of reducing the severity of mechanical extraction.

➢ For better purity of the fibrous lap, some mechanical and/or blowing instruments could be designed at the outlet of the "all fibre" extraction device to remove the entangled shives.

➢ There is a need to investigate the fibre-to-fibre cohesion between the elementary fibres as cohesion plays a vital role in sliver manufacturing and yarn manufacturing.

➢ Coarse yarns were manufactured using a gill spinning frame. So, additional work could be conducted to manufacture finer yarns by adjusting the operating parameters of the gill spinning frame and/or even by obtaining longer fibre bundles during the fibre extraction step.

➢ Also, linseed flax extracted fibres could be blended with some other types of natural fibres to utilize them in some other ways than geotextiles (e.g., apparels with the condition of obtaining finer yarns).

➢ Weaving could be another perspective for linseed flax extracted fibres, and weaved fabrics could be used for example for composite applications.

➢ Further work could be conducted on dyeing and finishing yarns and fabrics made from linseed flax fibres.

➢ Further studies could be conducted on the coating of yarns (or even other post-treatments)

to either enhance the geotextile's durability in soil and maintain their biodegradation when required.

➢ Linseed flax shives were used to manufacture fiberboards. Additional work will need to be conducted to increase their water-resistance properties.

The twin-screw extruder could be further exploited for its excellent mixing capability with the addition of different functional agents like hydrophobic agents, fire retardants, colors, odors, antifungal agents, etc., before hot pressing. By doing so, the resulting hardboards would have additional functions, thus extending their use properties and also their fields of application.
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 11 Figure 1.1: Global fiber production in 2019 (https://textileexchange.org/2020-preferred-fiberand-materials-market-report-pfmr-released-2/)(Liesl Truscott & Pepper, 2020).
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 2015 Figure 1.5: Flax plant, flowering flax and ripe flax crop (Eberle et al., 2014).

  introduced a pilot plant for flax fibre extraction. Randomly aligned straws with shorter fibre lengths can be processed. It consists of four separate modules which are a 9-roller calendar, top shaker, scutching wheel and 5-roller calendar. The 9-rollers calendar is a combination of 4 top (3 grooved and one smooth) and 5 bottoms (2 grooved and 3 smooth) rollers which are used to break the straws. Also, a force in the range of 3920-4900 N is applied to the end of top rollers. The top shaker has a series of metal spikes that vibrate continuously within the crushed straws (fed to it by a 9-rollers calendar)

  used All fibre extraction (A Laroche (France) Cadette 1000) device to extract the linseed flax fibres from oleaginous flax straws for technical textile applications. This device has three modules and each module is consist of three rollers, a pair of feed rollers (one smooth and the other grooved), a fibre extraction roller (having nails on its curvature). At the bottom of this extraction roller, a trap door has a function to trap the shives due to gravity. At the end of each module, perforated cylinder has a function of ventilation. Speeds of the rollers are adjustable and are set according to requirements. Linseed flax straws were used for the fibre extraction and after one cycle through the cadette, there was around 54 %-57 % fibres in the lap obtained at the outlet of the cadette. At the end of extraction steps,
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 18 Figure 1.8: Seed morphology. Longitudinal section (A): embryo (em), seed coat or testa (sc), cotyledons (sl), endosperm (en), epicotyl (epc), hypocotyl (hy), radicle (ra); Corss section (B):mucilage cell (muc), epidermis (ep), parenchymatous layer (pl), sclerite layer (sl), membraniform layer (ml), brown layer (bl), endosperm (en)(Zuk et al., 2015).
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 1 Figure 1.11: Geosynthetic's reinforcement role (Zornberg, 2017). 2. Separation and filtration (Figure 1.12).
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 1 Figure 1.12: Geosynthetic's separation and filtration role (Zornberg, 2017). 3. Stabilization of road bases thanks to the stiffening function of geosynthetics (Figure 1.13).
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 113 Figure 1.13: Geosynthetic's stiffening function (Zornberg, 2017). 4. Stabilization of roads subgrades by reinforcement, stiffening, separation and filtration functions of geosynthetics (Figure 1.14).
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 114 Figure 1.14: Geosynthetic's reinforcement, stiffening, separation, and filtration functions (Zornberg, 2017).1. Lateral drainage by drainage, filtration and separation functions of geosynthetics (Figure 1.15).
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 1 Figure 1.15: Geosynthetic's drainage, filtration and separation functions[START_REF] Zornberg | Functions and Applications of Geosynthetics in Roadways[END_REF].
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 21 Figure 2.1: Yarn tensile strength testing machine.
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 22 Figure 2.2: Laroche Cadette 1000 "all fibre" extraction device used in this study (from Laroche Cadette company website).
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 23235 Figure 2.3: (a) schematic diagram of the device; Photographic Image of the (b) Breaker rollers/Breaking zone (c) Inlet/feeding of the carding machine (d) Outlet of the carding machine (e) Carded linseed sliver.
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 24 Figure 2.4: Gill spinning frame with twisting system.

  is a total of eight modules in this machine, all 4 D in length (D corresponding to the screw diameter, i.e., 53 mm), except the first module (AB1-GG-8D) which has an 8 D length. The total barrele length is thus 36 D (i.e., 1,908 mm). The first module was used to introduce the oleaginous flax shives and it has a large opening to facilitate this function whereas the other seven modules are temperature controlled. Six of them were FER type modules (i.e., closed modules), except module number 5 (ABF type) which is opened laterally to facilitate the introduction of the plasticized linseed cake using a side feeder. The addition of water was done at the end of module number 2, and the inlet flow rate of water was controlled. The arrangement of the screws along the two shafts was carefully chosen according to the requirements for this work. The screw profiles used are given in chapter number 5.

53 P

 53 Industries (France) heated hydraulic press was used in this research to produce fiberboards from oleaginous flax shives.The specifications of this hot press are given in the Table2
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 31 Figure 3.1: Laroche Cadette 1000 "all fibre" extraction device used in this study (from Laroche Cadette company website, https://laroche.fr, accessed on 21 June 2021).
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 32 Figure 3.2: Frequency distribution curve of the length of fibre bundles extracted from batch number 6 using the A and B extracting methodologies.
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 41 . It was used for the mechanical extraction of fibres, and then completed by a sieving extra-step to remove additional shives for better purity in fibres inside the fibrous lap. The 1 m width of this equipment associated with the 3.5 m/min feed belt speed used during the experiments made it possible to process straws at a 175 kg/h inlet flow rate, making this equipment a pilot-scale one.
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 41 Figure 4.1: Laroche Cadette 1000 "all fibre" extraction device used in this study (from Laroche Cadette company website, https://laroche.fr, accessed on 21 June 2021).

  slightly higher pectin content, fibres and shives were more bonded together, which could have therefore led to a lesser elimination of shives during the extraction of the fibres. When comparing the results in this study with those obtained by Khan et al. (2021) using the same three-step dry mechanical extraction process, 66-67% fibre purity values were obtained from non-retted straw batches. The results in this study thus clearly evidence the key role played by long dew retting durations in fibre purity.

  lengths in this study are a little shorter in comparison with the results in Khan et al. (2021): 7.5 cm mean value instead of 8.0 cm. The most likely reason is that the moisture content inside the straw batches in the present study was 13-14% as compared to the 14-19% values at the moment of the fibre extraction in Khan et al. (2021). Due to lower moisture in this study, fibres in straw batches
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 42 Figure 4.2: Microscopic representation of a non-coated yarn, and yarns coated with chitosan or linseed oil (from left to right) (height of all images is 4 mm).

Figure 4 . 3 :

 43 Figure 4.3: Microscopic representation of non-coated yarns after 0 (a), 2 (d) and 4 (g) months in the soil, yarns coated with chitosan after 0 (b), 2 (e) and 4 (h) months in the soil, and yarns coated with linseed oil after 0 (c), 2 (f) and 4 (i) months in the soil (height of all images is 4 mm).
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 44 Figure 4.4: Tensile strength of non-coated and coated yarns as a function of the duration the yarns have been in the ground.

7 .

 7 With the barrel of the machine partially reopened, i.e., with the shafts retracted into the barrel over a distance of approximately 1D, turn the screws at low speed (25 rpm max) to ensure that the entire screw profile is correctly fitted. NOTE: In the case of incorrect installation of the screw elements (e.g., the misalignment for one of them), accelerated wear of the screw elements will be inevitably observed. When testing the rotation of both shafts with the barrel of the machine almost fully open, this results in the shafts touching each other at the point of the incorrectly positioned screw element.8. Completely close the barrel of the machine so that both shafts are entirely trapped inside the barrel.

1 .

 1 From the supervision of the machine, enter the set temperatures of each of the modules and start the temperature control of the barrel: for configuration (step 3.1.1), 25 °C for the feeding module (module 1) and 110 °C for the following ones; for configuration (step 3.1.2), 25 °C for module 1, 110 °C for the refining zone (modules 2 to 4), and 80 °C for the premixing one (modules 5 to 8). NOTE: The temperature control of the barrel is carried out separately from one module to another by (i) heating with two resistive half clamps fixed around each module, and (ii) cooling by circulating cold water inside the module. A 25 °C is privileged for the feeding module. For an efficient refining of the fibers, a 110 °C temperature is preferred. An 80 °C temperature is sufficient for the premixing operation. Since the refining and premixing zones are both located along several modules, all modules in the same zone are assigned the same set temperature.

Figure 5 . 4 ,

 54 top right) has a flexural strength of 10.6 MPa instead of only3.6 MPa without binder (board number 11). However, this panel has a lower bending strength than all those based on the extrusion-refined fibers, illustrating the essential role played by the TMC pre-treatment of the shives.Thanks to the combined action of defibration of the shives and the addition of an exogenous binder within the same twin-screw device, fiberboards with a bending strength of around 23 to 25 MPa are obtained. As an example, with the addition of 25% plasticized linseed cake to the premix and hot pressing of the latter by applying a 30 MPa pressure, the corresponding fiberboard (board number 10) shows a bending strength of 24.1 MPa, a flexural modulus of 4.0 GPa and an internal bond strength of 0.70 MPa (Figure5.4, bottom right). Based on the recommendations of the French standard (NF) EN 312 (standard dedicated to the specifications for particleboards)53 , this board already meets the mechanical requirements of type P6 boards, i.e., boards working under high stress and used in dry environments. Only its thickness swelling after immersion in water for 24 h does not meet the requirements of this standard (78% instead of 16% max). A post-curing treatment (60 °C for 30 min, then 80 °C for 30 min, then 100 °C for 45 min, then 125 °C for 60 min, and finally 150 °C for 90 min before returning to room temperature for 225 min) of this material leads to a reduction in thickness swelling of up to 49%, simultaneously with an increase in flexural strength (25.8 ± 1.0 MPa). However, this reduction in thickness swelling remains insufficient. For future work, other additional processes, e.g., coating, chemical, or steam treatment, after hot

Figure 5 . 1 :

 51 Figure 5.1: Simplified configurations of the twin-screw extruder used (A) for the only fiber refining of oleaginous flax shives, and (B) for the combined process in a single extruder pass, including the fiber refining of oleaginous flax shives, the addition of plasticized linseed cake, and then the intimate mixing of the two solids.

Figure 5 . 2 :

 52 Figure 5.2: Type of screw elements used along the screw profiles: (A) T2F, (B) C2F, (C) C1F, (D) CF1C, (E) BB, and (F) INO0 screw elements.

Figure 5 . 3 :

 53 Figure 5.3: Screw configurations.

Figure 5 . 4 :

 54 Figure 5.4: Photograph of OFS (top left) and ERF (bottom left) oleaginous flax shives, and board numbers 12 (top right) and 10 (bottom right).

  . n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0the density were determined by weighing the test specimens, and measuring their dimensions using an electronic caliper. The bending properties were determined according to the ISO 16978:2003 standard58 . The Shore D surface hardness was determined according to the ISO 868:2003 standard59 . The internal bond strength was determined according to the ISO 16260:2016 standard 60 . The water sensitivity after immersion in water (i.e., thickness swelling and water absorption) was determined according to the ISO 16983:2003 standard61 . All determinations were carried out four times. Results in the table correspond to the mean values ± standard deviations. n.d., non-determined.

Figure 5 . 5 :

 55 Figure 5.5: Modulus and temperature of fiberboards.

  ressources non renouvelables, et celles-ci s'épuisent. Il est donc important d'investir sur des ressources renouvelables et respectueuses de l'environnement. Les fibres naturelles figurent parmi les candidats les plus prometteurs. Les fibres peuvent être synthétiques ou naturelles. Toutefois, les fibres naturelles ont l'avantage d'être renouvelables et respectueuses de l'environnement en raison de leurs bonnes propriétés de biodégradation. Les fibres naturelles sont divisées en fibres animales, végétales et minérales. Les fibres végétales sont subdivisées en de nombreuses classes telles que les fibres de feuilles, les fibres de graines et les fibres libériennes. Ces dernières sont très intéressantes en raison de leurs longueurs et de leurs bonnes propriétés mécaniques. Le lin est l'une des principales sources de fibres libériennes. Il existe deux types de lin : le lin textile et le lin oléagineux. Le lin textile est cultivé uniquement pour ses fibres. Le lin oléagineux est principalement cultivé pour ses graines. Les pailles de lin oléagineux sont considérées comme un déchet et n'ont pas de réelle utilisation sinon comme litière pour animaux et pour des applications d'isolation. Cependant, la production de paille de lin oléagineux peut atteindre 5,1 t/ha. Dans ce travail, la paille de lin oléagineux a été valorisée en totalité, pour des applications de géotextiles et de panneaux de fibres. Les fibres libériennes représentent environ 30% de la masse sèche de la paille alors que le reste est composé d'anas et de poussières. Pour extraire les fibres, deux méthodes d'extraction mécanique ont été utilisées : une carde briseuse (A) et un extracteur « toutes fibres » (B). La pureté des fibres et la longueur des fibres techniques ont été déterminées tout comme le diamètre, la section transversale, la résistance à la traction et le module d'Young des fibres élémentaires. La longueur des faisceaux était plus élevée avec la méthode A en raison d'un processus d'extraction moins agressif. Il a également été constaté que les fibres extraites via les deux méthodes avaient de bonnes propriétés mécaniques, supérieures à celles du chanvre et se situant dans les valeurs inférieures du lin textile, rendant possible leur utilisation dans des géotextiles.De plus, l'impact de la durée de rouissage au champ (jusqu'à quatorze semaines) a été étudié et il a été constaté qu'avec l'augmentation de cette durée, la teneur en cellulose dans les faisceaux extraits augmentait en même temps que la teneur en pectines diminuait. Un lot ayant subi un 208 rouissage de douze semaines a été considéré comme optimal et les faisceaux extraits ont été utilisés pour fabriquer des fils grossiers à l'aide d'un métier à filer. Ceux-ci ont été qualifiés en fonction de leur durabilité dans des conditions réelles de vieillissement dans le sol. Des fils enduits d'huile de lin ou de chitosane ont été comparés à des échantillons non enduits en guise de référence. Les résultats ont révélé que les fils enduits d'huile de lin conservent leur intégrité et leur résistance pendant une durée plus longue.Les anas constituent le composant principal de la paille (60-70%). Ils ont été valorisés pour fabriquer des panneaux de fibres par pressage à chaud après leur raffinage thermo-mécanique bivis en présence d'eau. Utilisé comme liant protéique, un tourteau de lin plastifié a été ajouté aux anas pour contribuer à une meilleure cohésion des panneaux. Différents panneaux ont été fabriqués en utilisant différentes teneurs en tourteau de lin, températures et pressions. Le panneau optimal pourra être utilisé pour des applications de type P6 (panneaux travaillant sous forte contrainte et utilisé dans un environnement sec) selon la norme NF EN 312 relative aux exigences des panneaux de particules.
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Table 1 .

 1 3: Top 10 countries in the world. Flax fibres and tows production (tons) in 2017[START_REF] Muzyczek | The use of flax and hemp for textile applications[END_REF] 

	Country	Rank	Quantity (tons)
	World		780,554
	France	1	578,645
	Belgium	2	69,341
	Belarus	3	42,327
	Russia	4	38,795
	United Kingdom	5	12,452
	China	6	12,140
	Netherlands	7	10,224
	Egypt	8	8,123
	Chile	9	3,139
	Argentina	10	2,609

Canada is the largest producer of flax with around 1.035 millions-tons of flax fibres in the year

[2005][2006]

. France, The Netherland and Belgium are some other big flax producing countries and they contribute around130,000 ha cultivation area.

Table 1 .

 1 4: Properties of different flax fibres.

	Raw material	Tensile strength	Length (mm)	Thinness (tex)
		(cN/tex)		
	Flax long scutched	27-73 (dry state)	300-1400	4.0-6.0
	Flax hackled scutched		350-700	1.4-3.3
	Scutched tow	18-35 (dry state)	80-140	3.5-5.5
	Matted tow		140-250	4.5-6.5

1.12.1 General principle of mechanical fractionation of linseed flax stems

  

	additional vegetal fractions of interest, i.e., vegetal dust and shives. Vegetal dust, on the one hand,
	consists of small particles (i.e., fines) that may be employed for the mechanical reinforcement of
	thermoplastic polymers in WPCs (Wood Polymer Composites)
	Ouagne et al. (2017a) findings indicated the economic interest of harvesting oleaginous flax stems
	for technical fibre uses. At the same time, the mechanical extraction procedure produced two

Table 1 .

 1 5 Physical and tensile properties of unprocessed yarns used for geotextiles.

		Yarn fineness	Torque (rd/m) Tensile strength	Young's
		(tex)		(MPa)	modulus (MPa)
	Flax (Ouagne et	4187±396	64	72±7	759±40
	al., 2017)				
	Hemp (Ouagne	4312±513	62	45±5	788±28
	et al., 2017)				
	Coir (Ouagne et	6172±1754	Double twisted	14±2	91±24
	al., 2017)		yarn		

1 Cultivation details and plot locations in 2018 and 2019

  Straws of oleaginous flax (Linum usitatissimum L.) used in this research were supplied by Ovalie Innovation (Auch, France). The used straws were harvested in two consecutive years(2018 and 2019) and their details are given below.

	2.1.The Everest variety of linseed flax was used in this research work. The Southwest part of France
	was selected for the cultivation of linseed flax plants. Pavie (32550) (43°62' N, 0°57' E) and
	Seissan (32260) (43°49' N, 0°55' E) were the exact locations of the plant's cultivation for the 2018
	batches, and Saramon (32450) (43°31' N, 0°46' E) for the 2019 ones. These three locations were
	quite close to each other (less than 20 km).				
		Industrial	Crops	and	Products,	52,	354-362.
	Journal of Agricultural Studies, 3(2), 194-211. https://doi.org/10.5296/jas.v3i2.7738	
	Flanagan, D. M. (2021). ASBESTOS. https://pubs.usgs.gov/periodicals/mcs2021/mcs2021-
	asbestos.pdf						
	Flower, G., Fritz, H., Balneaves, L. G., Verma, S., Skidmore, B., Fernandes, R., Kennedy, D.,
	Cooley, K., Wong, R., Sagar, S., Fergusson, D., & Seely, D. (2014). Flax and Breast Cancer : A
	Systematic	Review.	Integrative	Cancer	Therapies,	13(3),	181-192.

Evon, Philippe, Barthod-Malat, B.,

Grégoire, M., Vaca-Medina, G., Labonne, L., Ballas, S., Véronèse, T., & Ouagne, P. (2019)

. Production of fiberboards from shives collected after continuous fiber mechanical extraction from oleaginous flax. Journal of Natural Fibers,

16(3)

, 453-469. https://doi.org/10.1080/15440478.2017.1423264 Evon, Philippe, de Langalerie, G., Labonne, L., Merah, O., Talou, T., Ballas, S., & Véronèse, T. (2020a). Low-density insulation blocks and hardboards from amaranth (Amaranthus cruentus) stems, a new perspective for building applications. 3rdb Euromaghreb Conference: Sustainability and Bio Based Materials on the Road of Bioeconomy, 3. https://doi.org/10.3390/coatings11030349 Evon, Philippe, Labonne, L., Khan, S. U., Ouagne, P., Pontalier, P.-Y., & Rouilly, A. (2021). Twin-Screw Extrusion Process to Produce Renewable Fiberboards. Journal of Visualized Experiments, 1-27. https://doi.org/10.3791/62072 Evon, Philippe, Langalerie, D., Labonne, L., Merah, O., & Talou, T. (2020b). Stems from amaranth (Amaranthus cruentus ), an original agricultural by-product for obtaining low-density insulation blocks and hardboards for building applications Open Archive Toulouse Archive Ouverte OATAO is an open access repository that collects t (Issue June). Evon, Philippe, Vandenbossche, V., Pontalier, P. Y., & Rigal, L. (2014). New thermal insulation fiberboards from cake generated during biorefinery of sunflower whole plant in a twin-screw extruder. https://doi.org/10.1016/j.indcrop.2013.10.049 Evon, Philippe, Vinet, J., Rigal, M., Labonne, L., Vandenbossche, V., & Rigal, L. (2015). New insulation fiberboards from sunflower cake with improved thermal and mechanical properties. https://doi.org/10.1177/1534735413502076 2.1 Plant material (linseed flax)

Table 2 .

 2 1: Harvesting details of the 2018 batches.

	Batch	Harvesting	Cutting	Disconnection	Growth	Dew retting
	number	place	type	of the	regulator	duration
				shredder		(weeks)
	1	Pavie (32550)	High cut	Yes	Yes	6
	2	Pavie (32550)	High cut	Yes	Yes	0
	3	Pavie (32550)	Low cut	No	Yes	0
	4	Pavie (32550)	Low cut	Yes	Yes	0
	5	Seissan	High cut	No	No	2
		(32260)				
	6	Seissan	Low cut	No	No	0
		(32260)				

Table 2 .

 2 2: Harvesting details of the 2019 batches.

	Batch number	Cutting type	Dew retting duration (weeks)
	1	High cut	12
	2	Low cut	12
	3	High cut	14
	4	Low cut	14

table below Table 2 .

 below2 3: Description of the FT 122 and FT 121 Fibertec TM units.

	Equipment	Power supply	Power consumption Water supply	
	FT 122	220-230 V (±10%)	1 kW	Tap	water	for
		50-60 Hz		condensing and for
				filtration	
	FT 121	-	-	Tap water during
				filtration	

Table 2 .

 2 4: Sampling details and performance parameters for the FT 122 and FT 121 Fibertec TM units.

	Sample weight	0.5-3 g
	Measuring range	From 0.1% to 100%
	Per batch capacity	Six samples at a time
	Repeatability	±1% relative at 5-30% fiber level
	2	

.2.3.3 Pectic substances 2.2.3.3.1 Two-step extraction procedure

  

Table 3 .

 3 3: Contents in fibres and shives in the different straw batches tested (determination through manual extraction) (% in weight).

	Batch Number	Fibre Content	Shives Content
	1	30.1	69.9
	2	28.9	71.1
	3	33.3	66.7
	4	32.8	67.2
	5	32.2	67.8
	6	45.9	54.1

Table 3 . 7

 37 

	Batch Number	Process A	Process B
	1	11.7 ± 6.2	9.4 ± 4.6
	2	10.9 ± 5.9	6.4 ± 3.2
	3	10.7 ± 5.6	7.7 ± 4.0
	4	10.6 ± 5.7	8.3 ± 3.9
	5	11.1 ± 5.3	8.1 ± 4.1
	6	13.4 ± 7.8	7.9 ± 3.5
	Results are presented as mean values ± standard deviations.

: Length of fibre bundles (cm) inside all the final laps produced.

Table 3 .

 3 8: Tensile properties, minimal diameter, maximal diameter, and cross section area of individual fibres inside all the final laps produced.

	Characteristic 1A 1B 2A 2B 3A 3B 4A 4B 5A 5B 6A	6B
	Tensile strength	456 ±	694 ±	832 ±	626 ±	778 ±	660 ±	751 ±	939 ±	701 ±	827 ±	874 ±	880 ±
	(MPa)	308	374	578	419	516	383	454	525	402	490	560	1077
	Young's modulus	29.5 ±	39.4 ±	41.9 ±	35.3 ±	43.5 ±	36.7 ±	43.6 ±	46.2 ±	40.9 ±	50.6 ±	46.1 ±	63.7 ±
	(GPa)	14.1	20.1	24.0	19.3	22.4	15.3	23.8	21.7	21.7	23.0	24.8	58.2
	Minimal diameter	15.1 ±	16.2 ±	13.5 ±	15.4 ±	13.7 ±	16.1 ±	11.5 ±	12.1 ±	10.0 ±	10.5 ±	12.7 ±	13.0 ±
	(µm)	5.7	5.9	5.7	5.7	5.5	5.0	3.8	4.4	3.1	3.9	5.8	6.5
	Maximal	34.4 ±	33.4 ±	26.2 ±	31.8 ±	27.8 ±	31.2 ±	23.5 ±	29.2 ±	28.2 ±	25.2 ±	28.8 ±	30.4 ±
	diameter (µm)	16.2	12.8	10.9	12.8	11.1	13.2	9.1	8.1	10.4	8.9	12.0	12.4
	Cross section area	462 ±	466 ±	323 ±	431 ±	348 ±	442 ±	248 ±	306 ±	243 ±	241 ±	334 ±	364 ±
	(µm2)	338	307	253	290	271	315	201	175	159	210	302	333
		Results are presented as mean values ± standard deviations.		
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Table 4 .

 4 1: Harvesting details of the four batches of oleaginous flax straw used in this study.

	Batch number	Cutting type	Dew retting duration (weeks)
	1	High cut	12
	2	Low cut	12
	3	High cut	14
	4	Low cut	14

Table 4 .

 4 3: Contents in fibres and shives in the different straw batches tested (determination through manual extraction) (% in weight).

	Batch number	Fibre content	Shives content
	1 (high cut)	30.4	69.6
	2 (low cut)	32.8	67.2
	3 (high cut)	28.8	71.2
	4 (low cut)	33.6	66.4

Table 4 .

 4 4: Chemical composition of manually extracted fibres as a function of the dew retting duration including the values from Khan et al. (2021) corresponding to no dew retting and six weeks dew retting (% of dry matter).In Table4.4, the chemical composition of manually extracted fibres is presented as a function of the dew retting duration. This table includes also the values from Khan et al. (2021) corresponding to no dew retting and six weeks dew retting. If the straws in this study were from the 2019 harvest, those presented in Khan et al. (

	Batch	Dew retting	Hemicelluloses	Lignins	Cellulose	Pectins
	number	duration				
		(weeks)				
	Ullah	No dew retting	12.9 ± 0.5	5.3 ± 0.4	62.1 ± 0.4	4.4 ± 0.2
	Khan et	(reminder)				
	al., 2021					
	Ullah	6 (reminder)	10.3 ± 0.0	5.5 ± 0.1	67.0 ± 0.1	3.7 ± 0.2
	Khan et					
	al., 2021					
	1	12	8.0 ± 0.4	3.6 ± 0.3	73.9 ± 0.6	3.0 ± 0.3
	2	12	8.5 ± 0.4	3.8 ± 0.1	76.5 ± 0.2	2.6 ± 0.1
	3	14	6.8 ± 0.7	3.8 ± 0.2	75.7 ± 0.4	2.7 ± 0.3
	4	14	3.4 ± 2.2	4.5 ± 1.1	76.8 ± 0.4	2.5 ± 0.1
	Results are presented as mean values ± standard deviations.		

Table 4 .

 4 5: Comparison of the final purities in fibres (%) for the two processes tested (i.e., A and B).

	Batch number	1	2	3	4
	Process A (%)	81.7	81.8	72.6	85.5
	Process B (%)	73.4 (-8.3)	73.3 (-8.5)	76.6 (+4.0)	79.7 (-5.8)

Table 4 .

 4 6: Purity of the fibrous materials in fibres during process B (i.e., for the fibre lap at the outlet of the "all fibre" extraction device, and after sieving), and amount of impurities in the fibrous lap after sieving (% in weight).

	Batch	After the "all fibre"	After sieving Impurities (i.e., shives and dust
	number	extraction device		amount) in the fibrous lap after
				sieving
	1	50.3	73.4	26.6
	2	54.5	73.3	26.7
	3	56.7	76.6	23.4
	4	63.4	79.7	20.3

Table 4 .

 4 7: Length of fibre bundles (cm) inside all the final laps produced.

	Batch number	Process A	Process B
	1	13.1 ± 7.1 (+75%)	7.6 ± 3.1
	2	14.9 ± 7.7 (+104%)	7.3 ± 3.5
	3	12.8 ± 7.0 (+68%)	7.8 ± 3.1
	4	14.1 ± 7.3 (+90%)	7.5 ± 3.2

Results are presented as mean values ± standard deviations. The percentage in parentheses corresponds to the relative increase in the length of fibre bundles obtained for process A in comparison with process B for the same straw batch.

Table 4 .

 4 8: Tensile properties, minimal diameter, maximal diameter, and cross section area of individual fibres inside all the final laps produced.

	Characteristic	1A	1B	2A	2B	3A	3B	4A	4B
	Tensile	922 ±	737 ±	781 ±	759 ±	855 ±	788 ±	820 ±	807 ±
	strength (MPa)	364	319	326	309	348	450	302	314
	Young's	56.5 ±	53.4 ±	53.3 ±	53.4 ±	52.3 ±	48.6 ±	52.9 ±	51.2 ±
	modulus (GPa)	19.6	14.8	18.2	17.2	17.2	16.5	12.0	14.3
	Minimal	11.6 ±	10.9 ±	12.2 ±	12.3 ±	10.8 ±	11.8 ±	11.9 ±	12.2 ±
	diameter (µm)	2.0	2.9	2.9	3.6	2.5	2.8	3.0	3.3
	Maximal	22.0 ±	22.5 ±	23.0 ±	23.7 ±	22.1 ±	24.7 ±	20.9 ±	23.4 ±
	diameter (µm)	5.0	6.1	4.8	6.1	4.0	7.4	4.2	5.2
	Cross section	181 ±	204 ±	230 ±	242 ±	195 ±	241 ±	201 ±	238 ±
	area (µm 2 )	76	94	92	124	78	128	82	114
	The tensile strength values varied from 737 MPa to 922 MPa. The minimal one (i.e., 737 MPa)

Table 4 .

 4 9: Characteristics of the optimal 100% linseed flax yarn, i.e., corresponding to 100 twists per meter.

	Characteristic	Diameter	Linear mass	Breaking force (N)	Tensile
		(mm)	tex		strength (MPa)
	Value	2.5 ± 0.29	4060 ± 132.4	242.5 ± 49.1	49.4 ± 10.0
	Results are presented as mean values ± standard deviations.	

Table 5 .

 5 3: Chemical composition of oleaginous flax shives before and after the extrusionrefining pre-treatment.

	Material	OFS 27	ERF
	Moisture (%)	8.4 ± 0.2	8.3 ± 0.2
	Minerals (% of the dry matter)	2.0 ± 0.1	2.0 ± 0.1
	Cellulose (% of the dry matter)	45.6 ± 0.4	44.3 ± 0.4
	Hemicelluloses (% of the dry matter)	22.4 ± 0.1	22.8 ± 0.1
	Lignins (% of the dry matter)	25.1 ± 0.6	23.7 ± 0.5
	Water-soluble components (% of the dry matter)	4.1 ± 0.1	4.3 ± 0.1

Table 5 .

 5 . The contents in water-soluble compounds were determined by measuring the mass loss of the test sample after 1 h in boiling water. All measurements were conducted in duplicate. Results in the table correspond to the mean values ± standard deviations. 4: Apparent and tapped densities of oleaginous flax shives before and after the extrusionrefining pre-treatment.

	Material	Apparent density (kg/m 3 )	Tapped density (kg/m 3 )
	OFS 27	117 ± 5	131 ± 4
	ERF	71 ± 1	90 ± 1

Table 5 .

 5 5: Morphological characteristics of oleaginous flax shives before and after the extrusionrefining pre-treatment.

	Material Fibre length (µm)	Fiber diameter	Aspect ratio	Fines (%)
			(µm)		
	OFS 27	5804 ± 4013	1107 ± 669	6 ± 6	n.d.
	ERF	559 ± 27	20.9 ± 0.2	27 ± 2	56 ± 2

Table 5 .

 5 6: Mechanical properties, thickness swelling, and water absorption of the fiberboards manufactured by hot pressing.
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-A second article, untitled "From the field to the end product: linseed flax, a potential candidate to produce 100% biobased geotextiles with improved mechanical and durability properties" and recently submitted for publication in the Journal of Natural Fibers (under review at the moment of submission of this thesis manuscript).

-A third and last article, untitled "Twin-screw extrusion process to produce renewable fiberboards" and published in the Journal of Visualized Experiments January 13, 2021. Evon, Ph., Labonne, L., Ullah Khan, S., Ouagne, P., Pontalier, P.Y., Rouilly, A., Twin-screw extrusion process to produce renewable fiberboards. Journal of Visualized Experiments, e62072 (2021).

Then, a brief conclusion giving the main results of this thesis work will be proposed.

Chapter 3. Continuous Mechanical Extraction of Fibres from Linseed Flax

Straw for Subsequent Geotextile Application 

Manual Extraction of Fibres

For all the batches of oleaginous flax straw treated in this study, around fifty stems were chosen randomly, and those were used to separate manually fibres from shives. At the end of the manual extraction, the mass content of fibres inside each batch was determined. In parallel, the fibres extracted were used for determining their chemical composition.

Chemical Composition of Fibres

The moisture content of the fibrous materials was determined according to the ISO 665:2000 standard [17].

The chemical composition of fibres was determined from those which were extracted manually.

Once extracted, the fibres were cut with a pair of scissors to a length of about 4-5 mm. Then, they were grinded finely using a Foss Tecator Cyclotec 1093 mill (Foss, Hillerød, Denmark) fitted with a 1 mm sieve. The obtained powder was the test sample used for the chemical characterizations.

Firstly, the three main parietal constituents, i.e., cellulose, hemicelluloses, and lignins, were evaluated using the ADF-NDF (ADF for Acid Detergent Fibre, and NDF for Neutral Detergent Fibre) method of Van Soest and Wine [18,19]. A Foss Tecator FT122 Fibertec hot extractor (Foss, Hillerød, Denmark) was used for the hot extractions, and a Foss Tecator FT121 Fibertec cold extractor (Foss, Hillerød, Denmark) was used for the cold ones.
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methods A and B, they were 845 MPa and 773 MPa, respectively, for tensile strength, and 54 GPa and 52 GPa, respectively, for Young's modulus. So, method A was more suitable as compared to method B with regard to the elementary fibre's tensile properties, surely making the breaking roller/breaking card a less severe (i.e., less aggressive) extraction device in comparison with the "all fibre" machine.

When considering the two different dew retting durations, the average values for tensile strength were 800 MPa and 818 MPa, respectively, for 12 weeks dew retting and 14 weeks dew retting.

Similarly, Young's modulus values were 54 GPa and 51 GPa, respectively. Although the 12 weeks dew retted batches showed slightly lower average values for tensile strength, the difference was particularly limited. In parallel, elementary fibres corresponding to this shorter retting time were a little more rigid. This could be the consequence of a sufficient and optimal dew retting duration at 12 weeks. In conclusion, two additional weeks of dew retting had no real interest for tensile property point of view.

For the yarn production, the choice has thus been made to use the 1A fibre bundles, i.e., bundles extracted from straw batch number 1 (lower dew retting duration) using the breaking roller/breaking card route as the fibres show longer mean length (i.e., 13.1 cm), and the highest tensile properties of the entire study.

Yarn's tensile strength

Yarns were successfully produced from the 1A fibre bundles using a gill-flyer spinning machine, and the characteristics of the optimal 100% linseed flax twisted yarn obtained are presented in Table 4.9. In particular, the tensile strength value was 49.4 MPa. This optimal yarn was manufactured by optimising the machine parameters, e.g., the speed of the feed rollers, the speed of the delivery rollers, etc. Also, the spindle speed was important to maintain a good twist level for yarn manufacturing. It is also important to note that by increasing the twist level, the linear mass values of yarns were increased. Increasing the twist level brings the fibres in close contact together and more turn for them around the centre of the yarn will help to increase its specific weight (i.e., its weight per unit of length). On the opposite, when the machine parameters were set for a low twist, rotation of fibres along the yarn axis was less and the same number of fibres were spread on a longer length, which resulted in the decrease in the linear mass value. The optimal 

Abstract

A versatile twin-screw extrusion process to provide an efficient thermo-mechano-chemical pretreatment on lignocellulosic biomass before using it as source of mechanical reinforcement in fully bio-based fiberboards was developed. Various lignocellulosic crop by-products have already been successfully pre-treated through this process, e.g., cereal straws (especially rice), coriander straw, shives from oleaginous flax straw, and bark of both amaranth and sunflower stems.

The extrusion process results in a marked increase in the average fiber aspect ratio, leading to improved mechanical properties of fiberboards. The twin-screw extruder can also be fitted with a filtration module at the end of the barrel. The continuous extraction of various chemicals (e.g., free sugars, hemicelluloses, volatiles from essential oil fractions, etc.) from the lignocellulosic substrate, and the fiber refining can, therefore, be performed simultaneously.

The extruder can also be used for its mixing ability: a natural binder (e.g., Organosolv lignins, protein-based oilcakes, starch, etc.) can be added to the refined fibers at the end of the screw profile. The obtained premix is ready to be molded through hot pressing, with the natural binder contributing to fiberboard cohesion. Such a combined process in a single extruder pass improves the production time, production cost, and may lead to reduction in plant production size. Because all the operations are performed in a single step, fiber morphology is better preserved, thanks to a reduced residence time of the material inside the extruder, resulting in enhanced material production time and cost, as well as the dimensioning of the premix preparation unit. The overall process of pre-treatment of the fibers and preparation of the premix is thus greatly intensified before fiberboards hot-pressing. The addition of an exogenous binder also contributes to a substantial improvement in the usage properties of the materials obtained. This innovative process is, therefore, particularly versatile as it can be adapted to different lignocellulosic biomasses and different natural binders.

In the future, the excellent mixing capability of the twin-screw tool should be further exploited.

For example, it could be used to complement the premix of various functional additives, e.g., hydrophobing agents to improve the water resistance of fiberboards, antifungal agents, fire retardants, colors, etc., so as to provide fully functionalized premix ready for the final molding process.
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Apart from purity, fibre bundle length was a significant parameter for subsequent applications.

Method A showed a significant increase in thislength (i.e., maximum fibre bundle length of 13.4 cm) as compared to method B (i.e., maximum fibre bundle length of only 9.4 cm). The breaking card used in method A was in fact less aggressive than the "all fibre" extraction device used in method B, thus better preserving the fibre bundle length. These values of fibre bundle length were superior to those previously obtained by Ouagne et al. (2017).

Tensile strength of all the batches varied differently but the maximum tensile strength was 939

MPa for method A whereas it was 880 MPa for method B. These values were also greater than those obtained previously. However, as the dew retting was seen as efficient for the fibre extraction procedure, there was a need to investigate the interest of longer dew retting durations.

The second experimental chapter deals with extended dew retting durations (up to 14 weeks). Also, this chapter aims to optimize all the parameters, i.e., from the field to the final product. From the extracted fibre bundles, 100% linseed flax yarns were thus produced for subsequent geotextile applications using a gill spinning frame. After yarn manufacturing, the effect of chitosan coating and linseed oil coating on the durability of the yarns was measured by placing them in the soil, and assessing the decrease in tensile strength of the yarns for different durations (i.e., up to six months).

As the sieving extra-step was not applied in this chapter for method B, the fibre purity values were higher for method A. For chemical composition, ADF and NDF results showed favorable results

for the highly retted batches (i.e., 74% and 77% cellulose content for the 12 weeks and 14 weeks batches, respectively). Similarly, a significant decrease in pectin content was observed with an increase in dew retting duration. Additionally, a slight increase in the fibre bundle length was obtained in this chapter in comparison with the batches tested in the previous chapter, and for which the dew retting duration was no more than 6 weeks. However, the results did not show a significant increase in this length with an increase in the dew retting duration from 12 weeks to 14

weeks. Thus, it was concluded that the 12 weeks dew retting duration was the optimum for further yarn manufacturing. This batch showed the longest fibre bundle length, i.e., 14.9 cm. Young's modulus and tensile strength values for this batch were also close to the lower range of textile flax fibres.

Summary of research

Due to the rapid increase of the world population and wastes generated by humans, landfills are filling quickly. Pollution is also increasing due to excessive use of non-renewable resources, and these resources are depleting as well. It is therefore important to invest and work on renewable and environment-friendly resources. To address these issues, natural fibres are among the most promising candidates. Fibres may be synthetic or natural. However, natural fibres have the advantage to be renewable and environmentally friendly due to good biodegradation properties.

Depending on their origin, natural fibres are divided into the animal, plant and mineral fibres. Plant fibres are subdivided into many classes such as leaf fibres, seed fibres and bast fibres. These latter are particularly interesting due to their longer fibre lengths and good mechanical properties. Flax is one of the main sources of bast fibres. Two types of flax exist: textile flax and linseed flax. On the one hand, textile flax is only cultivated for its fibres. On the other, linseed flax is primarily cultivated for its seeds. Straws from linseed flax are considered as a burden for the farmers and they don't have charming end uses except as animal litters and for insulation applications.

However, the production of linseed flaw straw can be up to 5.1 t/ha.

In this research work, linseed flax straw was fully valorized for geotextile and fiberboard applications. Bast fibres were around 30% of the dry mass of straw whereas the remaining amount was composed of shives and dust. To extract the fibres from straw, two different mechanical extraction methodologies were used, i.e., a breaking card (method A) and an "all fibre" extraction device (method B). Fibre purity and technical fibre bundle length were determined just as the diameter, cross sectional area, tensile strength and Young's modulus of elementary fibres. Fibre bundle length was higher in the case of method A as compared to method B due to a less aggressive extraction process with the breaking card. It was also found that the fibres extracted from both methodologies have good mechanical properties that are superior to hemp and lie in the lower values of textile flax, making them a promising candidate for subsequent use in geotextile applications.

Also, the impact of different dew retting durations (i.e., from no dew retting to fourteen weeks dew retting) was studied and it was found that with an increase in the dew retting duration, the cellulose content in the extracted bundles was increased and pectins were decreased at the same time. A twelve weeks dew retted batch was considered as the optimal one and the resulting extracted 206 bundles were chosen to manufacture coarse yarns using a gill spinning frame. The latter were qualified in terms of their durability in real soil ageing conditions. Linseed oil or chitosan coated yarns were compared with non coated samples as a reference. And, the results revealed that the linseed oil coated yarns maintained their integrity and strength for a longer duration.

The woody part (i.e., the shives) was the major component of the straw, representing from 60% to 70% of its dry mass. Shives were valorized to manufacture fiberboards by hot pressing after their thermo-mechanical refining in the presence of water using a twin-screw extruder. Used as a protein-based binder, a plasticized linseed cake was added to the extrusion-refined shives to contribute to better board's cohesion. Different fiberboards were manufactured using different linseed cake content, temperature and pressure. The optimal 100% linseed flax-based hardboard was recommended for type P6 applications according to the NF EN 312 standard on particleboard requirements, i.e., as a board working under high stress and used in dry environment.