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General introduction Current context

Significant advances in the field of materials science were achieved during the XX th century, notably in the polymers industry, with an apparition in 1922, 100 years ago, of the term "macromolecules". Synthetic polymers or "plastics" are anthropogenic contaminants that affect natural ecosystems. The continuous disposal of long lifespan plastics has resulted in the accumulation of plastic waste, leading to significant pollution of both marine and terrestrial habitats. In 2015, of all plastic waste ever been produced from 1950 (6,300 Mt), only 9 % had been recycled, while 12 % had been incinerated and 79 % had accumulated in the natural environment (Geyer et al., 2017). In addition, the extraction of fossil fuels releases significant amounts of greenhouse gases, accelerating global warming. Without considering that these polluting resources are limited in quantity because they are not renewable. Thus, the development of environment-friendly materials from renewable resources to replace petroleum-based plastic are at the core of several scientific research.

However, bio-sourced materials have difficulty to compete with plastic in specific applications. To enhance the performance of bio-based materials, in particular barrier, mechanical and thermal properties, one strategy consists of using them at their nanoscale. In October 2011, The European Union adopted a definition of nanomaterials as "a natural, incidental or manufactured material containing particles, in an unbound state or as an aggregate or as an agglomerate and where, for 50 % or more of the particles in the number size distribution, one or more external dimensions is in the size range 1 nm -100 nm. " (2011/696/EU, 2011).

Nanomaterials have a high surface area, implying that their nanometric dimensions are more reactive than in their classical state and explaining the strong interest for nanotechnology during the last 3 decades. Indeed, nanomaterials have shown physical, mechanical, thermal, electrical, magnetic and optical properties depending directly on their nanoscale size. These ones can differ fundamentally from those of the material at the microscopic level, as it has been exploited until now. Moreover, nanomaterials find applications in several sector area (health, electronic, food, transport industry, etc.).

In Europe, the nanotechnology research and development expenditures grew from 782 million USA dollars in 2008 to 2,648 million USA dollars in 2018; for a total growth in the period of 238 %, i.e. an average increase of 24% per year for ten years . Cellulose or β(1-4) D-anhydroglucopyranose polymer is the most abundant bio-based polymer on earth and has been used for millennia in human society for several applications. Cellulose can be extracted from a large variety of sources: wood (the primary source), annual plants (cotton, hemp, and so on), but also micro-organisms and animals (tunicate).

In vegetal biomass, cellulose is produced by photosynthesis from carbon dioxide, water and sunlight and is linked with other very well-known biopolymers as lignin, hemicelluloses and pectins. Our society has used natural cellulose-based materials as engineering materials for thousands of years. This continues today, given the huge worldwide organization of industries in forest products, paper, textiles, etc. The annual cellulose production amounts to 10 11 tons, but only 5% is extracted and used in industry (Belgacem & Pizzi, 2016).

From vegetal biomass, two kinds of nanocelluloses can be extracted: cellulose nanofibrils (CNF) and cellulose nanocrystals (CNC) . Nanocelluloses morphologies and properties strongly depend on the cellulose sources and the treatment used. Cellulose nanocrystals and cellulose nanofibrils are two very different materials. CNCs are highly crystalline rigid rod-like particles. They were extracted for the first time in 1950 by the acid hydrolysis of the cellulose amorphous part (Rånby & Ribi, 1950). On the contrary CNFs are mechanically defibrillated from cellulose fibres and have flexible "fibre" morphology. They were isolated and analysed for the first time in 1982 by Turbak et al. (Turbak et al., 1982) and Herrick et al. in 1983(Herrick et al., 1983). Cellulosic nanoparticles have a high aspect ratio, low density and yet high mechanical properties and a highly reactive surface due to the high density of hydroxyl groups of the cellulose molecule (Dufresne, 2017). Moreover, they are biosourced and biodegradable. Such materials surely have a role to play in the next decades, mainly to replace the plastic materials that invade our daily lives. Since their discovery, the number of publications concerning nanocelluloses has grown considerably due to environmental concerns and the potential applications of these exciting materials.

Figure GI-3 plots the number of scientific publications and patents related to cellulose nanocrystals and nanofibrils. Those data show the exponential interest in these biobased nanomaterials. CNC and CNF have been a hot topic in science these last decades (between 1990 and 2019), as judged by the publication growth rate of 29 and 26 percent and year, respectively (Tardy et al., 2021). The industrial production of nanocelluloses presented in Figure indicates that CNC and CNF are gradually becoming commercially available, with significant progress made during the last 5 years.

Figure Overview of the global CNF (green) and CNC (bleu) market, with the number of known nanocellulose producers for each country (Dhali et al., 2021;Reverdy, 2017).

The industrial production of cellulose nanofibrils has been extensively studied and optimised. Indeed, enzymatic pre-treatments or TEMPO-oxidation drastically decreased the energy required to produce CNF suspensions, allowing cheaper and easily implemented processes compared to CNC. Moreover, new devices allow to produce high concentrated CNF suspension, reducing their transport costs. On the contrary, the current CNC production process is still a challenge for its industrialisation. Indeed, several concerns remain as: (i) the difficulties of the acid recovery; (ii) the low thermal-stability of the CNC, limiting their applications; (iii) the difficulties in functionalisation of CNC due to the presence of sulfate groups (from sulfuric acid hydrolysis) and the limited solution for the washing steps; and finally (iv) the low CNC yield between 10-50% reported by literature studies. This is why, the research for more responsible processes that reduce manufacturing costs and increase CNC yield production is still a major expectation in the field of nanocelluloses (NC).

Furthermore, the hydroxyl groups on NC surface facilitates the surface chemical modification of nanocellulose and grafting of specific chemical species. Different technics can be used to functionalize nanocelluloses surfaces and allow their use in new fields of applications like cosmetic, composites, electronic, or even medical applications. Adsorption, covalent binding of molecules or macromolecules, and oxidation are the many ways to incorporate new highadded values functions to these bio-based nanomaterials. However, chemical modifications often require the addition of multi steps during the process and may necessitate the use of reactants or solvents that are harmful to the environment and to the users. There are two solutions to overcome these challenges. First, one idea is to prioritize processes with a minimum of reaction steps. Thus, the extraction and modification of nanocelluloses in a onestep process would reduce the production costs of these materials and facilitate their industrialization. Second, it seem obvious to rely on the 12 principles of green chemistry (Anastas & Warner, 1998) to guarantee a sustainable process, respectful of the environment and ensuring the green aspect of these bio-sourced nanomaterials.

Thesis environment and manuscript organization

In this context, this PhD project aims to contribute to the knowledge on nanocellulose modification and new ways of treatment for nanocelluloses obtention, with a target of using green chemistry principles. The three main scientific challenges consist:

-To develop innovative treatments to extract nanocellulose from several vegetal sources; -To find new ways of cellulose modification to bring new functionality to this polymer; -To combine nanocellulose extraction and modification in a single-step treatment to overcome the drawback of actual processes.

This work was conducted in the Laboratory of Pulp and Paper Science and Graphic Arts (LGP2), a CNRS Joint Unit (UMR 5511) located in Grenoble, FRANCE. This three-year project (2018)(2019)(2020)(2021) was supervised by professor Naceur Belgacem and associate professor Julien Bras. The present manuscript is divided into four chapters, as described in Figure GI-5.

Chapter I gives an overview of the current cellulose structure, modification, and nanocellulose extraction. Chapter I.1 first describes the cellulose polymer, its chemical and structures properties and the fibres surface modification realized by esterification. Chapter I.2 then reviews the Natural Deep Eutectic Solvent (NADES) properties and their use for nanocelluloses extraction and modifications. Finally, a description of mechanochemistry principles applied to cellulosic fibres is given in Chapter I.3

In Chapter II, new ways of treatment using Acidic Natural Deep Eutectic Solvents (NADES) as reactive solvents for cellulose nanocrystal extraction and modification will be studied. Chapter II.1 first reports the use of an acidic NADES based on choline chloride and oxalic acid dihydrate for the efficient production of cellulose nanocrystals. The design of experiment approach is used to evaluate the influence of treatment conditions on the CNC yield of extraction and crystallinity. Then, Chapter II.2 describes the use of choline chloride: citric acid monohydrate NADES as a strategy of in situ extraction and modification of CNC. Finally, a biorefinery approach will be studied in Chapter II.3. NADES CNC extraction allows the obtention of cellulosic residues as by-products. Cellulose nanofibrils can be extracted from these residues, allowing a quasi-total conversion of cellulosic fibres into nanocelluloses. Moreover, the possibility to recycle and reuse NADES for CNC production will be tested.

solid-state conditions under atmospheric pressure. Surface esterification, morphological and structural modification of cellulosic materials will be studied.

Finally, Chapter IV will link Chapter II and Chapter III. In this part, the combination of Natural Deep Eutectic Solvent and mechanochemistry for cellulose nanocrystal production and functionalisation at high yield in a one-step process will be studied. 

Introduction to Chapter I

The present chapter provides an overview of the global scientific context of this Ph.D. thesis which took place over a period of three years between October 2018 and October 2021. Moreover, this chapter is intended for both "expert" and "non-experts" scientists. Therefore, general information of the topics of interest on this project will be presented and more specific data from recent scientific literature will be summarized in different forms (tables, schemes, figures) with more than 220 references. Figure I -1 gives the organisation of Chapter I. The link between the Ph.D. project and the literature review will be emphasized in grey and italic letters and short conclusions will be framed in blue. The first part of this literature review describes the cellulose polymer; at the core of this project, special attention will be paid. After describing its occurrence as bio-sourced polymers, its molecular structure and intrinsic properties will be presented. Two kinds of nanocelluloses can be obtained from cellulosic fibres, and both ways of extraction will be presented. Cellulose nanocrystals and cellulose nanofibrils properties, suppliers, and applications will be described. Esterification reaction will be highlighted as a tool for (Nano)cellulose surface modifications.

Natural Deep Eutectics Solvents will be introduced in the second part, and their "greenness" discussed (environmental and human concern). Their properties and their interactions with lignocellulosic materials will be described. This Ph.D. project focuses on new ways to produce nanocelluloses and that is why this new category of solvents was studied for cellulose nanocrystals extraction and modifications.

Finally, the third part will present a novel process for surface modifications of cellulose and nanocelluloses. Mechanochemistry gains interest during the last years, as witnesses the different publications revealing its benefits in terms of time and simplicity for organics chemistry in solvent-free conditions. Mechanical action can be efficiently used to create covalent bonds between cellulose and different organic acids and thus bring new functionality on fibres surface.

This literature review highlights the significant scientific advances and challenges closely associated with the objectives of the Ph.D. project for easier reading of the following chapters.

Nanocelluloses: A new rapidly developing materials

Nanocelluloses (NC) are biobased, biocompatible, and biodegradable; for these reasons, they have the potentials to play a significant role in the 21 st century for the development of advanced materials. Nanocelluloses are divided into four categories according to their way of obtention: cellulose nanocrystals (CNC), cellulose nanofibrils (CNF), bacterial cellulose (BC) and cellulose nanoparticles. These latter are obtained by dissolving cellulose, and BC is produced by bacteria whereas CNC and CNF are directly extracted from cellulosic fibre in a top-down approach.

Nanocelluloses morphologies and properties strongly depend on the cellulose sources and the treatment used. Cellulose nanocrystals and cellulose nanofibrils are two very different materials: CNCs are highly crystalline rod-like particles obtained by the hydrolysis of the amorphous section of cellulosic fibres; whereas CNFs are mechanically defibrillated from cellulose fibre and have a "fibre" morphology.

Since their discovery, the number of publications concerning them has grown considerably due to the increase of the environmental concerns and the potential applications of these exciting materials. 

Cellulose

Cellulose or β(1-4) D-anhydroglucopyranose polymer is the most important bio-based polymer on earth and has been used for millennia in human society for several applications. However, its chemical composition and structure were discovered relatively recently. Cellulose can be extracted from a large variety of sources, from wood (the main source), annual plants (cotton, hemp, and so on), but also micro-organism and animal (tunicate). In vegetal biomass, cellulose is produced by photosynthesis from carbon dioxide, water and sunlight and linked with others very well-known biopolymers as lignin, hemicelluloses and pectins. The annual cellulose production amounts to 10 11 tons, but from this quantity, only 5% is extracted (Belgacem & Pizzi, 2016). (Nano)Cellulose obtained from micro-organisms is called bacterial cellulose, but this source will not be detailed as it is not studied in this Ph.D.

The different constituents of wood and annual plants

At the beginning of the XIX th century, Braconnot worked on acid hydrolysis of plant cell wall, a door had been open to study plant constituents individually [START_REF] Braconnot | Mémoire sur la conversion du corps ligneux en gomme, en sucre et en acide particulier par le moyen de l'acide sulfurique ; conversion de la même subtance ligneuse en ulmine par la potasse[END_REF]. Cellulose was successfully isolated for the first time by Anselme Payen in 1838 with a nitric acid treatment [START_REF] Payen | Mémoire sur la composition du tissu propre des plantes et du ligneux[END_REF]. Payen discovered that several plants and different parts of them as flowers, roots, and cotton linter are constituted of the same fibrous material that he named cellulose. Cellulose chains are aggregated together and formed macrofibres oriented differently. These macrofibres are entangled with hemicellulose and embedded in a matrix mainly composed of lignin, hemicelluloses, and/or pectin. The rate of cellulose could be very different depending on the biomass source. For example, cellulose into cotton is relatively pure with a low quantity of lignin. However, in wood, cellulose represented only half of the dry content (45%), hemicelluloses are present at 20 %, lignin at 25%, and others are extractives composed of polyphenols, terpenes, and alkaloids. These quantities vary from one species to another and depend if the tree is softwood, hardwood, or tropical wood (Table I-1).

Table I-1: Chemical composition of some lignocellulosic materials (wt%), (adapted from [START_REF] Hon | Functional Natural Polymers: A New Dimensionnal Creativity in Lignocellulosic Chemistry[END_REF]. Several pre-treatment steps need to be done to remove lignin and hemicelluloses and to extract wood-based cellulosic fibres. The removal of lignin followed by cellulose fibres purification is a very well-known process in the paper industry. The first delignification step also called the cooking process, removes lignin by depolymerization, degradation, and dissolution under alkaline or acidic conditions. The two main cooking processes are Kraft and sulphite pulping. In the Kraft process, wood chips are treated under high temperature in a mixture, called liquor, composed of sodium hydroxide (NaOH) and sodium sulphite (Na 2 S). In the sulphite pulping, bisulphite anions (HSO3 -), under high temperature, delignify the chips wood. However, some lignin remains, usually 1.5-4% for hardwood and 3-6% for softwood after the cooking. This residual lignin can be removed by bleaching sequences which can be classified into two categories: (i) elemental chloride-free sequences (ECF), based on the use of chlorine dioxide, and (ii) totally chlorine-free sequences (TCF). Both cooking and bleaching processes cause a decrease of the cellulose degree of polymerisation, influence in mechanical properties of the fibres and can modify their surface chemistry. Indeed, it is well known that Kraft treatment has as a consequence to bring sulfonate group on the cellulose surface. After cooking and bleaching sequences, cellulosic fibres are principally composed of cellulose, but hemicelluloses can be present too.

Fibre Sources

Intrinsic properties of cellulosic fibres

The chemical and physical properties of cellulose fibres strongly depend on complex chemical interactions between cellulose molecules and the structural arrangement of these molecules between themselves.

I.1.1.2.1. Hierarchical organization of cellulose fibre

Cellulose is organized in elementary fibres (diameter ≈ 5nm), aggregated to form bundles of cellulose microfibrils (diameter≈ 20-50nm) themselves structure in cellulosic fibres (diameter≈ 50 µm). To understand the cellulosic fibre chemical and mechanical properties, it necessary to distinguish the structure at three levels (Krässig, 1985):

(i)
The molecular level (chemical constitution; steric conformation, inter and intramolecular interaction; the presence of functional sites) (ii)

The supramolecular level (aggregation of cellulose chain onto elemental crystallite and crystalline area; elementary fibres) (iii)

The morphology level (interfibrillar interstices and void, morphology properties)

To characterize these different properties, several characterisations can be done. Some of them are grouped in Table I- Table I-2: List of several characterizations that can be carried out on modified or not cellulosic fibres.

Experimental Technics Information on

I. 1.1.2

.2. Cellulose -The molecular level

The β-D-glucosidic bonds between all the anhydroglucose units (AGU) force the linear conformation of the homopolymers at molecular level. More precisely, the repeating unit of the cellulose polymer, called cellobiose (C12H22O11), is composed of two AGU with a twist of 180° between them (Figure I -4).

The cellulose chain has an orientation with a reducing end and a non-reducing end. Moreover, each AGU owns three hydroxyl groups (-OH): one primary hydroxyl (C6), and two secondary hydroxyls (C2 and C3). These reactive hydroxyl groups are the source of the hydrophilicity of the polymers; they can undergo substitution reactions such as esterification or etherification; and allow strong intra et inter hydrogen bonds. The degree of polymerization (DP) depends on celluloses sources and treatments used to extract the cellulosic fibre. Indeed, native cellulose has a consistently higher degree of polymerization than extracted cellulose because, during the lignin extraction, the peeling effect can be observed. The peeling effect consists of the depolymerization of the cellulose chain, unit by unit, from the reducing ending. Classical values for the degree of polymerisation of cellulosic fibres are around 1,000 -15,000 glucose units [START_REF] Hamad | Structure-process-yield interrelations in nanocrystalline cellulose extraction[END_REF]. These values can be calculated from the intrinsic viscosity of the cellulosic sample when dissolving in a cellulose solvent (e.g. bis(ethylenediamine)copper(II) hydroxide) or by size exclusion chromatography after cellulose modification (e.g. cellulose trinitrate or cellulose tricarbanilate) [START_REF] Conner | Size Exclusion Chromatography of Cellulose and Cellulose Derivatives[END_REF] I. 1.1.2.3

. Cellulose -The supramolecular level

Cellulose is a linear homopolymer, with strong intra-and inter-hydrogen bonds between the different macromolecules. This arrangement allows the cellulose chains to pile up into ordered crystalline areas at the supramolecular level. The crystalline structure of cellulose has been studied since its discovery in the XIX th century. In 1958, Carl von Nägeli was the first one to propose a cellulose crystalline structure [START_REF] Wilkie | Carl Nägeli and the fine Structure of Living Matter[END_REF]. Further research has shown that different cellulose polymorphs are obtained according to the different crystalline order inside the elementary crystallites. The possible transitions between the different cellulose polymorphs are schematically presented in Figure I -5. Dufresne, 2017).

Figure I -5: Relationships between the different cellulose polymorphs (extracted from

The fours polymorphs of cellulose crystal are detailed below:

-Cellulose Iβ and Iα are called native cellulose, these two cellulose polymorphs have the same crystalline conformation, but the ratio of these two crystalline forms (Iα and Iβ)

greatly depends on the cellulose source. Cellulose Iβ is in the majority in vegetal (cotton, wood, etc) and animal (tunicate) sources, whereas cellulose Iα is preferentially produced by primitive organisms (bacteria or algae). Meyer and Mark are the firsts in 1928 to postulate a monoclinic crystal system to describe cellulose I arrangement, after revision by Meyer and Misch in 1937 and confirmation by Gross and Clark in 1938 [START_REF] Hon | Cellulose: a random walk along its historical path[END_REF], the final model of the unit cell structure of native cellulose I is given in Figure I -6.

-Cellulose II can be obtained by converting Cellulose I (α or β). Two ways are possible: the first one consists of cellulose's mercerization using concentrated sodium hydroxide solution. The insertion of the chemical inside the structure provokes a swelling and allows the passage from a structure with parallel cellulosic chain alignment (cellulose I) to a configuration with anti-parallel chains (Cellulose II). The second way consist of preparing cellulose II by regeneration: cellulose I is solubilized in a suspension and then precipitated in an aqueous media. The transformation of cellulose I to cellulose II is irreversible, suggesting that cellulose II is thermodynamically more stable than cellulose I.

-The treatment of cellulose I or II by organic amine or liquid ammonia followed by washing with alcohol allows the obtention of cellulose IIII and cellulose IIIII, respectively. -Cellulose IVI and IVII are obtained by heating cellulose IIII and cellulose IIIII in glycerol media. However, this transformation is never totally completed, and some study showed that cellulose IV is none other than disordered cellulose I [START_REF] Wada | Polymorphism of Cellulose I Family: Reinvestigation of Cellulose IV I[END_REF]. [START_REF] Hon | Cellulose: a random walk along its historical path[END_REF]; and B. schematic presentation of the organization of the cellulose chains in the Iα allomorph of cellulose crystals and the shape of the complete crystal formed [START_REF] Lehtio | The binding specificity and affinity determinants of family 1 and family 3 cellulose binding modules[END_REF].

In literature, two analytic methods are mentioned to calculate the crystallinity index (CrI) of cellulose: X-Ray Diffraction (XRD) and solid-state 13 C Nuclear Magnetic Resonance (NMR) (Foster et al., 2018). The crystallinity index value strongly depends on the choice of the measuring method.

Three methodologies can be applied to calculate crystallinity Index from X-Ray diffractograms; they are represented in Figure I -7 (Ahvenainen et al., 2016;Park et al., 2010). The first one is the most used and the most straightforward method, commonly called the Segal method. It is an empirical method that allows a quick comparison between cellulosic samples. The crystallinity index was calculated from the ratio of the height of the (I002) peak and the height of the minimum (IAM) localized between the 002 and 101 peaks after the background subtraction (Figure I -7-A).

The second one is the deconvolution method which requires software to separate amorphous and crystalline contributions to the XRD spectrum using a curve-fitting process. In most case, five crystalline peaks are studied and separated (101, 101, 021, 002 and 040) as represented in Figure I -7-B [START_REF] Garvey | On the Interpretation of X-Ray Diffraction Powder Patterns in Terms of the Nanostructure of Cellulose I Fibres[END_REF][START_REF] Hult | Characterization of the supermolecular structure of cellulose in wood pulp fibres[END_REF].

The third and last method is called the amorphous subtraction method. This method was described and used for the first time by [START_REF] Ruland | X-ray determination of crystallinity and diffuse disorder scattering[END_REF][START_REF] Ruland | X-ray determination of crystallinity and diffuse disorder scattering[END_REF]. The main challenge of this method consists in choosing a good amorphous standard that fits with the cellulosic sample under investigation. Various materials can be used as ball-milled cellulose, regenerated cellulose, or xylan. A scale factor is then applied to the amorphous sample to fit the best with the cellulosic sample spectra so that, after subtraction, no part of the residuals spectrum contains negative results. The crystallinity index is calculated as the ratio between the crystalline area and the total area During this Ph.D. project, all the cellulose sources obtained were composed only of cellulose I.

The cellulose crystallinity will be studied using both the Segal method and the amorphous subtraction on X-ray diffractograms.

I. 1.1.2.4

. Morphological level

After removing the majority of lignin and hemicellulose, cellulosic fibres are obtained, and by the definition of fibre, the length is more significant than the diameter. Depending on their sources, these fibres have different morphology and specific characteristics that differ from one species to another. Optical microscopy in transmission or reflection mode is ideally suited to observe objects of this size: fibre lengths and diameters are around a few hundred micrometres and few tens of micrometres, respectively . Scanning electron microscopy (SEM) can be helpful to observe the cellulose fibre wall aspect and thus the influence of mechanical or chemical treatment in the fibre morphology . To statistically know the morphology of fibres in a suspension, image analysis can be used. . I. 1.1.2.5

. Cellulose dissolution

Due to its high crystallinity and supramolecular structure, cellulose is insoluble in water and common organic solvents. Only few solvents can dissolve cellulose, however, it is a critical step for polymer processing. Cellulose dissolution allows converting this abundant and renewable resource into high value-added material such as fibres (textile application), film (packaging application), food casting, membranes, and cellulose derivatives as ester or ether.

Cellulose dissolution is always preceded by a swelling step, during which the solvent molecules penetrate in the fibre wall and the cellulose supramolecular structure, fit between two cellulose chains, separate them, and break the hydrogen bonds. The complete dissolution is obtained after the entire destruction of the cellulose supramolecular structure [START_REF] Medronho | Brief overview on cellulose dissolution/regeneration interactions and mechanisms[END_REF]. No more detail will be done, since this topic is over the scope.

I. 1.1.2.6. Cellulosic fibres: traditional applications Cellulosic fibres have been used by humankind for thousands of years. Indeed, the invention of paper dates from the first century after J-C in China. However, the extraction, modification and industrial use of cellulosic fibre began about 200 years ago with the patenting of the first continuous paper machine in 1799 by the French Louis-Nicolas Robert. Industrial applications of cellulosic fibres are numerous explained by the many advantages of these materials already mention before: its abundance, its non-toxicity, its sustainability and its biodegradability; as well as its fibrillary structure, their mechanical properties or their ability to be converted to meet different needs (chemical modification, dying, mechanical fibrillation, etc.) and its low cost. The traditional applications of cellulosic fibres, generally cited, are paper, cardboard, composite and textile industries. The annual productions of lignocellulosic fibres and cellulosic fibres for paper and packaging industries are 10.2 and 27.9 million tons per year in Europe (CEPI Statistics, 2018). Whereas cellulosic fibres productions for textile applications reach 29.9 million tons per year in 2020, and artificial textile fibres from cellulose derivatives are near to the 7 million tons per year (The Fibre Year 2020: World Survey on Textiles & Nonwovens, 2020).

Nanocellulosic materials: isolation, properties and applications

In October 2011, The European Union adopted a definition of nanomaterials as "a natural, incidental or manufactured material containing particles, in an unbound state or as an aggregate or as an agglomerate and where, for 50 % or more of the particles in the number size distribution, one or more external dimensions is in the size range 1 nm -100 nm. "

(2011/696/EU, 2011). Nanomaterials have classically a high surface area, implying that their nanometric dimensions are more reactive than in their classical state, which explained the strong interest for nanotechnology during the last three decades.

Nanocelluloses (NC) are obtained from cellulosic fibres using a top-down approach. Their nanometric size brings them new properties and a higher specific surface allowing a great variety of chemical modifications. Moreover, they have good mechanical properties and can be stable in water suspension. The water gel-like suspension can show good transparency and can be processed in different ways to create new cellulosic-based materials (film, aerogel and cryogel) that can be used in many fields.

Cellulose nanoparticles are produced by the classical ways used to obtained nano-polymeric materials. The first step consists of finding a proper solvent to dissolve cellulosic fibres and obtaining individualised cellulose chains, then a nanoprecipitation in an anti-solvent or chemical modifications allow the formation of spherical particles [START_REF] Beaumont | Synthesis of redispersible spherical cellulose II nanoparticles decorated with carboxylate groups[END_REF]. No more details will be proposed, as this Ph.D. deals mainly with CNC and CNF.

In opposition, the ways to obtain cellulose nanocrystals and nanofibrils are "top-down approaches". Indeed, CNC and CNF are extracted from cellulosic fibre directly, allowing to conserve the native cellulose I configuration . CNC and CNF are extracted by chemical and mechanical processes, respectively.

Cellulose is a bio-based polymer, organized in elementary fibres (diameter ≈ 5nm), aggregated to form bundles of cellulose microfibrils (diameter≈ 20nm) themselves structured in cellulosic fibres (diameter≈ 50µm). For this reason, cellulose fibres are complex materials with three levels of structure (molecular, supramolecular, morphological). Cellulosic fibres are traditionally used in paper, textile and packaging industries. 

Cellulose nanofibrils isolation

Cellulose nanofibrils (CNF), also called cellulose microfibrils (CMF) or microfibrillated cellulose (MFC), are produced by subjecting a cellulose fibre suspension to a combination of enzymatic/chemical/mechanical pre-treatments, followed by a high shear mechanical process (Figure I -10). There were isolated and analysed for the first time in 1982 by Turbak et al. (Turbak et al., 1982) and Herrick et al. in 1983(Herrick et al., 1983). Since the end of 2000's, cellulose nanofibrils gained an increase of interest and were defined as the second priority in European bio-economy in 2018. Cellulose nanofibrils industrialization started in 2011, since then, CNFs preparation has been described in different reviews [START_REF] Lavoine | Microfibrillated cellulose -Its barrier properties and applications in cellulosic materials: A review[END_REF][START_REF] Nechyporchuk | Production of cellulose nanofibrils: A review of recent advances[END_REF][START_REF] Rol | Recent advances in surface-modified cellulose nanofibrils[END_REF] and display several additional properties compared with cellulose fibres.

CNFs have at least one nanometric dimension; classically their diameters are around 10 to 50 nm and length around 1 to 2 micrometres (depending on the cellulose source). They are hydrophilic and conserve some amorphous cellulose parts. These nanocelluloses are obtainable by high-shear mechanical processes, and the suspension obtained is often transparent with gel-like behaviour at low concentration (1 to 5wt%). However, CNF can have an important size heterogeneity, and the energy consumed during their production is very important. To remedy this, several pre-treatments have been investigated in the two last decades. Furthermore, different post-treatments have also been developed to broaden the field of application of these cellulose nanofibrils. I. 1.2.1.1. Mechanical processes In 1982, Turbak et al. were the firsts to highlight obtaining cellulose nanofibrils through a cellulose suspension into a Gaulin homogenizer (Turbak et al., 1982). Today, many mechanical treatments are used: homogenizer, grinder, and microfluidizer are the most commons . These conventional processes are efficient for the production of high-quality CNF; however, they consume a significant amount of energy and only allow to produce CNF suspension at low concentration (<5% wt) leading to high transport cost. Mechanical treatments impact the structural properties of cellulose; i.e. crystallinity index and degree of polymerisation are often reduced due to intensive fibrillation.

The ultra-fine friction grinding process is based on the rotation of a disk (rotor) against another (stator), usually, at 1000-2000 rpm. The centrifugation phenomena and the specific disk's geometry force the pulp to pass through the "gap". The high shearing and compression forces are at the origin of the fibre fibrillation . This phenomenon was highlighted for the first time in 1998 by [START_REF] Taniguchi | New films produced from microfibrillated natural fibres[END_REF]. Compared with the high-pressure homogenization, the ultra-fine grinding has no clogging issue, a relatively low energy consumption, allows to treat cellulosic fibres suspension at higher solid content (2-5 wt%). However, some residual fibre fragments remained in the final suspension.

High-pressure homogenizers can be divided into two categories: (i) homogenizer with an impact ring and (ii) microfluidizer with a specific geometry chamber. The pressure applied onto the fibre suspensions are similar for both, and pulp concentrations used are between 0.5 and 2 wt%. The fibrillation process is mainly governed by the impact forces applied to the fibres, and also by pressures and decompressions cycles. Researchers in laboratory-scale often use homogenizer and microfluidizer to compare the efficiency of a chemical or an enzymatic pre-treatment. However, their low flow rate makes them more complicated to use on a pilotscale or in industry.

Homogenizer devices was the first kind of apparatus used to produce cellulose microfibrils (Turbak et al., 1982). High pressure is applied onto cellulosic fibres suspension, which passes between a valve and an impact ring. The pressure applied during the mechanical treatment lead to in an increase of the suspension temperature.

Microfluidizer devices compose the second category. These apparatuses are composed of one chamber with a Y or a Z geometry. High pressure of around 1000-1500 bars is applied using a pump on fibres suspension, which is forced to go through the fine chamber (100-400 µm). The number of passes, thus the setting pressure, affects the cellulose nanofibrils structural properties as the crystallinity index and influences the final mechanical properties of them (e.g. tensile strength [START_REF] Spence | A comparative study of energy consumption and physical properties of microfibrillated cellulose produced by different processing methods[END_REF]).

The conventional processes allow to obtain high-quality CNF, but they have some drawbacks as previously describe (e.g. low solid content, high-energy consumption). Thus, other mechanical treatments have emerged in recent years in order to provide solutions to these problems. For example, a twin-screw extruder at high solid content (20 wt%) successfully allows the NFC obtention from hardwood fibres with low energy consumption (Banvillet et al., 2021;Rol et al., 2018). This method has the advantage to be easily scale-up and modular by changing the screw profiles. In an other hand, the steam explosion process allows lignocellulosic fibres defibrillation when it coupled with other mechanical treatments such as microfluidization or microwave-assisted hydrolysis or not [START_REF] Cherian | Isolation of nanocellulose from pineapple leaf fibres by steam explosion[END_REF]Q. Liu et al., 2017). 

I.1.2.1.2. Pre-treatments

Some pre-treatments can be used to improve mechanical treatment efficiency, reduce energy consumption, or obtain modified cellulose microfibrils. These treatments are used to weaken cellulose fibres and facilitate nanofibrillation. Each pre-treatment leads to CNFs of differing quality and morphologies. A recent review by [START_REF] Rol | Recent advances in surface-modified cellulose nanofibrils[END_REF] classified these pre-treatments into three different categories: (i) "cutting group" represents mechanical pre-treatment including or not enzymatic hydrolysis; (ii) "chemicals modifications" group all the different way of modification as the grafting of a molecule to bring new chemical function or the modification of the AGU by ring-opening for example; (iii) and "the others", as the partial solubilization of cellulose fibres, can also be used.

Cutting pre-treatments are the most used for CNF production. They consisted of a mechanical pre-treatment following or not by a soft enzymatic hydrolysis [START_REF] Nechyporchuk | Morphological properties of nanofibrillated cellulose produced using wet grinding as an ultimate fibrillation process[END_REF]. A large number of chemical pre-treatments are reported in the literature and allow to facilitate the nanofibrillation as the cationisation [START_REF] Saini | Surface cationized cellulose nanofibrils for the production of contact active antimicrobial surfaces[END_REF], the TEMPO oxidation [START_REF] Saito | Individualization of Nano-Sized Plant Cellulose Fibrils by Direct Surface Carboxylation Using TEMPO Catalyst under Neutral Conditions[END_REF] or the carboxymethylation [START_REF] Naderi | A comparative study of the properties of three nanofibrillated cellulose systems that have been produced at about the same energy consumption levels in the mechanical delamination step[END_REF]. The partial solubilisation of the cellulosic fibres into NaOH solution [START_REF] Abe | Nanofibrillation of dried pulp in NaOH solutions using bead milling[END_REF] or deep eutectic solvents (P. Li et al., 2017;[START_REF] Sirviö | Deep eutectic solvent system based on choline chloride-urea as a pre-treatment for nanofibrillation of wood cellulose[END_REF] are also mentioned as effective pre-treatments.

Cellulose nanocrystals isolation

In 1947, Nickerson and Habrle were among the first to reveal the existence of a crystalline part on cellulosic fibres and isolate it using an acid hydrolysis process in 1947 (Nickerson & Habrle, 1947). They observed that the cellulose fibres degradation in boiling acidic solutions was limited after a certain treatment time. A few years later, based on this work, Rånby et Ribi (Rånby & Ribi, 1950) successfully extract what nowadays is called "cellulose nanocrystals", which are considered the smallest building blocks that can extracted from cellulose.

Technics to extract cellulose nanocrystals from cellulose sources consist of two main steps: (i) an acid hydrolysis under controlled parameters to dissolve amorphous cellulose part, followed

In conclusion, cellulose nanofibrils (or microfibrils) can be obtained from vegetal biomass using several methods of mechanical fibrillation in a top-down approach. The more common devices used are homogeniser, ultrafine grinder and microfluidizer. These treatments are classically combined with different pre-treatments (mechanical, chemical, enzymatic) to enhance fibrillation and decrease the process energy consumption. CNFs consist of long filaments with a diameter of around 20 nanometres that provides them exciting properties that will be described in part I. 1.3.1. by a purification step, and (ii) a disintegration step to subdivide crystalline part into individualized CNC. 

I.1.2.2.1. Acid hydrolysis of cellulose amorphous part

As previously described, the cellulose fibre walls are constituted of cellulose microfibrils orientated or not. These microfibrils are themselves nanofibre bundles. These nanofibres are formed by decades of cellulose chains aligned in the same direction. Intermolecular hydrogen interactions are strong, resulting in a dense and organized crystalline form of cellulose. The amorphous part of cellulose corresponds to the non-organized zone between these crystalline parts. In these amorphous areas, cellulose chains are not arranged; these domains are structural defects in the cellulose structure, susceptible to being firstly attacked by acid. The effect of this amorphous part hydrolysis is the increase of the relative crystallinity in the material. For this reason, cellulose nanocrystals have a crystallinity higher than cellulose fibres and nanofibres.

During the acid hydrolysis process, the hydronium ions (H3O + ) can penetrate the cellulose chains in the amorphous domains, promoting the glucosidic bonds' hydrolytic cleavage. Hydrochloric (HCl) and sulfuric acids (H2SO4) are commonly used as hydrolysing agents (Dufresne, 2017;Haldar & Purkait, 2020). Other mineral and organic acids have been tested

in the literature such as phosphoric acid (Camarero Espinosa et al., 2013), oxalic acid (Chen et al., 2016), or hydrobromic acid (Sadeghifar et al., 2011). And more recently, other kinds of solvent as molten organic acid (Jia & Liu, 2019;D. Li et al., 2017;Romeo et al., 2020), subcritical water (Novo et al., 2015) or deep eutectic solvent (Le Gars et al., 2020) seem playing a similar role.

Amorphous cellulose acid hydrolysis via sulfuric acid solution is by far the most used method at lab and industrial scale; therefore, it is also the one that has been the most studied. Cellulose nanocrystal's final yield, morphologies, and properties depend on the cellulose sources, the acid chosen and treatment conditions (time, temperature and initial acid concentration).

I.1.2.2.2. Purification and disintegration steps and cellulose nanocrystal yield

After the acid hydrolysis treatment, the suspension is usually filtered over a small-pore fritted glass, diluted with water and washed by successively centrifugation steps. Thus, bigger particles are retained in the fritted glass, the supernatant containing an excess of acid, water and soluble byproducts are removed, and cellulose nanocrystals are collected and dialysed into deionized water to remove any free acid molecules and ions. The efficiency of dialysis can be followed by controlling the neutrality of the dialysis effluent.

The disintegration of cellulose nanocrystals aggregates is performed on diluted suspension in order to obtained individualized CNC. This treatment significantly heats the suspension, so an ice bath is usually used to prevent CNC thermal degradation.

Cellulose nanocrystals yields were only slightly reported in literature despite the importance of this information for any potential application. Theoretically, if cellulose nanocrystals were extracted after the complete cellulose amorphous part hydrolysis, the yield of the reaction should correspond to the proportion of crystalline part in the cellulose source. However, a lower yield of around 30% is generally obtained in practice, which could suppose that some cellulose crystallites are hydrolysed during the acid treatment [START_REF] Mukherjee | X-ray and electron microscope studies of the degradation of cellulose by sulphuric acid[END_REF].

I.1.2.2.3. Cellulose nanocrystals arrangements in suspension

In 1992, Revol et al. observed a novel phase separation for cellulose nanocrystals, which can be assimilated to rod-like colloidal particles arrangement [START_REF] Revol | Helicoidal selfordering of cellulose microfibrils in aqueous suspension[END_REF][START_REF] Revol | Chiral nematic suspensions of cellulose crystallites; phase separation and magnetic field orientation[END_REF]. When CNC are dispersed in a solution, there is a critical concentration value, beyond which the suspensions formed a chiral nematic ordered phase. This aqueous colloidal ordered phase displayed the optical characteristics of a typical chiral nematic liquid crystal (also called cholesteric). The phase separation of rod-like materials is governed by four parameters: the dimensions of the particles, the polydispersity in particle size, the surface charge of the particles and the ionic strength of the system. The first three parameters depend on the particle properties and hence on the conditions of preparation and cellulose sources (Dong et al., 1997).

According to the intersect arrangement of cellulose nanocrystals between themselves, cellulose nanocrystals suspension can be classified in three domains: the isotropic domain, the In conclusion, individualized cellulose nanocrystals can be obtained from vegetal biomass by the acid hydrolysis of amorphous cellulose part, follow by a purification step and a disintegration treatment. CNC are needle-like particles with a high surface area due to their nanometric dimensions (length and height). Their crystallinity is higher than that of cellulose.

In suspension, cellulose nanocrystals can be very stable due to their negative charges on their surface that, inducing electrostatic repulsion. CNC are biodegradable, biocompatible and biosourced and have interesting properties that will be described in part I. 1.3.1..

Nanocelluloses: characterisations, suppliers and applications CNF and CNC characterisations

Cellulose Nanocrystals (CNC) and Cellulose Nanofibrils (CNF) are directly extracted from vegetal biomasses, which do not interfere with agricultural resources. They are obtained by a "top-down" approach from cellulosic fibres and conserve some of their properties. Indeed, they are biosourced, biodegradable and biocompatible and have a low density near to cellulose one (≈ 1.6 g.m -3 ). Their high specific surface areas expose zeta an interesting surface reactivity which can be used for grafting and adsorption of molecules or polymers.

However, even if CNC and CNF come from the same materials, it is essential to consider them like two different materials due to their different structures, morphologies and properties. Thus, characterisation technics and field of applications differ for each of them.

I. 1.3.1.1. Morphology Cellulose nanocrystals and cellulose nanofibrils have very distinct morphologies. A simplified approach compared CNC as "grain of rice" and CNF as "spaghetti". Lengths, heights and diameters of nanocelluloses, thus their aspect ratio and specifics surface area, are generally investigated to control the efficiency of the different extraction methods. Cellulose sources, extraction processes (mechanical or chemical), and potential pre-treatments strongly influence the particles morphologies. Several microscopy technics can be used to investigate nanocellulose morphologies; they allow to obtain direct information on particle sizes.

Transmission Electron Microscope (TEM) is often used to obtain the CNC dimensions and CNF diameters. For the observation, a drop of diluted nanocellulose suspension is deposited onto a glow-discharged carbon-coated grid, the excess of water is removed, and a drop of uranyl acetate is added before drying. Determination of the cellulose nanofibrils length is difficult due to their tendency to intertwine. Atomic Force Microscope (AFM) can also be used to determine the height, diameter and length of cellulose nanocrystals, but this technique overestimates the nanocrystals' widths due to the tip broadening effect. The resolution of Scanning Electron Microscopy is insufficient to obtain this quantity of details. However, Field Emission Gun Scanning Electron Microscopy (FEG-SEM) technique improves the spatial resolution and minimises the sample charging and damage during the image acquisition.

Dynamic Light Scattering (DLS) allowed to obtain hydrodynamic diameters for spherical particles. For rod-like particles like CNC, DLS will give the diameter of a sphere with the same average translational diffusion coefficient that the particle being measured and not the CNC diameters.

Particle's aspect ratio represents the difference between their size in the length and in the diameter: more the diameter is low according to the length, the particle aspect ratio will be high; the aspect ratio of cellulose nanofibrils is around two times higher than these of cellulose nanocrystals. A decrease in the particles size is also associated with an increase in the specific surface area (SSA). Several measurement technics can be used to obtain these values, and the result strongly depends on these ones. For individual wood fibres, SSA values around 1-2 m².g - 1 can be obtained [START_REF] Fan | Mechanism of the enzymatic hydrolysis of cellulose: Effects of major structural features of cellulose on enzymatic hydrolysis[END_REF], while classical values between 65-195 m².g -1 are reported for CNF and 439-540 m².g -1 for CNC [START_REF] Brinkmann | Correlating Cellulose Nanocrystal Particle Size and Surface Area[END_REF][START_REF] Spence | The effect of chemical composition on microfibrillar cellulose films from wood pulps: Water interactions and physical properties for packaging applications[END_REF].

I. 1.3.1.2

. Structural and mechanical properties

The chemical and mechanical treatments and pre-treatments applied on cellulose fibres to produce nanocellulosic materials impact their structural properties (Crystallinity Index and degree of polymerisation). Degree of polymerisation (DP) lower than 200 are measured for cellulose nanocrystals, due to the breaking of the glucosidic bond during the hydrolysis acid treatment [START_REF] Hamad | Structure-process-yield interrelations in nanocrystalline cellulose extraction[END_REF]. A decrease of DP is also reported for cellulose microfibrils and depends on the mechanical treatment chosen to complete the defibrillation process (Rol et al., 2018). The cellulose nanocrystal extraction is based on the hydrolysis of the cellulose amorphous part, so the final materials proportionally contained more crystalline region. Thus, a higher value of crystallinity is obtained for CNC than for the raw materials. In the cellulose nanofibrils case, CrI can be equivalent to the value of the raw fibres or be lower due to the partial degradation/destructuration of the crystalline part during the treatment.

Concerning the mechanical properties of nanoscale cellulosic materials, some direct measurements can be done using Atomic Force Microscopy (AFM). By performing three-point bending tests on isolated nanocelluloses, an elastic modulus of 145-150 GPa and 81-84 GPa are respectively obtained for CNC and CNF [START_REF] Iwamoto | Elastic Modulus of Single Cellulose Microfibrils from Tunicate Measured by Atomic Force Microscopy[END_REF]Lahiji et al., 2010). As expected, these values are drastically higher than those obtained for natural fibres. Their mechanical and thermal properties are also pretty high comparing to classical biopolymers. Several properties of cellulose fibres, cellulose nanocrystals and cellulose nanofibrils are reported in Table I-3. I. 1.3.1.3. Nanocelluloses: safety and toxicity assessment Safety and ecotoxicity are an essential concern for nanotechnologies and nanomaterials. Nanomaterials have the potential to enhance the performance of many products and bring them new properties, but they can also represent new risks for human, biodiversity and the environment. Cellulosic fibres and cellulose powder are considered safe materials used in different applications as food additives or food packaging. However, the biological effect of nanocelluloses cannot be predicted using its chemical structure, and only a few studies are related to this concern. Concerning the toxicity for human, two main ways of body penetration can be distinguished: the inhalation of dispersed dry particles in the air and the skin penetration. Different tests can be performed to evaluate their toxicity (most studies used small animals for evaluating changes observed in vivo, and others highlight in vitro and immune responses tests) [START_REF] Sai | A review of pulmonary toxicity studies of nanocellulose[END_REF].

Traditional respiratory exposure methods include intratracheal administration, pharyngeal aspiration, and inhalation exposure. However, no study concerning inhalation exposure of nanocellulosic materials has yet published. In 2020, Sai and Fujita collected and compiled inhalation studies on the toxicity of cellulose materials containing nanocellulose [START_REF] Sai | A review of pulmonary toxicity studies of nanocellulose[END_REF]. The results showed that nanocelluloses have different effects on organisms depending on their physico-chemical properties, particularly width, length, and aspect ratio. No paper found that NC inhalation induces tumours in in vivo studies. In addition, there are few NC reports regarding carcinogenicity and immunotoxicity. However, studies are incomplete, and because of the dearth of reports, it is necessary to evaluate tumours induction by nanocellulose through routes other than the actual exposure routes, as performed for other fibrous nanomaterials.

Cellulose nanofibrils have a strong water absorption capacity and thickening effect, enhancing the viscosity of suspensions, and can be used in cosmetic products. For this reason, it is essential to evaluate the skin irritation and the cytotoxicity of these nanomaterials. In vitro tests show inflammatory reactions, cell growth inhibition and cytokine production after CNF exposure in cell culture, but it did not induce skin and eye irritation on human skin and cornea model (Kim et al., 2019;[START_REF] Vartiainen | Health and environmental safety aspects of friction grinding and spray drying of microfibrillated cellulose[END_REF].

Kovacs et al. investigate the possible environmental issues due to a spill of nanocrystals cellulose suspension on water doing an ecotoxicological evaluation (Kovacs et al., 2010). The initial ecotoxicological characterization of CNC has not revealed severe environmental concerns. Nevertheless, further testing will be necessary along with fate, assessing potential cellulose nanocrystals uptake and exposure studies to complete the risk assessment for CNC.

Nanocelluloses suppliers

CNF productions are divided into two approaches: on the first hand, start-ups and small companies lead a large variety but small quantity of functionalized CNF, and on the other hand, industrial paper companies adapting the existing process to the cellulose nanofibrils production. Despite the high production energy costs and the "nano risk" precautions, the industrialization of CNFs started in the 2010's. Today, more than thirty CNFs producers can be listed worldwide, with production capacities up to 10000 tons per year. Regarding CNC industrialization, their annual production capacity up to 400 tons per year. These productions are significantly lower than those of CNFs, but the requirement of more chemicals and complex industrial production steps (washing, dialysis, and sonication) can easily explain this difference.

Current cellulose nanofibrils and cellulose nanocrystals suppliers are listed in In conclusion, even if Cellulose Nanocrystals and Cellulose Nanofibrils come from the same materials, it is important to consider them as two different materials due to their different structures, morphologies and properties. Thus, characterisation technics differ for each of them. CNC and CNF are biosourced, biodegradable, biocompatible and non-toxic by dermal contact or ingestion and can be considered as non-toxic for aquatic organisms. However, pulmonary diseases and cytotoxicity depend on their properties, shapes and modifications.

Nanocelluloses are now commercially available, and their fields of application are expanding from year to year. 

Shaping of nanocellulosic materials and fields of application

Bio-based CNC nanoparticles are now commercially available (Reid, Villalobos, and Cranston, 2017), and they show promising results in various applications, such as biocomposites (Mariano, Kissi, and Dufresne, 2014), hydrogels (Du et al., 2019), rheological modifiers (Gicquel et al., 2019), tissues engineering and health care applications (Domingues, Gomes, and Reis 2014;Shankaran, 2018) and coatings (Mascheroni et al., 2016). Several works used CNC in food packaging applications as reinforcement fillers in bio-sourced matrices [START_REF] George | High performance edible nanocomposite films containing bacterial cellulose nanocrystals[END_REF][START_REF] Leite | Scaledup production of gelatin-cellulose nanocrystal bionanocomposite films by continuous casting[END_REF] or used in multilayer films (Le Gars et al., 2020).

CNF water suspensions exhibit gel-like properties at low solid content, and can also be assembled in flexible self-standing dried films with attractive transparency in the visible domain due to the nanometric size of CNFs and their dense arrangement. CNFs find applications as nanocomposites reinforcement, rheological modifier, additives in paper and cardboard industries, coating and barrier layers in packaging, and in biomedical applications [START_REF] Hubbe | Nanocellulose in Thin Films, Coatings, and Plies for Packaging Applications: A Review[END_REF][START_REF] Saini | Contact Antimicrobial Surface Obtained by Chemical Grafting of Microfibrillated Cellulose in Aqueous Solution Limiting Antibiotic Release[END_REF][START_REF] Siró | Microfibrillated cellulose and new nanocomposite materials: A review[END_REF].

The great diversity of these fields of applications is partly explained by the easy shaping of these nanocellulosic materials. [START_REF] Bardet | Flexibility and Color Monitoring of Cellulose Nanocrystal Iridescent Solid Films Using Anionic or Neutral Polymers[END_REF]; B.-SEM images of the cross-section of TEMPO-CNF Cryogel [START_REF] Michel | Production and Mechanical Characterisation of TEMPO-Oxidised Cellulose Nanofibrils/β-Cyclodextrin Films and Cryogels[END_REF]; C.-Aqueous cellulosic suspension observed between crossed polarizers (Araki & Kuga, 2001); D.-TEMPO-CNF aerogel (Darpentigny et al., 2020); E.-AFM images of Alberta Innovates Technology Futures CNC (Reid et al., 2017).

Cellulose Surface modifications

As previously introduced, cellulose is a biosourced and biodegradable homopolymer with very interesting mechanical properties. From the chemical perspective (nano)celluloses are hydrophilic materials due to the hydroxyl groups on their surface. These hydroxyl groups in cellulosic chains can be advantageously exploited to change cellulose properties by chemical modification. Indeed, cellulose is a fascinating platform to perform physical or chemical modifications. Three kinds of methods can be distinct: the non-covalent ones characterized by adsorption phenomena (OH-groups on the surface can create strong hydrogen bonds with molecules), those involving the hydroxyl groups and those comprising a degradation of the molecules chain [START_REF] Hebeish | The Chemistry and Technology of Cellulosic Copolymers[END_REF].

Of importance among the degradative reactions, there are those brought about by hydrolysis of the glucosidic bonds and those by the oxidation of the hydroxyl groups into aldehyde or carboxyl. In another hand, modifications involving cellulose hydroxyl groups are three in number and consist of in substitution of hydroxyl groups with (i) small molecules; (ii) polymer grafting using the "grafting onto" strategy; and (iii) polymer grafting using the "grafting from" strategy. The most common reaction in this category are: esterification (nitration, acetylation, xanthation) or etherification (alkylation and benzylation). The degree of substitution (DS), which ranges from 0 to 3, refers to the average numbers of hydroxyl groups of AGU substituted after a reaction and indicates its efficiency, a degree of substitution of 3 indicates that all three hydroxyl groups are substituted (the hydroxyl groups in C6 can act as a primary alcohol, while hydroxyl groups in C2 and C3 are secondary ones). Figure I -15 presents some strategies of nanocellulose modifications.

In conclusion, nanocelluloses are now commercially available in diluted suspension or dry state; and numerous universities, paper industries, and start-ups, worldwide produce them in more or less important quantity. CNFs and CNCs found applications in various fields thanks to their outstanding morphological, mechanical, and rheological properties, their colloidal stability, and high surface reactivity. These applications are subjected to numerous research projects and publications. Those works are achieved thanks to the surface functionalisation of Cellulose in most cases. The following part aims to describe the potential surface modifications applied to cellulose fibres and nanocelluloses. Adsorption: 1-Cyclodextrins [START_REF] Michel | Production and Mechanical Characterisation of TEMPO-Oxidised Cellulose Nanofibrils/β-Cyclodextrin Films and Cryogels[END_REF]; 2-Proteins [START_REF] Lombardo | Thermodynamics of adsorption on nanocellulose surfaces[END_REF]; 3-Polyelectrolytes [START_REF] Raj | Effect of polyelectrolyte morphology and adsorption on the mechanism of nanocellulose flocculation[END_REF]. Single molecule: 4-Phosphorylation (Ghanadpour et al., 2015), 5-Esterification (Espino-Pérez et al., 2014), 6-Etherification (Hasani et al., 2008), Silylation (Grunert & Winter, 2002). Grafting "from": 7-Polystyrene [START_REF] Espino-Pérez | Nanocomposites with functionalised polysaccharide nanocrystals through aqueous free radical polymerisation promoted by ozonolysis[END_REF]), 8-Polylactic acid (Goffin et al., 2011), 9-Poly(4-vinylpyridine) (Kan et al., 2013). Grafting "onto": 10-Maleated polypropylene [START_REF] Ljungberg | New Nanocomposite Materials Reinforced with Cellulose Whiskers in Atactic Polypropylene: Effect of Surface and Dispersion Characteristics[END_REF], 11-Chitosan [START_REF] Akhlaghi | Surface modification of cellulose nanocrystal with chitosan oligosaccharide for drug delivery applications[END_REF], 12-Poly(ethylene glycol) (PEG) (Araki et al., 2001) Modifications are performed to bring new properties to the cellulosic and nanocellulosic materials and thus facilitate the use of these materials in different applications. Classical properties reached after modification can be hydrophobicity (Espino-Pérez et al., 2014;[START_REF] Morandi | Cellulose Nanocrystals Grafted with Polystyrene Chains through Surface-Initiated Atom Transfer Radical Polymerization (SI-ATRP)[END_REF], antimicrobial effect [START_REF] Saini | Surface cationized cellulose nanofibrils for the production of contact active antimicrobial surfaces[END_REF], better fibrillation for CNF productions (Saito et al., 2006) and colloidal stability [START_REF] Sirviö | Anionic wood nanofibers produced from unbleached mechanical pulp by highly efficient chemical modification[END_REF] etc.

During this Ph.D. project, chemical functionalisation of cellulose was performed using esterification reactions between cellulose hydroxyl groups and different organic acids. Thus, esterification reactions will be detailed in the following part, and the case of citrate cellulose will be described as example. A short description of the TEMPO-oxidation reaction will also be done.

Esterification of (nano)cellulosic materials

Esterification introduces ester functional group (O-C=O) through the condensation of carboxylic acids, acid anhydrides or acyl chlorides with hydroxyl groups, many primary or secondary alcohols. This reaction is an equilibrium, which can be catalysed by adding strong acid. It is one of the most versatile and used reactions for modifying polysaccharides and provides access to a wide range of functionalised materials [START_REF] Heinze | Esterification of Polysaccharides[END_REF]. For example, cellulose acetate, diacetate and triacetate are among the most known esterified natural polymers [START_REF] Sassi | Ultrastructural aspects of the acetylation of cellulose[END_REF]. They are produced through the esterification of cellulose hydroxyl groups with acetic anhydride with the presence of sulfuric acid as a catalysis or not.

I. 1.4.1.1. Esterification: 

key parameters and conventional method

Esterification is an organic chemistry reaction between an alcohol and a carboxylic acid in the presence of an acid catalyst, the corresponding ester is obtained as well as one water molecule.

Depending on the alcohol class (primary, secondary or tertiary alcohol), two different reaction mechanisms can occur. In both cases, the synthesis has to be initiate by the carboxylic acid protonation; catalyst like strong acid or Lewis acid can enhance this step. In the case of an esterification synthesis between primary or secondary alcohol and a carboxylic acid, the mechanism can be described in five steps [START_REF] Lamartine | Estérification. In Techniques de l'ingénieur[END_REF]:

(i)
The carboxylic acid protonation. This protonation can occur either on the carbonyl site or on the hydroxyl site. In both cases, the reaction is fast, but only the ion formed by the first mechanism is stabilised by mesomeres and allows to continue the reaction. (ii)

The second step is kinetically limiting; it consists of the nucleophile attack of alcohol on the electrophilic site of the protonated carboxylic acid. (iii)

The next step consists of a prototropy: the alcohol proton is transferred on one hydroxyl groups of the reaction intermediate.

(iv)

Then follows the departure of a water molecule. (v)

The last step consists of deprotonation: the catalyst is restored.

All these steps are chemical equilibria; thus, they lead to the global esterification mechanism that is also an equilibrium, the detailed mechanism of the esterification reaction is given in Figure I -16; the reverse reaction is called saponification. Although the term ester denotes, in principle, only the product of the reaction between an alcohol and an organic acid, other esterification reaction can occur depending on the nature of the starting reagent like mineral ester, but they will not be detailed here.

The esterification of carboxylic acids is a reversible and slow reaction. The reaction is athermic, which means that the increase in temperature does not shift the equilibrium towards the ester formation. To overcome this balance, several solutions are possible: (i) adding an excess reagent (alcohol or acid); (ii) remove the ester by distillation if it is very volatile; or (iii) remove the water by distillation or by using a dehydrating agent. The kinetics of the esterification reaction will depend on the alcohol class, and the equilibrium will be reached faster if the reaction temperature is higher and with the presence of an acid catalyst.

In industry, ester production can be carried out by batch or continuous processes. High volume production favours continuous esterification processes. The condensation reaction between carboxylic acid and primary alcohol with homogeneous acid catalysts such as sulfuric acid at 110°C-130°C or heterogeneous acid catalysts such as ion exchange resin at 50°C-80°C are often used to obtain organic esters because of simplicity, economy, and environmental benefits.

I. 1.4.1.2

. Esterification of cellulose

As previously mentioned, cellulose esterification is a well-known process. However, some key parameters have to be kept in mind. First, the supramolecular structure of the cellulose created strong inter-and intra-molecular hydrogen bonds and allow the arrangement of cellulose chains into crystalline parts. As a consequence, only a few solvents are suitable for cellulose solubilization and modification in a homogeneous medium. Due to the high viscosity of polysaccharide solutions and the high costs of solvents, commercial processes are carried out exclusively under heterogeneous conditions until the total conversion of the cellulose (Indeed, partial conversion are generally insufficient to obtain soluble polymer derivatives).

The addition of strong acid as a catalyst leads to the degree of polymerisation decrease due to partial acid hydrolysis.

Cellulose esterification on homogeneous media using specific solvents allows the obtention of a high degree of substitution (DS) but will not be detailed because the cellulose supramolecular structure is broken during this process.

I. 1.4.1.3

. The case of cellulose citrate

The citric acid (CA) or 2-hydroxypropane-1,2,3-tricarboxylic is a crystalline solid whose the molecular formula is C6H8O7. It's a common polycarboxylic acid, that can be extracted from biomass or industrially synthesised. It was first isolated in 1784 by Carl Wihelem Scheele, and its industrial production began in 1890. In 1977, the chemical synthesis of citric acid started. Citric acid monohydrate (n°CAS: 5949-29-1) and anhydrous (n°CAS: 77-92-9) are now very available. More than 100,000 tons were produced or imported in Europe in 2020. (Citric acid -Registration Dossier -ECHA). They are widely used in the food industry as an acidifier and flavouring agents, in cosmetic and pharmaceutical industries, and as a chelating agent.

Citric acid was also used in the fibre industry as a promising anti-wrinkle agent for cotton fabrics [START_REF] Cai | Investigation on Reaction Sequence and Group Site of Citric Acid with Cellulose Characterized by FTIR in Combination with Two-Dimensional Correlation Spectroscopy[END_REF][START_REF] Yang | Ester Crosslinking of Cotton Fabric by Polymeric Carboxylic Acids and Citric Acid[END_REF], as well as other polycarboxylic acids as 1,2,3,4butanetetracarboxylic acid [START_REF] Ji | Catalytic actions of alkaline salts in reactions between 1,2,3,4-butanetetracarboxylic acid and cellulose: II. Esterification[END_REF]. Ester crosslinking between polycarboxylic acids and cellulose fibres is also used in the paper industry to improve paper wet performances [START_REF] Carlton | Ester crosslinking to improve wet performance of paper using multifunctional caboxylic acids, butanetetracarboxylic and citic acid[END_REF]. Another application concerning the preparation of depolluting materials with ion-exchange properties using the chelating property of citric acid [START_REF] Wing | Corn fiber citrate: preparation and ion-exchange properties[END_REF]. CNC modified with citric acid are also used as reinforcement in bio-sourced composites [START_REF] Zhu | Comprehensive Insight into Degradation Mechanism of Green Biopolyester Nanocomposites Using Functionalized Cellulose Nanocrystals[END_REF]. Depending on the temperature it experiences, citric acid can react on itself differently: the citric acid monohydrate can be converted to the anhydrous form ( Cai et al. showed by theoretical calculations that the reactivity between the primary hydroxyl groups of cellobiose with CA anhydride is more active than with CA [START_REF] Cai | Investigation on Reaction Sequence and Group Site of Citric Acid with Cellulose Characterized by FTIR in Combination with Two-Dimensional Correlation Spectroscopy[END_REF]. They used the value of the energy barrier between the LUMO (lowest unoccupied molecular orbital) of the molecule in this row and the HOMO (highest occupied molecular orbital) of cellobiose to estimated it. Concretely, the reaction between cellobiose and CA has an energy barrier of about 6.0832 eV, whereas those with the citric acid anhydride is about 5.2257 eV. They concluded that for polycarboxylic acids (e.g. CA), the anhydride should be firstly formed before reacting with cellulose. Moreover, at high temperature citric acid can formed aconitic acid, which leads to yellowing of the fibres (C. Q. [START_REF] Yang | Ester Crosslinking of Cotton Fabric by Polymeric Carboxylic Acids and Citric Acid[END_REF][START_REF] Yao | Durable Press Finishing of Cotton Fabrics with Citric Acid: Enhancement of Whiteness and Wrinkle Recovery by Polyol Extenders[END_REF]. Furthermore, as citric acid is a polycarboxylic acid, covalent crosslinking between different cellulose chains is reported in several publications.

In literature, cellulose citrate is mainly obtained by three steps: (i) the first one consisting to adsorb citric acid on the fibre surface, by dispersing the two reactants in a solvent (often water); (ii) the solvent is evaporated and citric acid cover the fibres surface and can sometime impregnate the cell wall; and (iii) a step of curing during this cellulose and citric acid condense together to form cellulose citrate under high temperature. Table I-5 gives an overview of the different esterification conditions to prepared cellulose citrate.

Very recently, Bondancia et al. used citric acid solution (65%) to produce citrate nanocelluloses in a biorefinery concept. The approach consists of single-step esterification and acid hydrolysis of cellulosic material (eucalyptus fibres). After 1.5 hours to 6 hours of treatment at 120°C, hydrolysed cellulosic materials are dialysed and sonicated to obtain nanocellulose; unused citric acid was recycled (Bondancia et al., 2020). The grafting was evaluated by 13 C NMR and Zeta potential. In 1993, Caulfield used citric acid or 1,2,3,4-butanetetracarboxylic acid and catalyst to improve wet performance of paper. He tried to obtain esterification and crosslinking between the polycarboxylic acids and cellulose chains. After the paperboard impregnation step and the esterification treatment (90 s -180°C), he greatly improved dimensional stability, and the creep deformation of BTCA-treated paperboard was significantly improved [START_REF] Carlton | Ester crosslinking to improve wet performance of paper using multifunctional caboxylic acids, butanetetracarboxylic and citic acid[END_REF]. Citric acid-modified wood and fibres are attractive depolluting materials [START_REF] Low | Sorption of copper and lead by citric acid modified wood[END_REF][START_REF] Wing | Corn fiber citrate: preparation and ion-exchange properties[END_REF]. Esterification between cellulose and CA introduce carboxyl functional groups to the cellulosic materials which conferred to these materials, higher sorption capacities of heavy metal cations (Cu 2+ and Pb 2+ ). For this water depolluting applications, cross-linkage between cellulose chains are not wanted, so lower time of treatment or temperature are used.

In recent studies, Cui et al. and Zhu et al. used surface-modified cellulose fibres and cellulose nanocrystals as reinforcement in biosourced composites. Citrate cellulose nanocrystals, incorporated in PHBV matrix, improve the composite thermal stability and mechanical properties. It also allows a control of the material degradation [START_REF] Zhu | Comprehensive Insight into Degradation Mechanism of Green Biopolyester Nanocomposites Using Functionalized Cellulose Nanocrystals[END_REF]. Dispersed citric acid modified-cellulose fibres within Polylactic acid (PLA) matrix brought out the enhanced flexural modulus and stress of the composite, suggesting the compatibility between the fillers and PLA matrix by introducing the carboxylic groups on cellulose surface [START_REF] Cui | Cellulose modified by citric acid reinforced Poly(lactic acid) resin as fillers[END_REF].

In a large majority of publications dealing with esterification between citric acid and cellulose, the proposed reaction mechanism involves a first step of dehydration of citric acid to citric acid anhydride, which itself react with cellulose chain preferably with the primary alcohol (bring by carbon C6). This mechanism is shown in Figure I -18, but the reaction can also occur with the secondary alcohol (C2 -C3). Some publications have reported the possibility of esterified cellulose fibres in solvent-free condition or non-conventional conditions using citric acids: the conditions used are resumed in Table I-6. For example, Romeo et al. in 2020 used molten citric acid as media to produce bio-oil and cellulose citrate as by-products (Romeo et al., 2020). Moreover, they studied the esterification mechanism between cellobiose and CA using quantum-mechanical DFT. They found that the preferred site for the ester formation is the hydroxyl group on the cellobiose C6 carbon atom. Three hours of treatment at 155°C seem to be the best conditions for esterification with a degree of substitution of about 0.35. Cellulose esterification on melt oxalic acid dihydrate media was also reported in 2017 by D. Li et al.; they obtained cellulose oxalate with a carboxylic content of 1.2 mmol/g after two hours of treatment at 110°C (D. Li et al., 2017). 

TEMPO oxidation

TEMPO oxidation is the most known and optimized reaction used to produce high carboxylate content cellulose and nanocellulose, in fact, the classical TEMPO treatment oxidizes the hydroxyl group in C6 into carboxylic groups (COOH/COO -) at the surface of cellulose fibres, nanofibres and cellulose nanocrystals.

TEMPO-oxidation can be used as pre-treatment to facilitate defibrillation and CNF production [START_REF] Saito | Individualization of Nano-Sized Plant Cellulose Fibrils by Direct Surface Carboxylation Using TEMPO Catalyst under Neutral Conditions[END_REF]. The micro/nanofibrils obtained by Saito et al. are individualized, and the size distribution of the objects was homogeneous. Moreover, the energy consumption needed for the main mechanical treatment was dramatically reduced by using TEMPO-oxidation as pre-treatment. In 2001, this reaction was performed for the first time as a post-treatment on cellulose nanocrystals by Araki et al. (Araki et al., 2001), and adapted and modified according to the raw materials used and the desired charge content, by different research groups during the past twenty years [START_REF] Habibi | Cellulose Nanocrystals: Chemistry, Self-Assembly, and Applications[END_REF]Montanari et al., 2005).

In both cases (as post-treatment or pre-treatment), nanocelluloses obtained are negatively charged at basic pH. These charges are excellent sites for further grafting or adsorption of molecules (Le Gars, Delvart, et al., 2020) or polymers. Moreover, they guarantee a good dispersion and stabilization of nano-objects in water. The obtained suspension is highly transparent and allows the production of transparent films with interesting barrier properties (Fukuzumi et al., 2009). In conclusion, surface modification of cellulosic materials using citric acid and other polycarboxylic acids in heterogeneous conditions was studied for different applications due to their "green aspect" (e.g. natural products, cheap and biodegradable). However, from one study to another one, the conditions of treatment strongly differ. Initially, higher temperature and longer treatment time increase the esterification rate, but the reaction yield begins to decrease with stronger conditions. Other way of surface esterification involving the use of Deep Eutectic solvent will be describe in section I.2.3.3. (Saito & Isogai, 2006).

Common chemicals used for the TEMPO-oxidation are: TEMPO radical (2,2,6,6tetramethylpiperidin-1-yl)oxyl as oxidizing agent; sodium hypochlorite (NaClO); and sodium bromide (NaBr). The reaction occurs in water, in basic condition (pH= 10). The quantity of NaClO -strongly influences the final charge content bringing on cellulose chains at the end of the treatment. Indeed, two moles of sodium hypochlorite are needed to oxidized one mole of hydroxyl groups into carboxylic groups (Fraschini et al., 2017). The different steps of the reaction are listed below:

(i)

The reaction between the hypochlorite ion ClO Thus, the TEMPO mediated oxidation of primary alcohol in carboxylic acid by a reaction intermediate: an aldehyde. Some studies focus on the optimisation of this intermediate based on the original protocol of TEMPO-oxidation. Thus, by removing NaClO during the reaction (Saito & Isogai, 2006) or introducing of laccase enzyme [START_REF] Jaušovec | Introduction of aldehyde vs. carboxylic groups to cellulose nanofibers using laccase/TEMPO mediated oxidation[END_REF][START_REF] Quintana | Cellulose oxidation by Laccase-TEMPO treatments[END_REF] a higher amount of aldehyde groups can be obtained at the cellulose fibre surface compared to the classical TEMPO-oxidation treatment.

TEMPO-oxidation of cellulose is the most famous method to add a charge on cellulose surface in basic condition, thus improving the suspension stability, adsorption phenomena, and fibrillation by the fibre swelling. For this reason, TEMPO-oxidized (nano)cellulose will be used as a reference during the experimental part.

Evidence of the surface chemical modification

I.1.4.3.1

. Surface VS Bulk modification

Concerning the cellulose organisation described before ( § I.1.1.2.1), it is crucial to distinguish between cellulosic materials surface and bulk modifications. Indeed, surface modification occurs only on the surface of the particles. Thus, the supramolecular structure of the materials is saved (crystallinity arrangement and index). In this case, the grafting rate is strongly linked to the particle's specific surface area (SSA). For cellulose surface esterification, only hydroxyl groups on the surface can react with carboxylic acid molecules.

On the contrary, bulk esterification involves all the hydroxyl groups present in the fibre, and this causes the loss of the supra-molecular structure. It is often easier to detect modification when the reaction occurs in bulk than on the surface due to the greater number of covalent bonds. Moreover, surface esterification is generally more heterogeneous than bulk esterification. Table I-7 gives the estimated value of hydroxyl groups available in cellulosic materials depending on the particle's morphologies. Only surface modification of cellulosic material will be done during this PhD study, since it is necessary to save the supramolecular structure of the cellulose to extract cellulose nanocrystals and cellulose nanofibrils.

I. 1.4.3.2

. Direct and undirect proofs of surface chemical esterification

After chemical modifications, the first step consists in isolating the product from the solvent and the excess of reactive and proceeding to an extending washing. Several kinds of technics can be used to wash a product: crystallisation, extraction or phase change with organic solvent (Soxhlet), dialysis. After that, the modification rate has to be evaluated, mainly to know the yield of the reaction, and in the case of polymer modification (i.e. cellulose), the degree of substitution (DS).

In the case of modifications involving the hydroxyl groups of cellulose, as esterification, the reactions taking place without breaking down the cellulose chains and can have only a local effect (e.g. surface modification) or affect all the chains simultaneously. In the former case, it is difficult to detect the changes analytically. Several characterization techniques are generally used simultaneously, and they are classified into two categories according to the information obtained: direct proofs of grafting and undirect proofs. The efficiency of the esterification grafting can be analysed using three approaches: (i) the research and highlight of the new functions brought by the molecules grafted into the cellulosic material; this method is efficient if the new chemical function and/atoms added were not already present on the polymers; (ii) the highlighting of the covalent bond form between the cellulose and the grafted molecules (e.g. esterification bond COOR); and finally, (iii) the analysis of the reactive recover after saponification. The approach choice is directly linked to the brought molecules [START_REF] Heinze | Esterification of Polysaccharides[END_REF].

There are different ways to directly characterize a surface modification; for all characterizations the easiest method consists of comparing results before and after grafting and looking for specific values brought by the added molecules. In modified cellulose case, Xray diffraction analysis (XRD) can be performed to analyse the cellulose crystallinity. If the modification occurs specifically on the fibres (or CNC or CNF) surface, the obtained diffractogram has to show the same pics of diffraction as the raw fibre diffractogram, proving the maintaining of the cellulose supramolecular structure. Otherwise, the grating also occurs in bulk, breaking the hydrogen bond and separate cellulose chains [START_REF] Okamura | Change of X-ray Diffraction Peaks in Aliphatic Cellulose Ester Homologues[END_REF]. Xray photoelectron spectroscopy (XPS), is a very efficient method to characterise surface modifications if the molecule or polymer grafted on the cellulose surface brings new atoms and created different organic groups than those already presented on cellulose. Elemental analysis EA can be used with organic acid containing heteroatoms, and the degree of substitution (DS) can be calculated. FT-IR spectroscopy can be used to evaluate the amount of carboxylic acid grafted on cellulose primary and secondary hydroxyl groups. It is a valuable tool for low-substituted derivatives and has been used to estimate the DS when it performed in quantitative mode. Complementary analysis using Raman spectroscopy is a valuable method to study surface properties of polysaccharide derivatives. NMR techniques allow the structure analysis of polysaccharide esters that exceeds the simple DS determination. Other technics can also be used as Time of Flight-Secondary Ion Mass Spectrometry (ToF-SIMS) or Dynamic Nuclear Polarization (DNP) [START_REF] Kumar | The surface chemistry of a nanocellulose drug carrier unravelled by MAS-DNP[END_REF] Several undirect proofs of modification can be used depending on the grafted molecules of polymers. For example, an increase of contact angle measurement between modified cellulose and water can be observed if grafted molecules are hydrophobic (Espino-Pérez et al., 2014). Likewise, hydrophobic cellulose nanocrystals can show a better dispersion in organic solvent after modification. Conductometric titration is often used to determine the charge content of TEMPO-oxidized cellulose or polycarboxylic acids grafted cellulose [START_REF] Michel | Production and Mechanical Characterisation of TEMPO-Oxidised Cellulose Nanofibrils/β-Cyclodextrin Films and Cryogels[END_REF][START_REF] Zhu | Comprehensive Insight into Degradation Mechanism of Green Biopolyester Nanocomposites Using Functionalized Cellulose Nanocrystals[END_REF]. The acid-base titration is an approach to evaluate ester cross-linking of polysaccharides with polycarboxylic acids such as 1,2,3,4-butanetetracarboxylic acid and citric acid, measuring the concentrations of ester and free carboxylic acid using calcium acetate back-titration (C. Q. [START_REF] Yang | Evaluating Ester Crosslinking of Cotton Fabric by a Polycarboxylic Acid Using Acid-Base Titration[END_REF]. Potentiometric titration is also reported as an efficient way to control the esterification of cellulose with polycarboxylic acids [START_REF] Heinze | Esterification of Polysaccharides[END_REF]. Some chemical treatments can improve or decrease the thermal properties of cellulosic fibres/nanofibres and nanocrystals; these changes can be detected by thermogravimetric analysis (TGA).

In conclusion, surface modifications of cellulosic materials using monocarboxylic acids or polycarboxylic acids by esterification was done for decades. New chemical groups are brought to the cellulose chains depending on the grafted molecule or polymer, leading to new properties and applications. Several characterization techniques can be used to follow the grafting rate or the degree of substitution of the final product. Esterification can be done in heterogeneous conditions leading to surface modifications only, saving the morphologies and the supramolecular structure of cellulosic materials. Post-treated nanocelluloses are used in different applications; however, one of the critical issues is the extraction of nanocelluloses modified with a one-step process. Ideally, this process should be eco-friendly, and use nonhazardous chemicals to answer to the green chemistry principles. Recently, new treatment methods for nanocelluloses production and modification are related in the literature, and some seem to indicate an answer to this problem. Among them, most promising appear to be (i) using deep eutectic solvents as reactive solvents for nanocellulose pre-treatments; and (ii) mechanochemistry for cellulose modifications. These two ways of treatment will be described in the following parts.

Deep Eutectic Solvents & Nanocelluloses

Deep Eutectic Solvents -DES

In 2003, Abbott et al. introduce a new class of organic solvents; they found that the eutectic mixture formed by choline chloride and urea with a molar ratio of 1:2 exhibited a melting point of 12°C, which is considerably lower than that of either of the constituents (choline chloride = 302°C and urea = 133°C) (Abbott et al., 2003). These kinds of liquid mixtures were later named Deep Eutectic Solvents (DES). DES are in a state of molten salts and ionic liquid solvents, but they are easier to use and less toxic. They are composed of at least two compounds: a Lewis or Brønsted acid and a base with a specific ratio. According to the nature of these two constituents, DES can be classified into four types (Smith et al., 2014). Extracted from SciFinder n in January 2021 using respectively the following terms : "NADES", "Natural Deep eutectic Solvent"; "DES", "Deep Eutectic Solvent"; "ILs", "Ionic Liquids"; "Molten Salts".

Eutectic solvents are liquid mixtures composed of weak Lewis or Brønsted acids and bases.

The prefix "Deep" is commonly understood as indicating that the mixture's eutectic temperature is lower than the melting temperature of the pure compounds. However, it is better to consider the term "Deep" as referring to the fact that the temperature reached by the mixture at its eutectic point is much lower than that predicted one by thermodynamic behaviour for an ideal mixture. This difference results in stronger interactions between the DES precursors than those present in the pure compounds (Smith et al., 2014). The theoretical phase diagrams shown in Abbott et al., 2003); C-Freezing point of choline chloride/carboxylic acid mixtures as a function of composition (Extracted from Abbott et al., 2004).

The glass transition temperature of these mixtures can be obtained by Differential Scanning Calorimetry (DSC) and proved the supramolecular structure of these solvents. Florindo et al.

determined the glass transition and degradation temperature of different DES based on choline chloride and carboxylic acids, and for all the mixture studied, they are between 250-260 and 400-500 Kelvin, respectively (Florindo et al., 2014).

Deep Eutectics Solvents preparation

Deep Eutectic Solvent are relatively easy to produce, no solvent presence is needed, and the final product requires any purification step. Different ways can be used to produce DES. In the majority of cases, the different compounds, in a particular molar ratio, are mixed under moderated temperature (50-100°C) until the liquid obtained was homogeneous and transparent, which usually takes less than 30 min. In the other cases, DES can be produced: (i) in aqueous solvents [START_REF] Craveiro | Properties and thermal behavior of natural deep eutectic solvents[END_REF], then the water can be removed by evaporation under vacuum; (ii) using grinding in a mortar (Florindo et al., 2014) or by extrusion [START_REF] Crawford | Efficient continuous synthesis of high purity deep eutectic solvents by twin screw extrusion[END_REF], and (iii) using freeze-drying method [START_REF] Gutiérrez | Freeze-Drying of Aqueous Solutions of Deep Eutectic Solvents: A Suitable Approach to Deep Eutectic Suspensions of Self-Assembled Structures[END_REF]. The way of obtention can impact the DES purity; indeed, the temperature used during the mixing steps could involve HCl(g) formation and/or the possibility of ester formation between the carboxylic acid and the component containing hydroxyl groups [START_REF] Kadhom | Studying Two Series of Ternary Deep Eutectic Solvents (Choline Chloride-Urea-Glycerol) and (Choline Chloride-Malic Acid-Lahiji[END_REF].

The different kinds of Deep Eutectic Solvents

Deep Eutectic Solvents can be classified into four categories as described in Table I-8, depending on their constituents. Recently another kind of deep eutectic solvents grown in interest. These solvents are composed of two non-ionic organic molecules: these systems cannot be classified on one of the four existing categories, so the addition of a new family was proposed by [START_REF] Abranches | Phenolic hydrogen bond donors in the formation of non-ionic deep eutectic solvents: The quest for type V DES[END_REF][START_REF] Abranches | Phenolic hydrogen bond donors in the formation of non-ionic deep eutectic solvents: The quest for type V DES[END_REF]. In DES type III, the two constituents are a quaternary ammonium salt and a hydrogen bond donor; the association of these compounds results in a eutectic mixture via hydrogen bonding interactions between the hydrogen bond acceptor and the hydrogen bond donor. The melting temperature of the mixture, far below that of its constituents, can be explained by the strong hydrogen bonds between the different compounds that prevent the crystallization of each product (Francisco, van den Bruinhorst, and Kroon, 2013). More in detail, the freezing point of the deep eutectic system depends on the lattice energies of the two compounds (e.g. in Type III DES quaternary ammonium salt and hydrogen bond donor) and how this energy is counteracted by the two-products interaction (Abbott et al., 2004).

Only the DESs type III are studied during this thesis so that the bibliographic references will target that kind of solvents.

Type III (Natural) Deep Eutectic Solvents and some of their properties

Type III Deep eutectic solvents are a mixture of two organic compounds, the first one is a quaternary ammonium salt and the second one a molecule containing hydrogen bond donors.

Interaction between hydrogen bond donors (HBD) and hydrogen bond acceptor (HBA) are essential to obtain a type III Deep Eutectic Solvent; hydrogen bonds are one of the principal reasons that the mixture obtained is liquid under room temperature at atmospheric atmosphere. HBD and HBA are defined like that:

-HBD are electronegative atoms (O,N,F..) link to hydrogen atom -HBA are electronegative atom link with other atoms except hydrogen Choi et al. in 2011 were the first ones to introduce the notion of Natural Deep Eutectic Solvents (NADES); they studied different mixtures present in plant cell and reproduce them using different sugars, amino acids, carboxylic acids and choline to understand their essential role in plant metabolisms [START_REF] Choi | Are Natural Deep Eutectic Solvents the Missing Link in Understanding Cellular Metabolism and Physiology?[END_REF]. The "Natural" prefix refers to the presence of this mixture in the biodiversity (Y. [START_REF] Liu | Natural Deep Eutectic Solvents: Properties, Applications, and Perspectives[END_REF]; however, this definition has evolved, and Natural Deep Eutectics Solvents are nowadays used to qualified a DES formulated with natural compounds. NADES have similar properties (nonvolatility and low toxicity )as classical deep eutectic solvents, but they can be considered as green solvents due to their potential renewability, recyclability and biodegradability (Paiva et al., 2014;Vanda et al., 2018).

However, DES and NADES can have some drawbacks as their high viscosity, corrosive properties, and rather high cost, reducing their potential field of applications.

From their discovery, interest for deep eutectic solvents have increased in many fields of applications. The numbers of publications on their characterisations and applications increased years after years. Among others, DES can be applied for biodiesel production (W. [START_REF] Huang | Activation of Commercial CaO for Biodiesel Production from Rapeseed Oil Using a Novel Deep Eutectic Solvent[END_REF], metal electrodeposition [START_REF] Smith | Deep eutectic solvents (DESs) and the metal finishing industry: Where are they now[END_REF], dissolution of metal oxide and CO2 (Q. [START_REF] Zhang | Deep eutectic solvents: Syntheses, properties and applications[END_REF]. Their ionic conductivity, refractive index, polarity, and the determination of the Hammett function provide essential information to evaluate these solvent aptitudes. For biomass applications and, more significantly, polysaccharides processing and treating their thermal properties, acidity, viscosity, and density should be considered with specific attention.

"Deep eutectic solvents" refer to a class of solvent, so two deep eutectic solvents can have very different properties relative to each other. For greater clarity, the properties described in the following parts will relate mainly to the eutectic solvent formed from Choline Chloride and organic acids for polysaccharides processing.

I.2.1.3.1. Viscosity and density of deep eutectic system

Viscosity, density and polarity are very important parameters to characterize solvents. They influence their possible use and condition of using, for this reason their physicochemical properties are often studied in publications.

Density is an important property for chemical materials and their processing. Indeed, a dense solvent usually has a negative impact on handling or mixing of chemical processes, but it can have a positive effect when it is used for extraction using density differential. The influence of the solvent water content and the temperature on different DES was investigated by [START_REF] Panić | Physicochemical Properties, Cytotoxicity, and Antioxidative Activity of Natural Deep Eutectic Solvents Containing Organic Acid[END_REF] They obtained density values varying between 1.13 g.cm -3 and 1.50 g.cm -3 depending on the water content and the DES compounds; generally, an addition of water tends to decreased the density of the mixture. [START_REF] Panić | Physicochemical Properties, Cytotoxicity, and Antioxidative Activity of Natural Deep Eutectic Solvents Containing Organic Acid[END_REF]. However, for a same deep eutectic solvent the density value reported in literature can strongly change: these variations have several origins as the purity of the DES, methods of preparation and characterisation and the quality of the sample. These variations on density can significantly impact processes (e.g. gas extraction) and have to be controlled [START_REF] García | Deep Eutectic Solvents: Physicochemical Properties and Gas Separation Applications[END_REF]. A relation between the choline chloride and organic acids based-DES density and the hydrocarbon chain length was reported by Florindo et al. in 2014. Their results shown that the deep eutectic mixture viscosity decreased when the length of the alkyl chain of the organic acid increased (Florindo et al., 2014). They also studied density and viscosity of these DES according to their water content (saturated or dry).

Even more than density, viscosity is an important parameter of deep eutectic mixtures especially when they are used as solvents. Rheological characterizations of different DES revealed that many of them are non-Newtonian and highly viscous fluids [START_REF] García | Deep Eutectic Solvents: Physicochemical Properties and Gas Separation Applications[END_REF].

Fortunately, the mixture viscosity can be easily adjusted by operating a higher temperature or by adding water. Indeed, dilution with water leads to an important decrease of the viscosity, due to water weakening hydrogen bond between components [START_REF] Panić | Physicochemical Properties, Cytotoxicity, and Antioxidative Activity of Natural Deep Eutectic Solvents Containing Organic Acid[END_REF]. Kadhom et al., found a correlation between the non-Newtonian behaviour of DES and the esterification occurring between the compound studying choline chloride: malic acid: glycerol system at different temperatures (60-80°C) [START_REF] Kadhom | Studying Two Series of Ternary Deep Eutectic Solvents (Choline Chloride-Urea-Glycerol) and (Choline Chloride-Malic Acid-Lahiji[END_REF]. Abbott et al. studied different deep eutectic solvents formed by choline chloride and organic acids; they concluded that the viscosity of the mixtures is affected by the ionic mobility inside the fluid. Moreover, they demonstrated a relationship between the activation energy for the viscous flow and the ratio of the ion to void radius; thus, the system's viscosity is affected by the largest ion (Abbott et al., 2004). Literature extracted values of viscosity and density for different choline chloride and organic acids based deep eutectic solvents are shown in Table I-9. 

I.2.1.3.2. Thermal behaviour of DES

The investigation of deep eutectic systems thermal behaviours is significant for DESs applications. These properties determine the range of temperature at which a deep eutectic solvent can maintain its liquid form (T > Tm) without degradation phenomena occur (T < Td) and consequently its range of application (extraction, dissolution, reactive media etc). In most cases, the thermal stability of these mixtures was characterized from the viewpoint of the loss of mass. In Type III DES three phenomena can occur: (i) the water loss (bound and unbound water), (ii) the loss of DESs components (evaporation), (iii) and thermal decomposition of DESs components. As already mentioned, the melting temperature of mixtures is lower than those of the starting components. The glass transition temperature of these mixtures can be obtained by DSC and proved the supramolecular structure of these solvents. Florindo et al. have determined the degradation temperature of DES based on choline chloride and carboxylic acid, and for all the mixtures studied, they were about of 400-500 Kelvin (Florindo et al., 2014).

In addition, the long-term thermal stability of deep eutectic solvents is an essential parameter to known. Indeed, eutectic mixtures are often used as solvents and have to be stable in the time under the treatment conditions, which can be during several hours under moderate or high temperature. In 2017, Skulcova et al. performed long time thermal stability of three DES composed of choline chloride and organic acids using thermogravimetry analysis (TGA). They submitted deep eutectic solvents for 10 hours at different temperatures between 60°C to 120°C to quantify their long-time stability; and determined their decomposition temperature, which denotes the temperature at which 10% of the initial mass had been lost during the TGA scanning experiment [START_REF] Skulcova | Long-term isothermal stability of deep eutectic solvents based on choline chloride with malonic or lactic or tartaric acid[END_REF]. The same research team proceeded to complementary results in 2018, using different deep eutectic systems; they obtained a final weight loss about of 10.3% after 10 hours at 100°C, and 34.6% after 10 hours at 120°C for citric acid monohydrate/choline chloride DES (1:1 molar ratio) [START_REF] Jablonský | Long-term Isothermal Stability of Deep Eutectic Solvents[END_REF].

In conclusion, the applicability of DES and NADES to commercial processes is still in the initial phase of research and developments; each year, increasing numbers of publications on physicochemical characterizations, properties and applications for DES are published. The structure of these systems greatly influences their properties, which could be modified by adjusting their water content. Viscosity, density, acidity and thermal stability of these solvents are essential parameters to determine the best solvent for each application, as well as a knowledge of their corrosive, oxidizing and acidic character. Deep eutectic solvents are organic solvents that can replace some classical other solvent by their "green" properties, which will be studied in the next part (see I.2.2.3).

Deep eutectic solvent are they green solvents?

Green Chemistry: introduction to the 12 principles One of the big challenges for humanity in this XXI st century is the preserving of the environment and natural resources. In this aim, new objectives of sustainable development emerged. In chemistry, one of the most attractive concepts for sustainability is Green Chemistry which is "... the utilisation of a set of principles that reduces or eliminates the use or generation of hazardous substances in the design, manufacture and application of chemical products." This sentence was the first definition of green chemistry proposed by Anastas andWarner in 1998 (Anastas &Warner, 1998).

In 2003, Anastas and Zimmerman built 12 principles to provide a framework for scientists and engineers eager to offer greener and more sustainable way of syntheses. These principles are a set of methodologies to accomplish the goals of green design and sustainability; they are transcribed below as they were first published in 2003 [START_REF] Anastas | Through the 12 Principles GREEN Engineering[END_REF]:

1-Designers need to strive to ensure that all material and energy inputs and outputs are as inherently non-hazardous as possible. 2-It is better to prevent waste than to treat or clean up waste after it is formed. 3-Separation and purification operations should be designed to minimize energy consumption and materials use. 4-Products, processes, and systems should be designed to maximize mass, energy, space, and time efficiency.

5-Products, processes, and systems should be "output pulled" rather than "input pushed" through the use of energy and materials. 6-Embedded entropy and complexity must be viewed as an investment when making design choices on recycle, reuse, or beneficial disposition. 7-Targeted durability, not immortality, should be a design goal. 8-Design for unnecessary capacity or capability (e.g., "one size fits all") solutions should be considered a design flaw. 9-Material diversity in multicomponent products should be minimized to promote disassembly and value retention. 10-Design of products, processes, and systems must include integration and interconnectivity with available energy and materials flows. 11-Products, processes, and systems should be designed for performance in a commercial "afterlife".

12-Material and energy inputs should be renewable rather than depleting

In 2005, Tang et al. suggest to condense the 12 principles of green chemistry in order to make them more approachable to the general public and more meaningful at the marketing level (S. L. Y. [START_REF] Tang | Principles of green chemistry: PRODUCTIVELY[END_REF]. This work was followed by another one in 2008, using the same concept to create a list of twelve principles for green engineering (S. Y. [START_REF] Tang | The 24 Principles of Green Engineering and Green Chemistry: "IMPROVEMENTS PRODUCTIVELY[END_REF]. The One of the key areas of Green chemistry is the elimination of solvents in chemical processes or the replacement of the most dangerous of them by less toxic ones. Alternative solvents such as water, fluorous and ionic liquid, supercritical media must replace toxic solvents, according to their use they can be considered as "Green Solvent".

Green solvents: definition/conditions

In chemical processes, solvents have several roles to play: they aid in mass or heat transfer, disperse, solvate, or stabilize chemical compounds, and facilitate separation and purification steps. Solvents are not active components during a reaction, but they can be used in significant quantity. Moreover, they are often the primary component in many marketed products (e.g. cleaning agent, painting and varnishes). In chemistry, the choice of a suitable solvent is based on its compatibility with the desired process and all the compounds (reactants, product, catalysts) involved during the different stages of the synthesis. Other notions as solvent polarity and proticity, volatility and melting point are also essential to consider.

In Europe, the Registration Evaluation, Authorization of Chemical Substances (REACH) ('Regulation EC/1907EC/ /2006EC/ ', 2006) ) regulation has been in force since June 2007. It replaces the old regulatory system and sets the rules for chemical management in the European Union. Risk assessment of a chemical product is based on specific applications, and any substances with volumes over 1000 kg per year needs to be registered. In June 2020, 209 substances are classified as substances of very high concern (SVHC) according to the criteria given in article 57 of the REACH Regulation, and some of them are solvents previously used in industry. In the current context, legislation can present a barrier to developing new "greener" solvent due to the registration cost and the lead time required to introduce a new solvent in the market. But in another hand, the opportunities to replace traditional and more hazardous solvents are driven by consumer demand for safer products (Kerton & Marriott, 2013).

As introduced before, one of the green chemistry twelve principles is the use of safer solvents or at least using substitutes for hazardous solvents. The choice of the solvent also impacts other principles, explaining that the interest in using "green solvents" grown these last year's enormously. Theoretically, the better way to follow these principles is to not use solvent at all; thus, some synthesis or chemical reactions are labelled as "solvent-free".

According to the green chemistry principles, the idea of "green" refers both to the will to reduce the environmental impact resulting from the use, production, and the solvent end of life, but also minimizing the dangers for the user. In 2007, to assess how "green" a solvent is, Capello et al. described two complementary methods. The first one concerns the evaluation of the safety, health and environment properties (SHE) and the second one of the life-cycle assessment method (LCA) [START_REF] Capello | What is a green solvent? A comprehensive framework for the environmental assessment of solvents[END_REF].

The LCA touches on analysing of a product during all its "life"; this method can be applied to all kinds of products, including solvents. In the solvent case, the steps consist in analysing the production, purification stages, storage and delivery conditions. Then, the use of the solvent and the last step, its end of life. Different solutions exist for the end of life of a solvent, but the choice of one or the other is often determined by the process implemented during the latter's used. The first one consisting of the recycling and the purification of the solvent for a further use; this solution is often time and energy-consuming at the laboratory scale but is often the choice done in continuous processes. The second one is the disposal of the solvent, if this one is burnt, electricity can be recovered by this process and used wisely.

Case of deep eutectic solvents

The potential of ionic liquids as green solvents in different areas of chemistry was discussed and studied in different papers and articles. They have been at the forefront of using To summarize, using green solvent is one of the tools of green chemistry. Few solvents are inherently green, despite some misleading literature assertions. However, in some cases they can be greener than the traditional ones. Depending on the process, a same solvent must be banned for some applications and not for other ones due to, for example, its volatility regarding atmosphere pollution.

alternative and greener solvents in the chemical industry, notably due to their inherent low vapor pressure and their thermal stability [START_REF] Wilkes | Introduction[END_REF]. However, some debated about the ionic liquids' green credential regarding their toxicity, their environmental persistence and footprint [START_REF] Ranke | Design of Sustainable Chemical ProductsThe Example of Ionic Liquids[END_REF]. In 2010, Deetlefs and Seddon analysed their greenness using a SWOT analysis (Strength, Weakness, Opportunity and Threats) and the twelve principles of Green Chemistry. They concluded that these kinds of solvents are "green, but not green enough." [START_REF] Deetlefs | Assessing the greenness of some typical laboratory ionic liquid preparations[END_REF].

Deep eutectic solvents have only a few studies yet due their relative novelty. However, they share many of the advantages of ionic liquids as their low vapour pressure. They can be sourced from renewable feedstock, non-toxic and biodegradable products contrary to their predecessors.

Concerning their Life Cycle Assessment, deep eutectic solvents are organic mixtures that can be produced directly in the using place. Chemicals products composing them (often solid powders) can be delivered and stored until the process starts. Moreover, most of the time, any stages of purification are needed before using them. Thus, DES pre-using evaluation depends only on the products used for their obtentions. Their low melting temperature and low vapour pressure made them easy to use in mild conditions, but these depend on the desired process, as well as for any other solvents. The critical issue for deep eutectic solvents is their end of life. It is essential and valuable to realize the reuse of DES to improve their "green aspect" and protect the environment; moreover, at the same time, the process cost will decrease. Type III deep eutectic solvent, composed of ammonium quaternary salt and hydrogen bond donor, are hygroscopic and water or ethanol miscible. For this reason, these solvents are often used, at the final stage to the process to decrease the medium viscosity and recover the final product (solvent exchange). The added solvent can be then removed by evaporation and/or distillation, and the DES recovered. However, in some cases, the chemical mass of recycled DES was over 100%, resulting from residual water or ethanol that were tightly bonded and could not be entirely removed (P. Li et al., 2018). Some recent publications, about the use of deep eutectic solvent for biomass treatment, investigated the efficiency to recover DES in their applications. The number of recycling cycle is around 3 to 5, depending on the application and the DES composition (Table I-10). The limited recyclability of DES is mainly due to the increasing presence on impurities in the mixture use after use (e.g. extracted molecules, DES degradation, water presence). Moreover, if the solvent is used as a reactive solvent, the consumption of one mixture compound during the process decreases its viability on the process and change the visual aspect of this one (P. Li et al., 2018;X. Yang et al., 2019) (Figure I -24). The environmental safety has to be evaluated according to the hazard that the chemical compound exhibits for organisms and environmental pollution. One of the main attractive Natural Deep Eutectic Solvent properties is that their components are all-natural products which can be extracted from vegetal biomass (e.g. oxalic acid and citric acid are presented in several fruits and plants). Their biocompatibility properties often refer to the existence of some NADES which are biosynthesized by some organisms. However, this concerns very few systems, and for the others deeper investigations have to be done [START_REF] Choi | Are Natural Deep Eutectic Solvents the Missing Link in Understanding Cellular Metabolism and Physiology?[END_REF]. In 2019, Panić et al. studied the cytotoxicity of two Type III deep eutectic solvents based on choline chloride (ChCl) and carboxylic acids (ChCl:Citric acid ChCl:Malic acid). They tested their effects on cell viability on three human cell lines to predict the effects these solvents might have on the environment, and implement the REACH (Registration, Evaluation, Authorization and Restriction of Chemicals) regulation. Their assays showed that NADES, even at high concentration, have no inhibiting effect on human cell growth [START_REF] Panić | Physicochemical Properties, Cytotoxicity, and Antioxidative Activity of Natural Deep Eutectic Solvents Containing Organic Acid[END_REF]. In literature, most NADES are considered to have low cytotoxicity; only some of them are reported to have moderate toxicity towards fish and human cells (Paiva et al., 2014;[START_REF] Radošević | Evaluation of toxicity and biodegradability of choline chloride based deep eutectic solvents[END_REF]. Thus, Natural Deep Eutectic Solvents toxicity is by several magnitude lower orders than some ionic liquids.

Biodegradation of the substance also plays a significant role in their environmental impact and futur. In 2015, Radošević et al. and Wen et al. evaluated the biodegradability of choline chloride based DES in aerobic aqueous medium by a standard method: the OECD 301 guideline (OECD 301-D: Ready Biodegradability, 1992). According to this method, the studied mixtures have to reach a biodegradation level of 60% in less than 28 days to pass the biodegradation test. All the DES tested during the Radošević study came over 60% after only 14 days and are so classified as "readily biodegradable" [START_REF] Radošević | Evaluation of toxicity and biodegradability of choline chloride based deep eutectic solvents[END_REF]. However, according to Wen et al. study, only two of the four can be considered as readily biodegradable [START_REF] Wen | Assessing the toxicity and biodegradability of deep eutectic solvents[END_REF].

Cellulose and nanocelluloses treatments using Deep Eutectic Solvents

The properties of Deep Eutectic Solvents previously studied, especially their: low costs, biopolymer dissolution ability, biodegradability, non-toxicity, polarity and recyclability, make them an appropriate media for polysaccharides and carbohydrate polymers treatments. Some reviews dedicated to the use of DES for carbohydrate polymers processes are available [START_REF] Durand | Deep eutectic solvents: Synthesis, application, and focus on lipase-catalyzed reactions[END_REF][START_REF] Farrán | Green Solvents in Carbohydrate Chemistry: From Raw Materials to Fine Chemicals[END_REF][START_REF] Loow | Potential use of deep eutectic solvents to facilitate lignocellulosic biomass utilization and conversion[END_REF][START_REF] Ruß | Low melting mixtures in organic synthesis -an alternative to ionic liquids?[END_REF]Zdanowicz et al., 2018). DES and NADES are sustainable for: biomass fractionation, delignification, saccharification, biofuel production, cellulose modification, cellulose nanocrystals and nanofibrils extraction.

Recently the number of publications using deep eutectic solvent for cellulose nanofibres pretreatment and cellulose nanocrystals extraction drastically increased. The rest of this bibliographic study will focus on cellulosic fibres modifications and nanocelluloses extraction by type III choline chloride Deep Eutectic Solvent to best correspond to the thesis project.

Deep Eutectic Solvents for cellulose dissolution and nanofibrils pre-treatment

Cellulose is a homopolymer composed of D-anhydroglucopyranose units connect by β-(1-4)glucosidic bonds. Due to its supramolecular structure (strong intra-and inter hydrogen bonds), it is a semi-crystalline polymer that cannot be solubilised in water or common organic solvents. Cellulose dissolution is often the limiting aspect of cellulose fibres processing. Some ionic liquids and hydrated molten salts can dissolve cellulosic fibres to a certain extent by

In conclusion, DES and NADES are not intrinsically "green". Their environmental and health toxicity strongly depend of their starting compounds. However, choline chloride based deep eutectic solvents can show a relatively good degradability and a lower toxicity than those reported for ionic liquids. Special attention should be given for their way of recovering especially if DES have to replace some classical other organic solvents in order to ensure that the final process is greener than the original one.

eliminating inter and intra-hydrogen bonds [START_REF] De María | Recent trends in (ligno)cellulose dissolution using neoteric solvents: Switchable, distillable and bio-based ionic liquids[END_REF][START_REF] Heinze | Solvents applied in the field of cellulose chemistry: A mini review[END_REF]; R. [START_REF] Zhang | High energy oxidation and organosolv solubilization for high yield isolation of cellulose nanocrystals (CNC) from Eucalyptus hardwood[END_REF]. However, these solvents are expensive and can have an important environmental impact, so researches to find less toxic, bio-based cellulose solvents are essential. Kamlet-Taft solvatochromic parameters can be used to evaluated a solvent dissolution ability. The parameters α, β, and π* represent hydrogen-bond acidity, hydrogenbond basicity, and dipolarity/polarizability of the solvents, respectively [START_REF] Taft | The solvatochromic comparison method. 2. The .alpha.scale of solvent hydrogen-bond donor (HBD) acidities[END_REF][START_REF] Taft | The solvatochromic comparison method. 2. The .alpha.scale of solvent hydrogen-bond donor (HBD) acidities[END_REF].

It was found that choline chloride (CC) based natural deep eutectic solvent can dissolve a small quantity of cellulose fibres or be used as media treatment. Among the different combinations of CC:organic acids deep eutectic solvents tested by [START_REF] Ren | The Properties of Choline Chloridebased Deep Eutectic Solvents and their Performance in the Dissolution of Cellulose[END_REF], the highest solubility was obtained for choline chloride: imidazole system with a solubility around 2.48 wt% [START_REF] Ren | The Properties of Choline Chloridebased Deep Eutectic Solvents and their Performance in the Dissolution of Cellulose[END_REF]. However, adding polyethylene glycol as a co-solvent strongly improved the cellulose dissolving ability, without derivatives generation. Another work performed by Lynam et al. in 2017, determined the cellulose solubility in choline chloride monocarboxylic acidbased DES. All the mixture obtained a solubility below 1 wt% [START_REF] Lynam | Deep eutectic solvents' ability to solubilize lignin, cellulose, and hemicellulose; thermal stability; and density[END_REF]. CC:thiurea DES allows to solubilize 10% of microcrystalline cellulose after six hours of treatment at one hundred degrees [START_REF] Sharma | Dissolution of α-chitin in deep eutectic solvents[END_REF]. In conclusion, CC:organic acid based deep eutectic solvents do not seem suitable for cellulose dissolution. For example, CC:oxalic acid dissolved less than 1 wt% at 110 °C. This could be the result of protic OH group presence in choline cation, hindering the interaction between chloride and cellulose. Applying choline derivative with more hydrophobic groups could enhance cellulose solubility but it will not be studied here (Zdanowicz et al., 2018).

In 2015, Sirviö et al. were the first ones using DES as cellulose fibres pretreatment for microfibrillated cellulose production. After 2 hours of treatment at 100°C and mechanical disintegration, they evaluated the efficiency of choline chloride:urea (CC:Urea 1:2) DES by characterising nanofibrils morphologies, degree of polymerisation and crystallinity. The solvent used did not change the cellulose structure and allowed to obtain individual and bundle MFC [START_REF] Sirviö | Deep eutectic solvent system based on choline chloride-urea as a pre-treatment for nanofibrillation of wood cellulose[END_REF]. Following this study, several publications using different choline chloride-based Deep Eutectic Solvents were published (see Table I -11). Choline chloride:urea DES was the most used as pretreatment to obtain cellulose nanofibrils from various sources: board pulp [START_REF] Suopajärvi | Nanofibrillation of deep eutectic solventtreated paper and board cellulose pulps[END_REF], recycle pulp [START_REF] Laitinen | Hydrophobic, Superabsorbing Aerogels from Choline Chloride-Based Deep Eutectic Solvent Pretreated and Silylated Cellulose Nanofibrils for Selective Oil Removal[END_REF], ramie fibres (Yu et al., 2019), and okara (P. [START_REF] Li | Preparation of cellulose nanofibrils from okara by high pressure homogenization method using deep eutectic solvents[END_REF].

Recently, in 2021, S. Liu et al. reported that different carboxylic acid-based deep eutectic solvents could successfully be applied as pretreatment media for cellulose nanofibrils production. In addition to their fibres swelling properties, these Deep Eutectic Solvents lead to the fibres' partial surface esterification, contributing to improve the mechanical fibrillation while maintaining the cellulose I structure (S. Liu et al., 2021). DES and NADES are easy to obtain and can be helpful in organic chemistry; indeed, they can replace some toxic organic solvents in many application fields. In a recent review, Zdanowicz et al. summarised the possible application range of DES and NADES for polysaccharide processing (Zdanowicz, Wilpiszewska, and Spychaj, 2018). One of these applications used Type III NADES as an acidic hydrolytic solvent to obtain CNCs. Two steps are essential to extract CNC from cellulose fibres: (i) acid hydrolysis under controlled parameters to dissolve amorphous cellulose part, followed by (ii) sonication to subdivide crystalline part into individualised CNC. Acidic Deep Eutectic solvents, specifically designed with organic acids can replace this first step.

Many combinations of hydrogen bond donors and acceptors using different ratios can be used to obtain acidic deep eutectic solvents that can hydrolyse the amorphous parts of cellulose (Ibrahim et al., 2018;Sirviö, 2019;[START_REF] Sirviö | Deep eutectic solvent system based on choline chloride-urea as a pre-treatment for nanofibrillation of wood cellulose[END_REF]. An overview of the different obtained (Sirviö, Visanko, and Liimatainen, 2016); c) ChCl:OAD 1:1 -6h -100°C (Sirviö, Visanko, and Liimatainen, 2016); d) ChCl:OAD 1:1 -2h -120°C (Sirviö, Visanko, and Liimatainen, 2016) ; e) ChCl:OAD 1:1 -1h -100°C (Ling et al., 2019); f) ChCl:OAD 1:2 -1h -100°C (Ling et al., 2019); g) ChCl:OAD 1:3 -1h -100°C (Ling et al., 2019); h) ChCl:OAD 1:4 + cat : FeCl3.6H2O (0.15 mmol/gDES) -6h -80°C (X. Yang et al., 2019); i) ChCl:OAD 1:4 + cat : FeCl3 . 6H2O (0.3 mmol/gDES) -6h -80°C (Yang et al., 2019); j) ChCl:OAD 1:1 -30 min -100°C (Laitinen et al., 2017) ; k) Microwave assisted ChCl:OAD 1:1 -3 min -80°C (Liu et al., 2017); l) Microwave assisted ChCl:OAD 1:1 -3 min -90°C (Liu et al., 2017) ; m) Microwave assisted ChCl:OAD 1:1 -3 min -100°C (Y. Liu et al., 2017); n) Guanidine hydrochloride:Anhydrous phosphoric acid 1:2 -24h -room temperature (Sirviö, 2019); o) Aminoguanidine hydrochloride : Glycerol 1:2 -10 min -70°C (Li et al., 2018); p) Aminoguanidine hydrochloride:Glycerol 1:2 -10 min -70°C (Li et al., 2018).

The most studied NADES for cellulose nanocrystals was used for the first time by Sirviö et al. in 2016(Sirviö et al., 2016). Researchers managed to extract individual cellulose nanocrystals using a choline chloride:oxalic acid dihydrate (ChCl:OAD 1:1) treatment from dissolving pulp. They used two different temperatures (T=100 or 120°C) and a reaction time of 2 hours. After this pre-treatment, NADES was removed using distilled water, and the suspension was disintegrated mechanically using a microfluidizer. The CNCs produced at 120°C showed a high aspect ratio with a length of approximately 353 ± 16 nm and a diameter of 9.9 ± 0.7 nm. Since this first study, different studies using this NADES in different ratios with various experimental conditions, and different cellulose sources have been conducted to extract CNCs. In 2017, Laitinen et al. showed that only 30 minutes of treatment at 100°C is enough to extract CNC from bleached birch Kraft pulp using ChCl:OAD 1:1 as the pre-treatment. The nanocrystals obtained are non-charged and can be used as oil-water Pickering stabilizers. However, a faster way to produce CNCs using this solvent is to assist the pre-treatment by microwave application. With this technique, Liu et al. obtained a CNC suspension in only 3 minutes of reaction (Y. Liu et al., 2017). More recently, Ling et al. studied the effect of ChCl:OAD treatment on the cellulose nanocrystal structure. They compared three ChCl:OAD molar ratios of 1:1, 1:2, and 1:3 at two temperatures of 80°C and 100°C. In all cases, they managed to obtain cellulose nanocrystals, but lower crystallinity and lamellar structures were observed for CNCs extracted with a lower acid content. The obtained CNCs with a higher acid ratio (ChCl:OAD 1:3) were more dispersed and exhibited a higher aspect ratio (Ling et al., 2019).

Inspired by the conventional acid hydrolysis treatment with H2SO4, Yang et al. proposed to use a catalyst (FeCl3 • 6H2O) during DES treatment. They varied the temperature of the treatment and the molar ratio of choline chloride, oxalic acid dihydrate, and catalyst. They found that the optimum conditions for the treatment were 80°C and 6 hours in ChCl:OAD:FeCl3•6H2O DES at a molar ratio of 1:4.43:0.1 (X. Yang et al., 2019).

In situ esterification and extraction of CNC using Deep Eutectic Solvents

Generally, CNCs are extracted via inorganic acid hydrolysis of cellulosic materials. During acid hydrolysis, the amorphous cellulose part is hydrolysed when the crystalline part has a better stability. However, strong mineral acid as sulfuric acid could cause some problems during the All these studies have been conducted recently and did not provide clear information on the CNC yields. The possibilities to generate new acidic natural deep eutectic solvents are almost infinite; indeed, the simple change of the molar ratio between the constituents of the solvent would result in a new solvent with new properties. The same is true if another acid is used as the hydrogen bond donor. More interesting, some studies reported that CNC extracted using acid deep eutectic solvent are modified on surface. These researches will be detailed in the next part I.2.3.3.

process as the equipment corrosion, over degradation of cellulose and by-products formation. Moreover, intensive washing leads to an important volume of effluents that can cause environmental pollution. To overcome these drawbacks, organic acid hydrolysis has been studied as a promising method to produce CNC. These acids can be recycled at the end of the treatment and showed lower corrosion properties than mineral ones. Moreover, esterification reaction can occur at the CNC surface. It allows modified CNC' obtention from cellulosic materials in one-step treatment. If polycarboxylic acids are used for CNC extraction, the esterification of these compounds on the particles surface leads to the obtention of negatively charged CNCs, improving in the same time the suspension stability. Three ways of treatment can be used for the cellulose crystalline part esterification and cellulose amorphous part hydrolysis: the use of highly concentrated acid organic solutions, the use of molten organic acids, and the used of organic acid in deep eutectic solvents .

In 2016, Chen et al. successfully obtained negatively charged CNC using concentrated dicarboxylic solutions with several treatment conditions. Extracted CNC showed Zeta potential values between -22 and -45 mV, an important crystallinity index (>80%), and excellent thermal stability. Moreover, carboxylic acids used were successfully recovered by crystallisation after treatments (Bian et al., 2017;Chen et al., 2016). Citric acid hydrolysis of cellulose materials is generally conducted in two steps: (i) impregnation of the cellulose materials by high concentrated acid solution, and (ii) a curing step. Very recently, this process was carried at 120 °C for several hours for eucalyptus fibres treatment (Bondancia et al., 2020). Such process needs the use of intensive ultrasonication step and the CNC yield is limited (8-24%). However, one interest of this work is that the obtained solid residual particles are transformed into cellulose nanofibrils via mechanical treatments.

Another approach to obtain in situ modified CNC with organic acid consisted in using organic acid in their molten state. In 2014, Espino-Pérez et al. developped a new way for cellulose esterification named « SolReact » to modify cellulose nanocrystals with different aromatic organic acids. This way of treatment allows a good dispersion of CNC in the organic acid, which can be recovered at the end of the experiment. The higher DS obtained was with phenyl acetic acid after 20 hours of treatment, and it conferred an hydrophobic properties to CNC as confirmed by an increase of the angle of contact with water (Espino-Pérez et al., 2014). In 2017, Li et al. succeeded in the esterification and hydrolysis of cellulose using molten oxalic acid dihydrate to prepare of surface-functionalised cellulose nanocrystals. CNC obtained have an important free carboxylic content, proving that the surface esterification between cellulose hydroxyl groups and oxalic acid happened (D. Li et al., 2017). A similar study was realized in 2019 by Jia and Liu. They succeeded to extract carboxylate cellulose nanocrystals using different mass ratios of cellulosic materials and molten oxalic acid dihydrate (Jia & Liu, 2019).

In 2020, Romeo et al. used molten citric acid to obtain cellulose citrate; however, maybe due to the lower acidity of this acid than oxalic acid, nanocelluloses were not obtained. (Romeo et al., 2020). , 2017;B-Chen et al., 2016;C-D. Li et al., 2017;D-Jia & Liu, 2019 ;E-Sirviö et al., 2016 ;F-X. Yang et al., 2019. NC: noncalculated.

Finally, the last method to obtain CNC negatively charged using polycarboxylic acids consists of the use of Deep Eutectic Solvents as reactive solvents. In 2019, X. Yang et al. showed an easy and sustainable method to extract CNC via DES which is composed of oxalic acid dihydrate, choline chloride and FeCl3•6H2O as a catalyst (molar ratio 4:1:0.2). After 6 hours of treatment at 80°C, the particles obtained are negatively charged on the surface due to an esterification reaction between the dicarboxylic acid and cellulose. Proofs of modification are obtained by FTIR (1737 cm -1 peak), zeta potential (-35.4 mV) and conductometric titration (0.2 mmol of COOH per gram of CNC) (X. Yang et al., 2019). Similar results were obtained previously by Sirviö et al., using similar treatment conditions (Sirviö et al., 2016). For both studies, the CNC yield is excellent; however, the grafting rate on CNC surface is limited. Thus, this novel biomass valorisation way to produce high-quality materials has not been studied very much yet, and further studies must be carried out.

As previously mentioned, the objective of the one-step CNC extraction and modification is to compete with the actual CNC processes consisting of the CNC extraction using sulfuric acid followed by a TEMPO-oxidation stage which brings negative charges on the particle surface. In conclusion of this part, NADES and DES are a novel class of solvents used for several biomass valorisations. There are greener than their predecessor regarding their biodegradability and low toxicity, but keep some of their interesting properties (low vapor pressure and easy obtention). Recently, these solvents are used as reactive solvents for cellulose modification and nanocelluloses obtention. Acidic Natural Deep Eutectic Solvents can be used to directly obtained charges on the CNC surface. However, only a few publications are still available, and it is too early yet to conclude that this processing route for CNC production is greener than the traditional one. Ideally, a totally green process for cellulose modification and nanocellulose production, will only use non-toxic products and will be do without solvent. Regarding these criteria mechanochemistry seems to be the perfect solution.

Mechano-chemistry applied to cellulose and nanocellulose functionalization.

"No coopora nisi Fluida" is one of the most famous sentences of Aristote, which mean "no reaction occurs without solvents". This phrase influences a lot the evolution of science in Europe until modern discoveries refute it.

During a mechanical process onto a solid, variety of effects can happen and sometimes simultaneously: comminution of the solid to smaller particles, generation of new surfaces, degradation of the crystalline structure, phase transformations in polymorphic material, and chemical reactions (decomposition, oxidation-reduction, complex formation, etc.) [START_REF] Fernández-Bertran | Mechanochemistry: An overview[END_REF]. Mechanochemistry is the study of applying mechanical actions to produce chemical and physical chemical changes in substances.

Mechanochemistry gains interest in the last years, as witnesses the different publications revealing its benefits in terms of time and simplicity. This innovative process was first used in inorganic chemistry, before its extension to organic reactions under solvent-free conditions and for an increasing range of applications. Indeed, mechanochemistry is inexpensive and permits establishing covalent bonding by simple, solvent-less grinding. The International Union of Pure and Applied Chemistry (IUPAC) has identified mechanochemistry as one of the emerging technologies in Chemistry with the potential to make our industry more sustainable.

Mechanochemistry: History, principle and technics

The mechanochemistry definition and highlighting At the beginning of the XX th century, Walther Nernst, 1920 Nobel laureate in chemistry, classified the different fields of chemistry according to the type of energy supplied to the system: thermochemistry, photochemistry, electrochemistry, and radiochemistry are some of them. Thus, the mechanochemistry term is defined as the science utilizing the influence of mechanical actions to produce chemical and physical-chemical changes of substances of all state of aggregation. Mechanochemistry is a field of chemistry close to the tribochemistry (Figure I -28) consisting of the branch of chemistry, which deals with the chemical reaction in friction zones [START_REF] Carlton | Ester crosslinking to improve wet performance of paper using multifunctional caboxylic acids, butanetetracarboxylic and citic acid[END_REF]Kajdas et al., 1990). The basic principle of mechanochemistry is that a material subjected to a mechanical action absorbed energy, store it in defect point and relax it into different ways that can lead to the scission of covalent bonds on macromolecules and other chemical reactions. Chemical reactions occurring during ball milling processes were first attributed to the heat generated during the treatment. However, some chemical modifications are impossible by thermal treatment only, whereas mechanical treatment allows their mechanisms. For example, the heating of two solids HgCl and AgCl leads to the obtention of the melting and the subliming of these compounds while milling them produces their decomposition into Cl2(g) and corresponding metals: Hg(s) and Ag(s) [START_REF] Fernández-Bertran | Mechanochemistry: An overview[END_REF].

In 1890, Michael Faraday worked on the reducing AgCl through mechanical grinding using a mortar and a pestle, thus highlighting mechanical reactions for the first time. Shortly after, in 1892, Carey Lea, the father of modern mechanochemistry, demonstrated with his foundational discoveries the effects of mechanical forces on activation energies [START_REF] Carey | Transformations of Mechanical into Chemical Energy. Third Paper. Action of Shearing Stress continued[END_REF]. His work showed that mechanical energy is a viable and equivalent to thermal energy for chemical reaction (Takacs, 2013). This is how studies on mechanochemistry began. The word "mechanochemistry" spread after the last 1980s, gradually replacing the "mechanical activation" term.

Rapidly, the mechanochemistry proved to be helpful for the realization of organic chemistry reactions; many advantages can be cited comparing to classical synthesis way: shorter reaction time, no need for solvent, lower reaction temperature, higher or comparable yield and possibility to merge synthetic step on one pot, and stereoselectivity (Toda, 1995). Moreover, mechanochemically initiated polymerization can be done by mechanochemistry or tribochemistry system. Mechanochemistry can cover a large number of fields for many applications, it can be used for drug preparation in pharmacological application (Sasai et al., 2004), for rubber devulcanization, and valorisation after use of thermoset plastic (Cavalieri & Padella, 2002).

Numerous mechanochemistry applications for organic synthesis can be found in the literature, but they will not be detailed in the following parts. Only the mechanochemistry applied to cellulosic fibres will be discussed for consistency in the manuscript. The theoretical explanation of mechanochemical phenomena is complex, as the mechanism is system-specific and several lengths and time scales are involved. Much of the theoretical information was learnt from "organic mechanochemistry and its practical application", written by Zory Vlad Todres and published in 2006.

Mechanochemistry principles: the mechanical activation

During grinding of two powders, mechanical energy is supplied to the system and is at the origin of several effects as: crystalline structures breaking, the production of defects and cracks, the creation of new surfaces, and last but not least: chemical reactions.

Friction, collision, and other mechanical actions induce non-conservative forces (e.g. frictional forces), converting kinetic energy into internal energy. These mechanical actions lead to an increase in enthalpy and sometimes result in the formation of thermodynamically metastable states. If two reactants are mechanically treated conjointly, the treatment can affect the equilibrium states between the molecules (Todres, 2006).

During the milling of a solid polymer or a macromolecule, in 10 -10 seconds after application of a mechanical stress, the energy balance of the macromolecule destruction is: (i) one-third of the total energy transformed into the phonon energy (phonon is a quantum of sound energy that is carrier of heat); (ii) one-third is for the fragmental destruction of polymer; (iii) and the last third is expended for high energy vibration of excited states. A tiny portion of the applied energy contributes to the covalent bond breaking and radical formation. Moreover, the energy leads by collision or friction can produce at the collision point a local deformation and a melting on solid edges due to short-live excessively activated local site. This period is followed by a phase during which relaxation processes dissipate the energy following the Maxwell-Boltzmann distribution [START_REF] Heinicke | Tribochemistry[END_REF]. Like many solid-state reactions, mechanochemical reactions do not occur in the entire bulk solid or at the whole surface but only at some points. Generally, these structure defects are caused by shear deformation, compression at the interface between the particles: these areas are "mechanically activated". Such lattice defects (also refer as vacancy lattice) stored energy, and their number drastically increases at the solid surface due to mechanical force action. The increase of the solid reactivity is principally caused by the energy accumulation in the lattice defects. In contrast, the new surface development due to the material mechanical disintegration has a minor action (only 10% of the increased reactivity). The accumulated energy relaxes either physically by heat emission, or chemically by atom or electron ejection, a formation of excited state on the surface, a covalent bond breakage or other chemical reactions (Todres, 2006).

If mechanical action can lead to covalent bond cleavage, both destruction and generation of weaker inter and intra-molecular interaction can also occur. Thus, weak intermolecular bond (hydrogen bond and Van Der Waals bonds) should be the first to split under mechanical action. In organic compounds, this phenomenon results in disordering and amorphization of the crystal structures or conformation transition and polymorphic transformation.

Mechanochemical action on cellulose fibres

Mechanochemistry is a rapidly developing field in organic chemistry and material processing. As the most abundant polymer on Earth, some recent publications associated cellulose treatments and modifications with this new treatment method.

Manufacturing bio-sourced fibres as cotton or wood fibres to convert them into useful fibrous for textile or paper industries need the use of devices as grinders, cutters, mills, refiners and so on, such device apply intensive mechanical energies. Moreover, scientists and industrials try to find a way to improve the accessibility and the reactivity of cellulose and perform more efficiently chemical modifications and enzymatic hydrolysis using mechanical stress reactions into lignocellulosic materials. For these reasons, actions of the effect of mechanical treatment on the properties of cellulose polymers have to be estimated and understood.

Impact and shear forces applied to the cellulosic materials during the treatment can efficiently lead to the intramolecular hydrogen bond cleavage and conduct to homolytic chain scission, and "mechanoradicals" can be formed and observed.

As all solid subjected to mechanical actions, cellulosic fibres can undergo different effects groups in four categories: comminution of the solid to smaller particles, generation of new surfaces, degradation of the crystalline structure and phase transformations in polymorphic material, but also chemical reactions. In the literature, four different kinds of cellulose Two mechanisms of mechanochemistry take place when two reactants are mixed. Firstly, under the action of mechanochemical stress, intermixing at the molecular level occur. Secondly, the reaction product is formed on the surface of macroscopic species. These two mechanisms will be studied in the following parts of this literature review for cellulose modification applications. Description of mechanochemistry reactions reported for cellulosic fibres modification will be done. Even if chemical consequences of a mechanical treatment applied in cellulose materials is the main aim of this part, the physical modifications resulting from these treatments are also essential and will be discussed consequently. modifications and treatments under mechanochemistry are mentioned: (i) cellulose saccharification; (ii) amorphisation; (iii) nano-dispersion and (iv) esterification (Kuga & Wu, 2019). In the cellulose case, the comminution of cellulose fibres into cellulose particles is strongly linked to cellulose depolymerisation (saccharification), and can lead in specific case to the nano-dispersion.

All these phenomena (mechanical and chemical) occur to cellulosic fibres during mechanical treatment and will be detailed in this part after a small overview of the devices used in the literature to performed cellulose mechanochemical reactions.

Devices for cellulose mechanochemistry

Mechanical treatments can be applied to cellulose fibres using several technics as attrition, indentation, friction, comminution, compression, crushing, fracturing, kneading, rubbing, milling or grinding etc. However, mechanochemistry reactions are more efficient when carried out in high-energy milling devices (see Table I -12). For the most part, milling devices are composed of a vial called milling chamber and milling/grinding items. The milling chamber and items are generally composed of hard, dense and tough materials such as sand, stainless steel, zirconium silicate and oxide, yttrium oxide, glass, aluminium and titanium. The material has to be chosen according to the material to treat (ductile or brittle materials) and according to the conditions of treatment (i.e. acidic/basic conditions). Other important parameters are also pointed out such: (i) ball-to-powder mass ratio; (ii) device speed and frequency; (iii) grinding item materials; (iv) milling chamber shape; (v) temperature and atmosphere control or not (Cavalieri & Padella, 2002). Typically, the grinding items charged into the milling chamber consisted of spherically shaped milling beads. This geometry can be explained by spherical shape are the most mechanically stable form for grinding.

When the agitating mass is too viscous other geometries can be used as cubic, rod-like or rectangular, but they are generally not used for fibrous materials.

Degradation of the crystalline structure and transitions between the different cellulose polymorphs.

As previously mentioned in part I.3.1.2., if mechanical action can lead to covalent bond cleavage, both destruction and generation of weaker inter and intra-molecular interaction can also occur too. In fact, weak intermolecular bonds (hydrogen bonds and Van Der Waals bonds) should be the first to split under mechanical action. For organic compounds, this results in disordering, amorphization of the crystal structures, conformation transition and polymorphic transformation.

Cellulose is a linear polymer composed of anhydroglucopyranose unit, each unit possessing three hydroxyl groups. Moreover, cellulose chains are all aligned in the same direction, which induces inter and intra-hydrogen bonds and explain that cellulose is a semi-crystalline polymer with different polymorphic forms. Thus, all the supramolecular changes listed before applied during the mechanical treatment of cellulosic fibres, and these effects were the firsts observed, and so the most known and studied.

As is the case for other polymers, a mechanical treatment applied on cellulose fibres can lead to partial or complete cellulose amorphisation. Since the first part of the XX th century, it is well known that compression, shear and impact forces applied to cellulose fibres are sufficient to change its supramolecular structure. In fact, some interesting phenomena are observed during these mechanical treatments according to the conditions used:

(i)
The partial amorphisation of cellulose can lead to recrystallisation into cellulose II (Hermans & Weidinger, 1946). The cellulose amorphisation is due to the local concentration of shear and impact stress in cellulosic chains, leading to the intermolecular hydrogen bonds cleavage. Cellulose chains are then separated, and polymer rearrangements can occur. (ii)

In the second case, crystalline cellulose can be integrally destroyed to obtain a completely amorphous cellulose (Hess et al., 1941).

In 1959, Howsmon and Marchessault highlighted that the sample humidity plays an essential role in the decrystallization rate of cellulose under mechanical treatment. Thus, the crystallinity of mechanically treated dry materials is lower than for conditioned materials (Store at 58% Relative Humidity for seven days) (Howsmon & Marchessault, 1959).

Cellulose grinding in dry-state provides the fibres disintegration onto two products. The first product is composed of the cellulose fibres showing significant surface fibrillation; diameters finest fibrils were around 70 nm and are observed by SEM (Hess et al., 1941). The second product was designed as "cellulose powder" and consists of small particles without recognizing structure. After prolonging the mechanical treatment time, all the fibres could be destructed into small particles, depending on the ball's dimensions, the device used, and milling parameters.

I.3.2.2.1. Mechanoradical formation and mechanolysis

Mechanolysis is the covalent bond scission induced by mechanical action. Its mechanism consists in the homolytic cleavage of a liaison. Breaking a covalent bond between two atoms, A-B, can occur either heterolytically, where the shared pair of electron goes with one partner or another (A-B →A + + B: -) or homolytically, in this case, each atom conserve one electron: two radicals are formed (A-B →A • + B • ). The energy required to break the bond homolytically is called the Bond Dissociation Energy (BDE), it is a measure of the strength of the covalent bond. Its standard unit is kilo Joules per mole (kJ/Mol) (Homolytic Cleavage and Bond Dissociation Energies, 2019). The mechanically induced homolyses first implemented energy stretching on the polymer backbone chain, which then cleaves. The radical unit is then removed from each other and leave a unit volume. The rupture of the covalent bond is the limiting step of the reaction. The free radical formed can then enter the usual free-radical reactions: recombination, decomposition, addition, and substitution.

The main advantage of mechanical action is that it ensures mass transfer in addition to the substance's activation. Thus, the reagents meet each other easily, promoting interaction between them instead of recombination.

Concerning mechanoradicals formation for lignocellulosic materials, a complete study was realised by Hon in 1987 [START_REF] Hon | Mechanochemistry of lignocellulosic materials[END_REF]. In this chapter, results from all his team were mentioned.

The most important results for mechanoradicals formation in cellulosic materials are given below:

(i) Cellulose does not possess any stable intrinsic free radicals contrary to lignin polymers. (ii)

Mechanoradicals are unstable at ambient temperature and can react with oxygen to form peroxy-radicals. (iii)

At 77 Kelvin (-196.15°C), mechanoradicals are more stable than those created at ambient temperature and do not react with oxygen. (iv)

No radicals are formed when the same protocols are applied on D-Glucose and Cellobiose.

Mechanoradicals are detected in materials using Electron-Spin Resonance (ESR) measurement; ESR spectra are complex multi-component signals whose interpretation can be validated using computer-assisted deconvolution. At the end of the XX th century, Kuzuya et al.

realised cellulose mechanolysis at room temperature and analysed the nature and kinetic of mechanoradicals formation [START_REF] Kuzuya | Mechanolysis of Glucose-Based Polysaccharides As Studied by Electron Spin Resonance[END_REF]. It was found that mechanoradicals formation occurs on the glucosidic bond; two pairs of radicals can be obtained depending on the cleavage place, as shown in The future of the mechanoradicals depends on the grinding conditions, and more precisely, on the atmosphere under which the mechanical treatment took place. Two situations are described in the literature: the milling was realized under a non-oxidizing atmosphere (e.g. CO2(g) or N2(g)) or oxidizing atmosphere (O2(g)). In both cases, the most likely reaction is the recombination reaction: both radicals just formed reacted together (Sasai et al., 2004).

Mechanoradicals formation and plasma-induced radicals obtention can be compared for several biosourced polymers and their derivatives or models. In the cellulose case same radicals are detected but in different proportions.

As mentioned before, Hon did not detect mechanoradical's presence in cellobiose and Dglucose powders treated by ball milling, even at low temperature. In the case of plasmainduced radicals formation for cellobiose (Kuzuya & Yamauchi, 1998) and glucose [START_REF] Yamauchi | Plasma-induced free radicals of polycrystalline monocarbohydrates studied by elctron spin resonnace[END_REF], similar results are reported. The number of formed radicals in cellulose model compounds are much lower than this cellulose polymer radical formed, and their lifespan are shorter.

I.3.2.2.2. Cellulose saccharification and depolymerisation

Under an intense mechanical treatment, the energy supplied to the system is absorbed by this one, and concentrated in a specific area (lattice defects) and relax: a consequence can be the homolytic rupture of covalent bonds and mechanoradicals formation; leading to the depolymerisation of the cellulose chain.

In 1987, Hon investigated mechanical stress reactions on cellulosic cotton fibres and wood fibres properties. A decrease in the degree of polymerisation was observed for both materials. He studied two devices: a vibratory ball mill and a Norton ball mill for treatment times ranging from 50 hours to 400 hours. Both cotton and wood fibres showed a loss of DP near 77%. However, vibratory ball milling generated more energy and transferred it more efficiently to fibres [START_REF] Hon | Mechanochemistry of lignocellulosic materials[END_REF].

As mentioned earlier, mechanoradicals formation depends on the atmospheric conditions.

Under oxidative atmosphere, dioxygen reacts quickly with cellulose free radicals to generate peroxy radicals, reducing the recombination phenomenon, which is more important under a non-oxidising atmosphere. Hence, higher DP loss was observed for samples submitted to mechanical treatment with the presence of dioxygen. Moreover, sample humidity plays an essential role in the depolymerisation rate of cellulose under mechanical treatment. Conditioned cellulosic samples at 58% RH for seven days received less efficient energy than dry samples, and DP is less reduced during the process (Howsmon & Marchessault, 1959). A complementary study was realised recently by Laçin et al.. They concluded that dry grinding can break intra and intermolecular hydrogen bonds and covalent bonds. In contrast, solvent-assisted grinding is only effective on hydrogen bonds, avoiding mechanoradical formation, and consequently cellulose depolymerisation [START_REF] Laçin | The morphological changes upon cryomilling of cellulose and concurrent generation of mechanoradicals[END_REF].

In conclusion, mechanical action in cellulosic fibres have several consequences: comminution of the fibre and bundle microfibrils; loss of the degree of polymerization due to mechanoradicals formation; and, loss of the crystallinity structure. These drastic changes at the morphological level and at the supramolecular level modify the polymer configuration and its topochemistry. Thus, an increase of its chemical reactivity and a better accessibility are attended; the polymer is activated. Hence, chemical reactions between cellulose and other molecules could be more efficient and possible in solvent-free conditions. Cellulose esterification and nanocellulose extraction using mechanical process will be described in the following part.

Cellulose esterification and nanocelluloses extraction by mechanochemistry Cellulose esterification using mechanochemistry

The most-reported mechanochemical reaction on cellulose is cellulose esterification (Kuga & Wu, 2019). Less than twenty articles reported appropriate conditions of treatment to the successfully obtain cellulose derivatives; each are different hence the difficulty to compare them with each other. Sometimes, the reaction is performed in solid-state or inside solvents, with or not catalysts. The devices parameters are not always known (as the ball materials, the number and the diameters of the ball used). An overview of these treatment conditions to cellulose ester obtention is given in Table I-13.

The first ones reporting cellulose esterification by mechanical processes were F. Zhang et al., in 2002. They used ball milling system to mix cellulose and maleated polyethylene to create composite and highlight covalent bonding between the two compounds (F. Zhang et al., 2002). In 2007, Yan et al., used a solid superacid catalysis to improve esterification between cellulose and anhydride acetic acid. They obtained a degree of substitution of 1.8 after 7.5 hours of milling (Yan et al., 2007). With a charge content of 2.7 mmol/g, cellulose carboxylate was successfully obtained by W. Zhang et al.. Obtained cellulose derivatives were tested for depolluting water applications (W. Zhang et al., 2010).

More recently, several fatty acids were successfully grafted onto cellulose surfaces with highenergy devices in the presence of co-reactants and catalysts. Modified celluloses showed hydrophobicity properties (Hu et al., 2015;L. Huang et al., 2019).

Surface-confined water can increase the esterification rate between cellulosic fibres and reactant during a solid-state process. In 2021 Beaumont et al. obtained degree of substitution of 0.49 by milling cellulose containing 7wt% of water, N-acetylimidazole (1.5 equivalent) and imidazole for 30 minutes and after an equilibrium time of 12 hours. The esterification rate is 8 times higher than that obtained with perfectly dry cellulose (Beaumont et al., 2021). Finally, in 2021, Hou et al. succeeded to efficiently prepare esterified cellulose without using solvents during a mechanochemical process. Carbodiimide hydrochloride was mixed with regenerated cellulose and oleic acid to activated the carboxylic acid during the milling. They obtained different DS values (1.29-2.55) depending on the rotational speeds and ball-milling times (Hou et al., 2021). [START_REF] Sofla | A comparison of cellulose nanocrystals and cellulose nanofibres extracted from bagasse using acid and ball milling methods[END_REF]; B-TEM image of CNC (extracted from Lu et al., 2015); C-SEM image of CNC (extracted from L. Tang et al., 2013); D-AFM image of CNF (extracted from [START_REF] Kang | Thin Cellulose Nanofiber from Corncob Cellulose and Its Performance in Transparent Nanopaper[END_REF]; E-TEM image from CNF (P. Huang et al., 2012) After 10 minutes of dry milling, followed by 3 hours of mechanical treatment in water, Baheti et al. obtained cellulose nanoparticles with a diameter around 500 nm. The un-modified nanoparticles showed a narrow size distribution and non-contamination from the grinding device (Baheti et al., 2012). In 2013, maleic acid anhydride was successfully grafted on CNC surface; for the first time, cellulose nanocrystals were extracted and modified in one-step mechanical treatment. A degree of substitution of 0.33 was obtained after one hour of milling, under the presence of a catalyst (H2SO4) (L. Tang et al., 2013).

Nanocelluloses extraction and modification by mechanochemistry

In 2015, Lu et al. used ball milling as the first treatment step for CNC obtention, modified with acid acetic and 4-dimethyl aminopyridine. They studied the effects of milling time regarding the CNC yield and their degree of substitution when the treatment conditions of other steps were kept constant (reaction time of 5h at 120°C, and ultrasonication time from 2h). They showed that increasing the milling time from 1 hour to 2 hours increase the CNC yield and their substitution degree from 17.45% to 43.06% and from 0.16 to 0.22, respectively. After 3 hours of treatment, DP and CNC yield decreased, probably due to excessive destruction of the crystalline regions (Lu et al., 2015).

Using the same treatment method that Huang et al., Kang et al. succeeded in obtaining esterified nanofibrillated from corncob with hexanoyl chloride in DMF in one-step mechanical treatment . After 24 hours of treatment, modified CNF with a DS of 0.96 were extracted (P. Huang et al., 2012;[START_REF] Kang | Thin Cellulose Nanofiber from Corncob Cellulose and Its Performance in Transparent Nanopaper[END_REF]. Earlier reports on (mechano)chemical esterification of cellulose and nanocelluloses relied on the presence of liquid/solution media (and reactants), such as acetic anhydride and sometimes toxic solvent (Toluene). To the best of our knowledge, any publication reported the obtention of modified nanocellulose using true-solid state method.

Mechanical actions in cellulosic fibres have several consequences: comminution of the fibre and bundle microfibrils; loss of the degree of polymerization due to mechanoradicals formation; and, loss of the crystallinity structure. However, under mechanical action, two compounds can react and create covalent bonds. Mechanical energy can be used as driving for a chemical reaction involving cellulose. Generation of local high pressure and high temperature can activate local reaction sites. Moreover, the absence of solvent molecules allows the reaction between cellulose and organic acid due to a closer contact. Mechanochemistry has the potential to become an alternative to conventional organic synthesis for cellulose modification. Even if mechanochemistry is an energy-intensive process, the energy needs to produce, deliver, collect and dispose of solvents is considerably higher. The advantages of mechanochemistry in organic synthesis may lead to developing of novel green chemistry processes for (nano)celluloses extraction and modification.

Chapter conclusion

In biomasses sources, cellulose is a bio-sourced polymer, organized in elemental fibres (diameter ≈ 5nm), aggregated to form bundles of cellulose microfibrils (diameter≈ 20nm) themselves structured in cellulosic fibres (diameter≈ 50 µm). Cellulosic fibres are complex materials with three levels of structure (molecular, supramolecular, morphological). Nanocelluloses (cellulose nanocrystals and cellulose nanofibrils) are extracted from cellulosic fibres by combinations of chemical and mechanical processes. They are now commercially available in diluted suspension or at a dry state. They found applications in various fields thanks to their outstanding morphological, mechanical, and rheological properties, their colloidal stability, and high surface reactivity.

Cellulose fibres and nanocelluloses can be modified by grafting molecules or polymers on their surfaces. Esterification between their hydroxyl groups and mono or polycarboxylic acid is an easy way to obtain cellulose derivatives with new exciting properties. Traditional way of treatment consists of cellulosic materials impregnation in concentrate carboxylic acid solution, followed by thermic treatment.

Recently, Deep eutectic solvents (DES) showed interesting properties for biomass conversion and functionalization. They can be used as reactive solvent for the pre-treatment for cellulose nanofibrils production or as an acidic media for cellulose nanocrystals extraction. Even if DES are considered as green solvent, it is to early yet to know is these treatments are greener than the classical ones.

Mechanochemistry principles can be applied on cellulosic fibres to modify them in surface. In these processes, the energy needed for the reaction is brought by mechanical impact or shearing, and chemical reactions can occur without solvent. The production of modified nanocelluloses using a single step in solvent-free condition could fit with the 12 principles of green-chemistry. 
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Introduction to Chapter II

As detailed in the literature review (Chapter I), CNC can be extracted using Deep Eutectic Solvents (DES): a new class of organic solvent composed of an ammonium quaternary salt and a hydrogen bond donor, for the Type III. Due to its novelty, this way of extraction it has only been little studied. In 2018, at the beginning of this thesis project, works on process optimisation (condition of treatment, choice of the DES) can be counted on the fingers of one hand. In this Chapter II, two DES are used to extracted CNC from cellulosic materials. Different conditions of treatment were used (time, temperature, concentration) and CNC characterisations were done. The Deep Eutectic Solvent choice was done to respect the Green chemistry principles. Thus, naturally available and non-hazardous compounds were chosen to form the two NADES (Natural Deep Eutectic Solvent), moderate temperature and ambient pressure were used and any environmental toxic solvents and products were manipulated. The schematic view of the Chapter II organisation is given in Figure II-1.

Figure II-1: Schematic view of the Chapter II organisation

Chapter II.1 is manly based from an article published in 2021 in Carbohydrate Polymers (Douard et al., 2021). In this part, a new approach to optimize the cellulose nanocrystals (CNCs) extraction using acidic natural deep eutectic solvents (NADES) was introduced using, for the first time: the design of experiment method. Choline chloride:oxalic acid dihydrate with a molar ratio of 1:1 was used to extract CNCs. This study shows that it is possible to predict the CNC yield and their crystallinity thanks to predictive mathematical models, which gives a great advantage to consider in the near future a scale-up for the extraction of cellulose nanocrystals using this original family of green solvents.

In Chapter II.2, an acidic NADES based on citric acid monohydrate (CAM) as hydrogen bond donor and choline chloride (ChCl) as hydrogen bond acceptor in a molar ratio of 1:1 will be studied and used to successfully prepare in situ modified cellulose nanocrystals. In this case ChCl:CAM 1:1 molar ratio NADES is used as a reactive solvent and play a dual role in the modified nanocrystal obtention: (i) the acidic solvent can hydrolyse cellulose amorphous part and allow CNC extraction; (ii) citric acid molecules can be grafted on CNC surface. Anionic CNC from three different sources are then obtained and fully characterized.

A biorefinery approach will be studied in Chapter II.3. An advantage of NADES treatment compared to classical acid hydrolysis for CNC extraction is the obtention of cellulosic residues. These residues can be considered as by-products of the process and valorized in different ways. In this work, cellulose nanofibrils are extracted from this residue, allowing a quasi-total conversion of cellulosic fibres into nanocelluloses. Moreover, NADES can be partially recycled and reused several times for CNC production. After that, the individual constituents of NADES can be recovered.

II.1. Natural acidic deep eutectic solvent to obtain cellulose nanocrystals using the design of experiment approach.

This section is adapted from " Douard, L., Bras, J., Encinas, T., & Belgacem, M. N. Natural acidic deep eutectic solvent to obtain cellulose nanocrystals using the design of experience approach." . Published in Carbohydrate Polymers in January 2021. https://doi.org/10.1016/j.carbpol.2020.117136

II.1.1. Introduction

In 1947, Nickerson and Habrle were among the first to reveal the existence of a crystalline part on cellulosic fibres and isolate it using an acid hydrolysis process in 1947 (Nickerson and Habrle, 1947). Since the 1960s, cellulose nanocrystals (CNCs) have been extracted via sulfuric acid hydrolysis of the cellulose amorphous parts. CNCs have many characteristics that make them suitable for the development of innovative materials for various applications, e.g., the abundance of biosourced starting materials, their low density (1.6 g/cm 3 ), and their high stiffness and specific surface area. Moreover, due to the presence of hydroxyl groups on their surface, CNCs are hydrophilic and reactive for post-modification to provide new functionalities. Biobased CNC nanoparticles are now commercially available (Reid, Villalobos, and Cranston, 2017), and they show promising results in various applications, such as biocomposites (Mariano, Kissi, and Dufresne, 2014), hydrogels (Du et al., 2019), rheological modifiers (Gicquel et al., 2019), tissue engineering and health care applications (Domingues, Gomes, and Reis 2014;Shankaran, 2018) and coatings (Mascheroni et al., 2016).

CNCs are rod-shaped particles with the following nanometric dimensions: their lengths are approximately 100 to 500 nm depending on the cellulose source [START_REF] Bras | Correlation between stiffness of sheets prepared from cellulose whiskers and nanoparticles dimensions[END_REF] and their diameters are between 5 and 20 nm [START_REF] Ramires | A review of cellulose nanocrystals and nanocomposites[END_REF][START_REF] Isogai | Emerging Nanocellulose Technologies: Recent Developments[END_REF].

CNCs can be extracted by hydrolysing glucosidic bound of the amorphous part of cellulosic fibres. Sulfuric acid (H2SO4) is the most common acid used to obtain CNCs; indeed, this common procedure can be applied to any cellulose source with small adaptations.

Recently published reviews identify all the different conditions that can be used to extract cellulose nanocrystals with this "conventional hydrolysis". (Dufresne, 2017;Haldar & Purkait, 2020). However, it was proved that the CNC yield, and their properties strongly depend of the cellulose sources and treatment conditions (time and temperature of treatment, and initial acid concentration). Thus, for example, Flauzino Neto et al. extracted cellulose nanocrystals from soy hull using H2SO4 64% treatment, and showed that prolonging the reaction by 10 min decrease the CNC length and reduce their crystallinity [START_REF] Neto | Extraction and characterization of cellulose nanocrystals from agro-industrial residue -Soy hulls[END_REF].

However, other methods enable CNC extraction from biomass. For example, other types of acids have been used, such as hydrochloric acid [START_REF] Araki | Influence of surface charge on viscosity behavior of cellulose microcrystal suspension[END_REF] or organic acid (Filson and Dawsonandoh, 2009). Subcritical water (Novo et al., 2015) or ionic liquid [START_REF] Man | Preparation of Cellulose Nanocrystals Using an Ionic Liquid[END_REF] have also been used for cellulose nanocrystal extraction. More recently, a new solution was proposed that consists of using acidic deep eutectic solvents as reactive media (Zdanowicz et al., 2018).

Deep eutectic solvents (DESs) are a new class of organic solvents that were introduced for the first time in 2003 by Abbott et al., who found that the eutectic mixture formed by choline chloride and urea with a molar ratio of 1:2 exhibited a freezing point of 12°C, which is considerably lower than that of either of the constituents (choline chloride = 302°C and urea = 133°C) (Abbott et al., 2003). DESs are in a state of molten salt and ionic liquid solvent, but compared to other solvents, they are easier to use and less toxic and are composed of a Lewis or Brönsted acid and a base with a specific ratio. According to the nature of these two constituents, DES can be classified into four types (Smith, Abbott, and Ryder, 2014).

In the case of DES type III, the two constituents are a quaternary ammonium salt and a hydrogen bond donor; the association of these compounds results in a eutectic mixture via hydrogen bonding interactions between the hydrogen bond acceptor and the hydrogen bond donor. The melting temperature of the mixture, far below that of its individual constituents, can be explained by the fact that the strong hydrogen bonds between the different compounds prevent the crystallization of each product (Francisco, van den Bruinhorst, and Kroon, 2013). Moreover, if the DES is formulated with natural compounds, the obtained mixture is referred to a Natural Deep Eutectic Solvent (NADES), which can be considered a green solvent due to its nonvolatility, low toxicity, and potential renewability, recyclability and biodegradability (Paiva et al. 2014;Vanda et al., 2018).

DES and NADES are easy to obtain and can be helpful in organic chemistry ; indeed, they can replace some toxic organic solvents in a large number of application fields. In a recent review, Zdanowicz et al. summarized the possible application range of DES and NADES for polysaccharide processing (Zdanowicz et al., 2018). One of these applications used Type III NADES as an acidic hydrolytic solvent to obtain CNCs. NADESs exhibit lower vapour pressures than aqueous solutions and thus can be considered safer than aqueous solutions. Moreover, recent studies have claimed the possibility of reusing DES five times without a decrease in their efficiency (Li et al. 2018;Liu et al., 2017). These two advantages indicate that NADES should be more deeply studied as a new method of cellulose nanocrystal production.

Many combinations of hydrogen bond donors and acceptors using different ratios can be used to obtain acidic deep eutectic solvents that can hydrolyse the amorphous parts of cellulose (Sirviö, Visanko, and Liimatainen, 2016;Ibrahim, Abdullah, and Sam, 2018;Sirviö, 2019).

However, the most studied NADES was used for the first time by Sirviö et al. in 2016 (Sirviö, Visanko, andLiimatainen, 2016). The researchers managed to extract individual cellulose nanocrystals using a choline chloride:oxalic acid dihydrate (ChCl:OAD 1:1) treatment from dissolving pulp. They used two different temperatures (T=100 or 120°C) and a reaction time of 2 hours. After this pre-treatment, NADES was removed using distilled water, and the suspension was disintegrated mechanically using a microfluidizer. The CNCs produced at 120°C showed a high aspect ratio with a length of approximately 353 ± 16 nm and a diameter of 9.9 ± 0.7 nm. Since this first work, different studies using this NADES in different ratios, various experimental conditions, and different cellulose sources have been conducted to extracted CNCs. In 2017, Laitinen et al. showed that only 30 minutes of treatment at 100°C is enough to extract CNC from bleached birch Kraft pulp using ChCl:OAD 1:1 as the pretreatment. The nanocrystals obtained are non-charged and can be used as oil-water Pickering stabilizers (Laitinen et al., 2017). However, a faster way to produce CNCs using this solvent is to assist the pre-treatment by microwave application. Using this technique, Liu et al. obtained a CNC suspension in only 3 minutes of reaction (Liu et al., 2017). More recently, Ling et al. studied the effect of ChCl:OAD treatment on the cellulose nanocrystal structure. They compared three ChCl:OAD molar ratios of 1:1, 1:2, and 1:3 at two temperatures of 80°C and 100°C. In all cases, they managed to obtain cellulose nanocrystals, but lower crystallinity and lamellar structures were observed for CNCs with a lower acid content treatment. The CNCs obtained with a higher acid ratio (ChCl:OAD 1:3) were more dispersed and exhibited a higher aspect ratio (Ling et al., 2019). Inspired by the conventional acid hydrolysis treatment with H2SO4, Yang et al. proposed the use of a catalyst (FeCl3 • 6H2O) during DES treatment. They varied the temperature of the treatment and the molar ratio of choline chloride, oxalic acid dihydrate, and catalyst and found that the optimum conditions for the treatment were 80°C and 6 h of treatment in ChCl:OAD:FeCl3•6H2O DES at a molar ratio of 1:4.43:0.1 (Yang et al., 2019).

All these studies have been conducted recently and have not provided clear information on the CNC yields. The possibilities to generate new acidic natural deep eutectic solvents are almost infinite; indeed, simply changing the molar ratio between the constituents of the solvent would result in a new solvent with new properties. The same is true if another acid is used as the hydrogen bond donor. Therefore, the aim of the present study is to examine the role of time and reaction temperature in the production of cellulose nanocrystals. Our hypothesis is that there is an optimum of parameters for obtaining higher yield of cellulose nanocrystals via DES treatment.

In this work, a design of experiment (DOE) approach is used to follow the yield of cellulose nanocrystals and their crystallinity with the commonly used natural deep eutectic solvent ChCl:OAD at a molar ratio of 1:1 by means of varying 3 parameters: (i) the temperature (60-95°C), (ii) the reaction time (2-16 h) and (iii) the cotton fibre cellulose concentration (1-2%).

The DOE method allows process optimization by performing a minimum number of experiments while varying the 3 parameters at the same time. We first established a mathematical model to determine the optimal conditions of acid hydrolysis to obtain the highest yield, and then, we tried to predict the CNC crystallinity. Once the domain of the treatment conditions was perfectly described, it was possible to choose the proper combination of parameters to obtain nanocrystals with the desired yield and crystallinity. The 

II.1.2. Materials and methods

II.1.2.1. Materials

Dry sheets of commercially available of bleached and mechanically treated cotton fibre obtained from the paper industry were used as cellulosic material (CELSUR, CS 21 DHS). Oxalic acid dihydrate (≥ 99%) and choline chloride (≥ 98%) were obtained from Sigma-Aldrich, and sodium chloride (≥ 99%) was obtained from Roth. Deionised water was used throughout the experiment.

II.1.2.2. NADES treatment

The 1:1 molar ratio of acidic deep eutectic solvent was produced by stirring 63.0 grams of oxalic acid dihydrate and 69.8 grams of choline chloride continuously for 30 minutes at 95°C in a glass reactor. Small pieces of 3*3 mm cotton sheets (having a weight about 1-2 mg) were added to the reactor. The cellulose concentration, reaction time and temperature are the three variable parameters chosen to build the design of the experiment with a total of 14 different sets of parameters (e.g. T= 60°C, t= 16 h, c= 2%). The treatment conditions to build the experimental domain in the design of experiments were chosen based on preliminary tests, conditions used in the literature and environmental aspects. For this reason, a lower range of temperatures than those reported in the literature and longer reaction times were tested.

At the end of the treatment, 200 ml of deionised water was added to the reactor to quench the reaction and reduce the viscosity of the mixture. The treated cellulose was washed and filtered through a membrane of 1 µm. The retained fibres were dispersed in water and filtered again, and this action was repeated 3 times. The filtrates were centrifuged at 10,000 rpm for 15 minutes with a small quantity of sodium chloride, and the cellulose nanocrystals obtained were dialysed until the conductivity of the sample was the same as that of deionised water.

II.1.2.3. Design of experiments and data analysis

The software MINITAB (MINITAB ®, LLC) was used for the statistical design of experiments and data analysis. To optimize the yield and crystallinity of the CNCs, three important treatment variables are chosen: treatment time (X1), reaction temperature (X2) and initial cellulose concentration (X3). Their range and values are shown in Table II-1. Central composite design (CDD) is commonly used for improving and optimizing processes to fit a model by the least-squares technique. The method contains three steps: (i) design and experiments; (ii) response surface modelling through regression; and (iii) optimization of parameters. The predicted response (Yc or Yy) is correlated to the set of regression coefficients: the intercept (b0), the linear coefficients (b1, b2, b3), the interaction coefficients (b12, b13, b23) and the quadratic coefficients (b11, b22, b33).

These different coefficients are calculated using the 14 treatment conditions determined by the CDD method; 3 treatment conditions in the domain center are realised.

II.1.2.4. Cellulose nanocrystals and residual fibres analyses

Cellulose nanocrystals (CNC) and residual fibres (RF) yields. As previously mentioned, residual fibres and cellulose nanocrystals were separated after acid treatment, which enabled the determination of the real CNC yield before the ultrasonic treatment.

The cellulose nanocrystal yield is calculated as the weight ratio of cellulose nanocrystals (mCNC) and the initial weight of cellulose fibres (m0), as expressed in Equation II-2. At least two measurements were performed for each sample.

Equation II-2

𝑌 𝐶𝑁𝐶 (%) = 𝑚 𝐶𝑁𝐶 𝑚 0 𝑥 100
The residual fibre (RF) yield was also calculated using the same method (Equation II-3).

Equation II-3

𝑌 𝑅𝐹 (%) = 𝑚 𝑅𝐹 𝑚 0 𝑥 100
Crystallinity Index by X-Ray Diffraction (XRD). The crystallinity index (CI) of the cellulose nanocrystals was determined by the amorphous subtraction method. The area under the curve of an amorphous standard was subtracted from the sample area, and this difference was divided by the area of the sample as expressed in Equation II-4. The measurements were realised in the dry CNC sample (overnight, 105°C) using an X'Pert Pro MDP instrument (Malvern Panalytical) in reflection mode with the Bragg Brentano geometry. The anode was composed of copper, and the wavelength was 1.5419 Angström. In this work, the amorphous sample was bleached birch cellulose pulp cryo-crushed for twenty minutes using a Cryomill device (Retsch).

Equation II-4

𝐶𝐼% 𝐶𝑁𝐶 = (𝐴𝑟𝑒𝑎 𝐶𝑁𝐶 -𝐴𝑟𝑒𝑎 𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 )/𝐴𝑟𝑒𝑎 𝐶𝑁𝐶 𝑥100

CNC sonicated suspension. A determined quantity of CNC was diluted to a concentration of 10 -2 wt%. Using a 250-Watt sonication probe (Sonifer 250, Branson), the suspension was exposed to a dispersive energy of 8.7 MJ per gram of dried CNC at 50% of maximum energy.

Atomic force microscopy (AFM).

One drop of the sonicated CNC suspension was deposited on a mica plate and dried at room temperature overnight. Images were obtained using AFM (Dimension Icon) in tapping mode, and the mean height of individual nanocrystals was obtained using at least 50 measurements.

Transmission electronic microscopy (TEM).

A few drops of the CNC sonicated suspensions were deposited onto a glow-discharged carbon-coated copper grid. After 2 min, the excess liquid was removed with filter paper, and a droplet of 2 wt% uranyl acetate was deposited onto the grid before completely drying the CNCs. The excess stain was removed, and the specimens were observed with a JEOL JEM 2100-Plus microscope operating at 200 kV. A minimum of 10 digital images were recorded at different locations with a Gatan Rio 16 camera, and the most representative image was used for the discussion.

Fourier transform infrared spectrometry (FTIR). Infrared spectra were obtained from cotton cellulose fibres and residual fibres using a Perkin-Elmer Spectrum 65 instrument (PerkinElmer, USA). The fibres were dried at room temperature overnight, and a KBr pellet was pressed from the powder containing 2% fibre. Spectra were recorded in transmission mode between 4000 and 400 cm -1 with 16 scans.

Residual fibre morphology. Residual fibre morphology analysis (length, width, number of elements, etc.) was carried out using the MorFi device (MorFi compact, Techpap). Images of a suspension of residual fibres at 40 g/L between the measurement cells were acquired to perform the image analysis. Elements whose length exceeded 100 µm were counted as fibres and those with a length below 100 µm were counted as fines. This measurement was performed in triplicate.

Scanning Electron Microscopy (SEM). Scanning electron microscopy images were obtained with an ESEM instrument (Quanta 200, FEI, Japan) at an acceleration voltage of 10 kV. Wet samples of cotton fibres and residual fibres were air-dried and coated with carbon using a vacuum sputter coater. At least 20 images were taken, and the most representative images were used in the discussion.

II.1.3. Results and discussions

II.1.3.1. Model determination of the CNC yield

The 17 conducted experiments are described in Table II-2, and the obtained cellulose nanocrystal yields are reported in the penultimate column. The last column corresponds to the optimal normalization of the yield using the Cox-Box transformation method (λ=0.33) [START_REF] Box | An Analysis of Transformations[END_REF]. Three replications were performed in the domain centre to assess the reproducibility of the treatment conditions (A, A' and A'').

The first response studied was the CNC yield. The coefficients of the models were determined according to the DOE results, and some insignificant interactions were detected and removed using the analysis of variance (ANOVA) method without degrading the model and maintaining a hierarchical structure. The final equation is expressed below (Equation II-5), and the surface response of the CNC yield according to the temperature and the reaction time is plotted in The fit of the model can be evaluated using the tree regression coefficients R-square (R²), adjusted R-square (R²adjusted), and estimated R-square (R²estimated); the closer their values are to 100%, the better the model fits. In the current model, R² and R²adjusted were higher than 80%, and the difference between R²adjusted and R²estimated was lower than 10%; as a consequence, the model can be used with caution.

The first observation of this model is that the fibre concentration during the treatment did not influence the final yield; indeed, all the mathematical terms of the model, including the concentration, were negligible. The initial concentration range of cellulosic cotton fibres (1-2%) was determined using preliminary experiments to obtain a good dispersion of the fibres in the NADES while limiting the viscosity of the reaction medium. Indeed, ChCl:OAD 1:1 is a viscous solvent, especially at low temperature, and adding cellulose fibres further increases the global viscosity of the mixture. The starting hypothesis consisted of the fact that increasing the fibre concentration would reduce the efficiency of the treatment due to the limited penetration of the chemicals into the cotton fibres. In practice, the small variation in the concentration in the experimental domain did not allow us to observe the influence of this parameter on the yield optimization because the viscosity of the mixture was likely the same. This result also confirmed the large excess of acid, which facilitated the hydrolysis of the amorphous part in the experimental domain.

As expected, the temperature played a crucial role in the extraction of the cellulose nanocrystal. The higher the treatment temperature , the higher the final CNC yield. This trend had already been observed by Sirviö in 2016 (Sirviö et al., 2016), but another study by Liu et al. showed that microwave application reduced the CNC yield a high temperatures (Y. Liu et al., 2017). These results are not truly in contradiction because the cellulosic fibre sources, as well as the experimental conditions used, were different in the three studies (Table II-3).

Moreover, in all cases, the yield in this approach increased with temperature and started to decrease when the degradation took place.

The treatment time is also a very important parameter, and as observed in the surface response (Figure II-3), the CNC yield decreased after 8 or 9 hours of treatment. Moreover, the residual fibres were brownish after this time, and after 16 hours of treatment, even the CNC nanoparticles became partially coloured, as already observed by Liu et al., who reported the same tendency. Both phenomena may be due to the degradation of the cellulose material because of the strong condition of treatment.

Since the theoretical mathematical model was defined, we proceeded with the next step aiming at its validation by performing a new experiment within the domain. The chosen parameters for this experiment targeted a theoretical maximum CNC yield of 37.2 ± 2.7%, which theoretically could be obtained after 8 hours and 13 minutes of treatment at 95°C.

In this context, these optimal experimental conditions were tested in triplicate with a chosen fibre concentration of 1%.

This set of parameters resulted in a CNC yield of approximately 44.9 ± 2.5%. The difference between the theoretical and experimental values was higher than expected but still acceptable. In fact, even if a few points of higher yield were observed, the standard deviation was a perfect fit with the theoretical value. Some hypotheses can be drawn to explain this slight discrepancy. The optimum point is located close to the maximum of the theoretical curve (maximum temperature T= 95°C), whereas the mathematical model obtains a better fit in the centre. It is possible that some unknown parameters governing the studied reaction were neglected when building the model. Finally, the polynomial law is not perfectly suitable to properly describe the reaction.

The cellulose nanocrystals (obtained using the treatment conditions ChCl:OAD, 95°C, 8 h 13 min, c= 1%) were characterized and can be compared to those of CNC obtained in the literature using deep eutectic solvents composed of choline chloride and oxalic acid dihydrate (Table II-3). Gars, Douard, et al., 2020).

The CNC morphology was determined after sonication of the suspensions, and their height was deduced from AFM images, whereas their length was deduced from TEM images. Fifty measurements of individual CNC were conducted, and the mean height value was 7.9 ± 1.9 nm, while their length was approximately 282 ± 46 nm. These values are similar to those associated with the CNC dimensions obtained from cotton via classical acid hydrolysis The obtained CNC yield was lower than the yield found in the literature. This difference can be attributed to the washing and separation steps after NADES treatment, which were different from those reported in the publications cited in Table II-3. Indeed, in this work, residual fibres and CNC were separated before the ultrasonic treatment step and two distinguished suspension were obtained. The consequences are that some cellulose nanocrystals were removed along with the residual cellulose fibres and/or with the large CNC aggregates that were filtered out by the filtration membrane.

Using these "optimal" conditions, a small quantity of residual fibres was obtained (yield of fibres: 16.3%), and their morphology was compared with the initial dimension of cotton fibres (Table II-4 

Fibres Fines

Mean length µm

Mean width µm

Fines content millions/g

Mean length µm

Reference Cotton Fibres 689 ± 10 25 ± 0 67 ± 3 49 ± 0 The cotton fibre and the residual fibre morphology result from the optical analysis of the respective suspensions by the MorFi device. This device divides the counted elements into subcategories. Figure II-6 shows an example of the measurement reproducibility obtained by comparing the mean length of fines contained in the residual fibre suspension for the three previous treatment conditions (8 h 13 min, 95°C). According to the morphology analysis of the initial fibres, as expected, there is a big distribution of the fibre's size. As a consequence, big fibres or agglomerates would take much more time to be reduced to nanosized. This is the reason one, at the end of the reaction, some residual fibres are still present. Indeed, the quantity of this residue decrease with increasing reaction time. The infrared spectrum was obtained from the residual fibres and compared to that of the cotton fibres, and no new absorption peak was observed in the residual fibre spectrum. This result demonstrates that no chemical reaction took place on the cellulose (Figure II-7). To determine the theoretical equation of the cellulose nanocrystal crystallinity, the same methodology as that for the CNC yield was used. The crystallinity index (CI) of the cellulose nanocrystals previously obtained from the 17 experiments were evaluated by the amorphous subtraction method and are reported in Table II-5.

Residual

The amorphous subtraction method with cellulosic samples has been described in the literature [START_REF] Isogai | Crystallinity indexes of cellulosic materials[END_REF], and over the last decade, it has been compared to other methods (Ahvenainen et al., 2016;Park et al., 2010). The main challenge of this method is choosing a good amorphous sample that fits the sample under investigation. In this publication, the chosen amorphous sample was bleached, cryo-crushed birch cellulose pulp.

As previously mentioned, three repetitions were performed in the domain centre to assess the reproducibility of the treatment conditions (A, A' and A''). This time, Box-Cox transformation was not required to analyse the data, and the obtained theoretical model is described by Equation II-6. 𝑌 𝑐 (%) = -50.9 + 2.769 × 𝑇(°𝐶) + 2.188 × 𝑡(ℎ) -6.46 × 𝑐(%) -0.01396 × 𝑇 2 (°𝐶) -0.0362 × 𝑡 2 (ℎ) + 4.90 × 𝑐 2 (%) -0.01429 × 𝑇(°𝐶) × 𝑡(ℎ) -0.0857 × 𝑇(°𝐶) × 𝑐(%)

In contrast to the CNC yield, the CNC crystallinity depended on the initial concentration of the cellulosic fibres. The surface response of the CNC crystallinity according to the temperature and the reaction time for a fixed concentration value of 2 wt% is plotted in The regression coefficients of this model were R²= 98.0% and R²estimated = 91.0%, and thus, the mathematical model can be used with the recommendation to test a new point in the domain when designing the experimental strategy. The crystallinity of the CNC obtained with the conditions for the yield optimization (T= 95°C, t= 8 h 13 min, c= 1%) was evaluated for the three repetitions. The theoretical value expected for these parameters was CI%= 81 ± 1%, and the mean experimental value was 82 ± 1%. In conclusion, the model was able to predict the crystallinity of the obtained CNCs in all experimental domains. The cellulose nanocrystal crystallinity seemed to reach a maximum after approximately 13 h of treatment at 85°C using an initial concentration of 2%. These crystallinity values were high and similar to those reported by Ling et al. (Ling et al., 2019). They obtained dispersed CNCs with a crystallinity index of 75% using cotton fibres treated with ChCl:OAD 1:1 for 1 h at 80°C, and the theoretical model found in this study predicted a CI of 75% for the CNC product treated at 80°C for 2 hours. It is worth mentioning the rather excellent agreement between theoretical and experimental data in this section. Thus, it can be concluded that: For low temperature experiments the crystallinity index decreased most probably because of the formation of amorphous zones due to the swelling of the fibres and before starting the hydrolysis step. Instead, for high temperature experiment did not affect significantly the CI(%) because the swelling and the hydrolysis took place simultaneously. In all cases, the changes on this parameter are hard to ascertain because of the relatively high crystallinity of the starting materials (CI = 79%).

II.1.3.3 Response's combination

The strength of the design of the experimental method is the possibility of the response's combination. Reporting the two models previously described for the CNC yield (%) and the crystallinity index (%) in a two-dimensional graph simplifies the choice of the parameters that can optimize the two responses simultaneously (Figure . The main objective of this graph is its capacity to predict CNC concentration and crystallinity for a given set of parameters. The actual aim was the production of cellulose nanocrystals in large quantities and, if possible, at high concentrations. Therefore, the CNC yield was more relevant than the crystallinity. Moreover, a short reaction time was recommended. Indeed, the available CNC production processes using classical acid hydrolysis are carried out in less than 1 hour. Furthermore, between 6 and 8 hours of treatment at 95°C, the gain in CNC yield and crystallinity was very low. Considering this information, a new set of parameters was chosen to carry out a final experiment: a reaction time of 6 hours at a temperature of 95°C and an initial concentration of cotton cellulosic fibres of 2% (bleu triangle in Figure II-9).

For these parameters, the expected CNC yield was approximately 35.5 ± 2.7% with a crystallinity index of 80 ± 1%. Three experiments were carried out for reproducibility, and the results were a CNC yield of 43.6 ± 1.9% and a crystallinity of 81 ± 1%. Similar to the previous experiments, the obtained CNC yield was higher than expected and was relatively close to the yield obtained after 8 h 13 mins of treatment (44.9 ± 2.5%). The mathematical model for CNC crystallinity was again confirmed. The CNC morphology was determined after sonication of the suspensions, and their height was obtained from AFM images, whereas their length was obtained from TEM images. Fifty measurements of individual CNCs were conducted, and the mean height value was found to be 11.3 ± 2.6 nm, while their length was approximately 257 ± 54 nm. TEM and AFM images of these cellulose nanocrystals are shown in Figure II-10. 

II.1.4. Conclusion

In this work, cellulose nanocrystals were successfully extracted using an acidic NADES composed of choline chloride:oxalic acid dihydrate at a molar ratio of 1:1. To optimize the treatment time and temperature in the acidic hydrolysis of the amorphous regions of cellulose, the methodology of the design of the experiment was used. Two models were established to characterize the evolution of the nanoparticle's crystallinity and the CNC yield of the treatment. Our hypothesis has been confirmed and optima yield and CNC crystallinity have been found thanks to the design of experiment approach. The first model successfully described the crystallinity variation of CNCs according to the different treatment parameters, while the second model was less accurate for describing the experimental values and provided slightly higher values, although it followed the same tendency. The obtained results are highly useful because, to the best of our knowledge, this is the first time that this optimization work has been proposed. This study shows that it is possible to predict the CNC yield and their crystallinity thanks to predictive mathematical models, which gives a great advantage to consider in the near future a scale up of the extraction of cellulose nanocrystals using this original family of green solvents.

II.2. One-pot production of anionic CNCs using natural deep eutectic solvent.

II.2.1. Introduction

Nickerson and Habrle were among the first to reveal a crystalline part on cellulosic fibres and isolate it using an acid hydrolysis process in 1947 (Nickerson & Habrle, 1947). Since the 1960s and Rånby's work (Rånby & Ribi, 1950), cellulose nanocrystals (CNCs), also called whiskers, have been extracted via sulfuric acid hydrolysis of the amorphous cellulose parts. CNCs have many characteristics that make them suitable for the development of innovative materials for various applications, e.g., the availability and the abundance of various starting raw materials, their low density (1.6 g/cm 3 ), and their high stiffness and specific surface area between 150 and 800 m²/g. Moreover, due to hydroxyl groups on their surface, CNCs are hydrophilic and reactive which make them suitable for post-modification to provide new functionalities. CNCs are rod-shaped particles with the following nanometric dimensions: their lengths are approximately 100 to 500 nm, and their diameters are between 5 and 20 nm [START_REF] Isogai | Emerging Nanocellulose Technologies: Recent Developments[END_REF][START_REF] Ramires | A review of cellulose nanocrystals and nanocomposites[END_REF]. It is worth noting that their morphological and surface properties highly depend on the cellulose source. Thus, they have a high aspect ratio (Length/Width), varying between 10 and 30 for CNCs extracted from cotton fibres and higher than 50 for tunicate CNC [START_REF] Thakur | Recent advances in nanocellulose processing, functionalization and applications: A review[END_REF]. CNCs are extraordinary materials that show promising results in various applications such as rheological modifiers (Gicquel et al., 2019), tissue engineering and health care applications (Domingues et al., 2014;Shankaran, 2018), coatings [START_REF] Gicquel | Cellulose nanocrystals as new biobased coating layer for improving fiber-based mechanical and barrier properties[END_REF]Mascheroni et al., 2016), biocomposites (Mariano et al., 2014;[START_REF] Oksman | Manufacturing process of cellulose whiskers/polylactic acid nanocomposites[END_REF][START_REF] Ramires | A review of cellulose nanocrystals and nanocomposites[END_REF], hydrogels (Du et al., 2019), and aerogels (Darpentigny et al., 2020).

CNCs can be extracted by hydrolysing glucosidic bonds of the amorphous part of cellulosic fibres. Sulfuric acid (H2SO4) is the most common acid used to obtain CNC. Indeed, this standard procedure can be applied to any cellulose source with minor adaptations. Recently published reviews identify all the different conditions used to extract cellulose nanocrystals with this "conventional hydrolysis" (Dufresne, 2017;Haldar & Purkait, 2020). Sulfated Cellulose nanocrystals are commercially available; however, the conventional nanocellulose isolation is challenged by the associated economic and environmental concerns (Reid et al., 2017). Indeed, recovering sulfuric acid is costly, CNCs are produced with low yield (about 50% at industrial scale and 30% at laboratory scale), showed low thermal stability [START_REF] Vanderfleet | Insight into thermal stability of cellulose nanocrystals from new hydrolysis methods with acid blends[END_REF], and several hydrolysates are lost in the process and not valorized.

Other alternative methods enable CNCs extraction from biomass. For example, different mineral acids can be used such as hydrochloric acid [START_REF] Araki | Influence of surface charge on viscosity behavior of cellulose microcrystal suspension[END_REF]. Subcritical water (Novo et al., 2015) or ionic liquid [START_REF] Man | Preparation of Cellulose Nanocrystals Using an Ionic Liquid[END_REF] have also been recently studied for cellulose nanocrystals extraction. Over the past few years, isolating and modifying of cellulose nanocrystals in more sustainable and efficient ways has drawn extensive interest [START_REF] Jiang | Sustainable isolation of nanocellulose from cellulose and lignocellulosic feedstocks: Recent progress and perspectives[END_REF]. Particular interest has been focusing on specific methods that employ organic acids/anhydride, solid acid, Lewis acid or ionic liquid.

In contrast to CNC production with strong mineral acids, organic acids may serve as a more sustainable alternative due to their weaker acidity, low corrosivity, and easier recyclability.

Organic acids investigated for cellulose nanocrystals obtention can be classified based on the number of carboxylic groups per molecule: monocarboxylic acids such as lactic acid; dicarboxylic acids such as oxalic acid and maleic acid (Bian et al., 2017) and tricarboxylic acids such as citric acids [START_REF] Ji | Strategy towards one-step preparation of carboxylic cellulose nanocrystals and nanofibrils with high yield, carboxylation and highly stable dispersibility using innocuous citric acid[END_REF]. Similar to the sulfuric acid process, esterification between the surface hydroxyl groups of the CNC and the organic acids can also occurs. Carboxylic acids with only one carboxylic group, generally introduced hydrophobic moieties on the cellulosic materials surface, while esterification with polycarboxylic acids promote the presence of free carboxylic group(s) which brings negative charges on the cellulose surface, improving its colloidal stability in aqueous suspension.

Negatively charged CNCs, with high carboxylate content are usually produced by a posttreatment of the obtained CNC. The most known and optimized process is the TEMPOoxidation, but it involves the handling and consumption of toxic and costly reagents and the addition of numerous steps of washing (Fraschini et al., 2017). Such carboxylic CNCs have also the strong advantage to be a novel building block for biotemplating [START_REF] Wu | Quasi-One-Dimensional Arrangement of Silver Nanoparticles Templated by Cellulose Microfibrils[END_REF] or new chemical grafting strategy (Le Gars, Delvart, et al., 2020).

The limited amount of studies of CNCs isolation using tricarboxylic acids mainly focus on the use of citric acid due to its several advantages: it is a natural molecule, non-toxic and cheap.

It has a low impact on the environment. Its weak acidity (pKa= 3) avoids also the overhydrolysis of cellulose. Moreover, esterification between one carboxylic acid of the molecule and one of the surface hydroxyl group of the cellulose materials allows to produce modified CNC in a one-step process. Citric acid hydrolysis of cellulose materials is generally conducted in two steps: (i) impregnation of the cellulose materials by high concentrated acid solution, and (ii) a curing step. Very recently, this process was carried at 120 °C for several hours starting from eucalyptus fibres (Bondancia et al., 2020;[START_REF] Ji | Strategy towards one-step preparation of carboxylic cellulose nanocrystals and nanofibrils with high yield, carboxylation and highly stable dispersibility using innocuous citric acid[END_REF]. Such process needs the use of ultrasonication step and the CNC yield is limited (8-24%). Furthermore, the separation step can be improved, this yield is overestimated comparing to our study. CNCs morphology is also questionable with no clear rigid rod-like structure. However, one interest of this work is that the obtained solid residual particles are transformed into cellulose nanofibrils via mechanical treatments.

Recently, another solution was proposed to obtain CNC by using acidic deep eutectic solvents (DES) as reactive media (Zdanowicz et al., 2018). Deep eutectic solvents are a class of organic solvents introduced by Abbott et al. in 2003. They found that the eutectic mixture formed by choline chloride and urea with a molar ratio of 1:2 exhibited a melting point of 12°C, which is considerably lower than that of each constituents (urea = 133°C and choline chloride = 302°C) (Abbott et al., 2003). DES are in a state of ionic liquid solvents, but they are easier to use and less toxic. They are composed of a Lewis or Brönsted acid and a base with a specific ratio.

According to the nature of these two constituents, DES can be classified into four types (Smith et al., 2014).

In the case of DES type III, the two constituents are a quaternary ammonium salt and a hydrogen bond donor; the association of these compounds results in a eutectic mixture via hydrogen bonding interactions. Strong hydrogen bonds between the different compounds prevent the crystallization of each product (Francisco et al., 2013) and explain that the melting temperature of the mixture is far below that of its individual constituents. Such hydrogen bonds are also the key parameters explaining the hierarchical structure of cellulose. Moreover, if the DES is formulated with natural compounds, the obtained mixture is referred to as natural deep eutectic solvent (NADES), which can be considered as a green solvent due to its non-volatility, low toxicity, potential renewability, recyclability and biodegradability (Paiva et al., 2014;Vanda et al., 2018).

DES and NADES are easy to obtain and can be helpful in organic chemistry; indeed, they can replace some toxic organic solvents in many application fields. In a recent review, Zdanowicz et al. summarized the possible application range of DES and NADES for polysaccharide processing (Zdanowicz et al., 2018).

Type III NADES can be used as an acidic hydrolytic solvent to obtain CNCs. Moreover, recent studies have claimed the possibility of reusing DES five times without decreasing their efficiency (Li et al. 2018;Liu et al., 2017). These two advantages indicate that NADES should be more deeply studied as a new method of cellulose nanocrystal production. Furthermore, many combinations of hydrogen bond donors and acceptors using different ratios can be used to obtain acidic deep eutectic solvents that can hydrolyse the amorphous parts of cellulose (Ibrahim et al., 2018;Laitinen et al., 2017;Sirviö, 2019;Sirviö et al., 2016). The most studied NADES (Choline chloride: oxalic acid 1:1 molar ratio) was used for the first time by Sirviö et al. in 2016, to produce CNCs (Sirviö et al., 2016). This preliminary study was promising but did not clearly explain the yield obtained due to a special ultrasonication steps.

Deep eutectic solvent based on choline chloride and citric acid with a molar ratio of 1:1, was used this year by S.Liu et al. to produce cellulose nanofibrils (S. Liu et al., 2021). However, to the best of our knowledge, no study was published using this new NADES as reactive media to produced cellulose nanocrystals. Our hypothesis is that this acidic natural deep eutectic solvent can allow the obtention of highly negatively charged cellulose nanocrystals in a onestep process, thus limiting the washing steps and the use of costly and hazardous chemicals classically used to post-treat the CNCs (e.g. TEMPO-oxidation). The idea was also to avoid using ultrasonication, always critical when upscaling is concerned. In this work, different treatment times and temperatures are tested, and negatively charged CNCs are prepared from three cellulose sources (cotton fibre, birch fibre and microcrystalline cellulose) to understand influence of raw materials structure and chemistry. 

II.2.2. Materials and methods

II.2.2.1. Materials

Three cellulosic materials are used in this study: (i) dry sheets of commercially available bleached and mechanically treated cotton fibres obtained from the paper industry (CELSUR, CS 21 DHS); (ii) dry sheets of commercially available bleached birch fibres (Gold Birch, Sodra); and, (iii) microcrystalline cellulose powder (Avicel PH-101, Roth). Choline chloride (ChCl, purity ≥ 98%) was obtained from Sigma-Aldrich, Citric acid monohydrate (CAM, purity ≥ 99%) and sodium chloride (≥ 99%) was obtained from Roth. Deionised water was used throughout the experiment. NaOH and HCl solutions were prepared at a concentration of 0.0125 mol/L and 0.1 mol/L, respectively.

II.2.2.2. Natural deep eutectic solvent treatment

The 1:1 molar ratio of acidic deep eutectic solvent was produced by mechanical stirring of 105 g of citric acid monohydrate (CAM) with 69 g of choline chloride (ChCl) for 30 minutes at 120°C in a glass reactor. The solvent is ready to use when the mixture is transparent and homogeneous.

Cellulosic materials (Avicel, Cotton fibres or birch fibres) at a concentration of 1 wt%, are added in the reactor and the treatment conditions: stirring (300 rpm) and temperature (95°C, 120°C or 130°C) are maintained during all the reaction (t= 2-16 h).

At the end of the treatment, 250 ml of deionised water is added to the reactor to quench the reaction and reduce the mixture's viscosity. The treated cellulose was centrifuged at 10,000 rpm for 25 minutes with a small quantity of sodium chloride to favor the decantation. The supernatant was removed, and the precipitate was dispersed in deionised water and centrifuge again. These steps were repeated 2 time.

After the centrifugation steps, the obtained suspension was dialysed using deionised water until the conductivity of the sample was the same as that of deionised water (molecular weight cut-off 6-8 kD). Then, the suspension was sonicated using a 250-Watt sonication probe (Sonifer 250, Branson) with a dispersive energy of approximately 6.46 kJ per g of materials.

Next, the suspension was centrifuged for 10 minutes at 2600 g. The supernatant containing surface grafted cellulose nanocrystals was remove and stored in fridge. Finally, the precipitate containing the residuals cellulosic particles were dispersed in deionised water, and after one week of sedimentation, two distinct suspensions were obtained: (i) one containing sedimented particles (SP) and the second non-sedimented particles (nSP). The different treatment steps are illustrated in Figure In this work, samples will be referred with the following notation X-t-T (p), where "X" refers to the cellulose source (A: Avicel PH-101; B: Birch fibres; C: Cotton fibres), "t" to the time of reaction, "T" the temperature of the treatment and, "p" the particles studied (CNC, SP, nSP). For example, sample A-6h-120 (SP) is the sedimented particles obtained after the treatment of Avicel in ChCl:CAM NADES for 6 hours at 120°C. Some samples were produced in triplicate to evaluate the reproducibility of the measurement and with various operator. 

II.2.2.3. Nanocrystals and Residual particles analysis

Cellulose nanocrystals (CNC) and residual cellulosic particles (RP) yields. Cellulose nanocrystals, sedimented particles and non-sedimented particles were separated after washing steps, which enabled the determination of the yield of each suspension obtained. The cellulose nanocrystal yield is calculated as the weight ratio of cellulose nanocrystals (mCNC) and the initial weight of cellulose fibres (m0), as expressed in Equation II-7.

Equation II-7

𝑌 𝐶𝑁𝐶 (%) = 𝑚 𝐶𝑁𝐶 𝑚 0 𝑥 100

The sedimented and non-sedimented particles yields was calculated using the same method, substituting CNC mass by the corresponding mass.

Crystallinity Index by X-ray diffraction (XRD).

The crystallinity index (CI) of the cellulose materials was determined by the Segal method (Park et al., 2010). It is an empirical method that allows a quick comparison between cellulosic samples. The crystallinity index was calculated after the background subtraction from the ratio of the height of the (I 002 ) peak and the height of the minimum (I AM ) localized between the 002 and 101 peaks, as expressed in Equation II-8. The measurements were realised in the dry cellulosic samples (overnight, 105°C) using an X'Pert Pro MDP instrument (Malvern Panalytical) in reflection mode with the Bragg Brentano geometry. The anode was composed of copper, and the wavelength was 1.5419 Angström.

Equation II-8

𝐶𝐼% 𝐶𝑁𝐶 = I 002 -I AM I 002 × 100

Fourier transform infrared spectrometry (FTIR). Infrared spectra were obtained from cotton cellulose fibres, CNC and residual particles using a Perkin-Elmer Spectrum 65 instrument (PerkinElmer, USA). This technic is used to determine the possible esterification between cellulose and citric acid, and given the proximity between the carboxylic peak and the ester peak (respectively, ≈1720 and ≈1740 cm -1 ), each sample was basified using NaOH solution to convert carboxylic acid groups to carboxylate groups (≈ 1600 cm -1 ) and dried at room temperature overnight before the analysis. KBr pellet was prepared from the powder containing about 2% of cellulosic materials. Spectra were recorded in transmission mode between 4000 and 400 cm -1 with 16 scans and normalized to a better comparison.

X-Ray photoelectron spectroscopy (XPS).

The extern surface chemical analysis was also established for the CNC, sedimented particle and non-sedimented particles. The test was carried out using a XPS K-Alpha device (Thermofisher) modulated with a monochromatic Al Kα X-ray source at 14,875 eV. The substrates were positioned at an angle of 90° under an ultrahigh vacuum of less than 10 -7 Pa. Spectrum NT was used to decompose the signal. The O/C ratio was calculated using the Equation II-9:

Equation II-9 𝑂 𝐶 = I O S O × 𝑆 𝐶 𝐼 𝐶
Where IO and IC are the intensity of the oxygen and carbon peaks, respectively. SC and SO are the atomic sensitivity coefficients and equal to 0.00170 and 0.00477 for carbon and oxygen, respectively.

Conductometric titration. Conductometric titrations were performed on 200 ml suspension at 0.05 wt% (0.1 g of dry cellulosic material) to determine the carboxylic content of the different samples. The pH of the suspension was adjusted to 3.5 with 0.1 M HCl solution before being titrated with 0.0125 M NaOH solution (the solution was titrated before each use).

Volumes of NaOH were added progressively, and three segments of curve are obtained, and their intersections give the equivalent volumes V1 and V2 related to strong and weak acid equivalence . The carboxylic content (X), in µmol per g of cellulose, could be calculated according to Equation II-10. C is the exact NaOH solution concentration and m0 the exact initial mass of cellulosic material (≈ 0.1g).

Equation II-10 Residual fibre morphology. Residual fibre morphology analysis (length, width, number of elements, etc.) was carried out using the MorFi device (MorFi compact, Techpap). Images of suspensions (at 40 g/L) between measurement cells were acquired to perform the image analysis. Elements whose length exceeded 100 µm were counted as fibres and those with a length below 100 µm were counted as fines. This measurement was performed in duplicate for each sample.

𝑋 = (V 2 -V 1 ) × 𝐶 m 0

Degree of polymerisation.

The degree of polymerisation (DP) of cellulose fibres was evaluated using the ISO 5351:2010 standard. 250 mg (equivalent dry) of raw cellulose fibres or sedimented particles was dissolved in copper (II) ethylenediamine (25 ml) and 25 ml of deionised water. The intrinsic viscosity (ηint.) was measured at least twice. The degree of polymerisation (DP) was calculated using the Mark-Houwink-Sakurada equation and the intrinsic viscosity as follows: DP0.905 = 0.75 ηint. At least duplicates were performed.

Preparation of CNC sonicated suspension.

A determined quantity of CNC was diluted to a concentration of 10 -2 wt%. Using a 250-Watt sonication probe (Sonifer 250, Branson), the suspension was exposed to dispersive energy of 8.7 MJ per gram of dried CNC at 50% maximum energy.

Zeta potential (ζ).

The Zeta potential of the sonicated cellulose nanocrystals suspension was measured with two different devices. The first one is a Zetasizer Nano ZS (Malvern Panalytical), and the second one is a Zetasizer PRO (Malvern Panalytical). Both are used with a folded capillary cell, maintained at 20°C during the measurement. 1 ml of the CNC sonicated suspension was diluted by adding 8 ml of deionised water, and 1 ml NaOH solution (c=0.0125 mol/L) was added to adjust the sample's pH conductivity. Three measurement series of ten acquisitions are done for each sample, and the mean value of these three is used for the discussion.

Optical Microscopy (OM).

Before and after NADES treatments, cellulosic materials were observed with an optical microscope (Axio Imager M1m). Pictures (at least 10) are taken with different magnifications (10x, 20x, 50x), and the more representative images were used for the discussion.

Transmission electronic microscopy (TEM).

A few drops of the CNC sonicated suspensions were deposited onto a glow-discharged carbon-coated copper grid. After 2 min, the excess of the liquid was removed with filter paper, and a droplet of 2 wt% uranyl acetate was deposited onto the grid before completely drying the CNCs. The excess stain was removed, and the specimens were observed with a JEOL JEM 2100-Plus microscope operating at 200 kV. A minimum of 15 digital images were recorded at different locations with a Gatan Rio 16 camera, and the most representative image is used for the discussion. The mean length of individualized nanocrystals was obtained using at least 50 measurements.

Thermogravimetric Analysis (TGA). TGA measurements were carried out with a thermal analyzer TGA/DSC STARe System (Mettler Toledo) apparatus under nitrogen flow with a constant rate of 30 mL min-1. Each measurement was made using dry samples (overnight, 105°C), which was heated from 25-600 °C at a scanning rate of 10 °C/min. The temperature of degradation (Td) was taken as the temperature at the onset point of the weight loss in the TGA curve obtained.

II.2.3. Results and discussions

II.2.3.1. Influence of the treatment time on CNC extraction and functionalization

CNC, sedimented and non-sedimented particles yields.

Microcrystalline Cellulose (MCC) is added into the reactor containing the natural deep eutectic solvent composed of choline chloride and citric acid monohydrate with a 1:1 molar ratio. In this study, the treatment temperature was fixed at 120°C, and the initial cellulosic material concentration is 1 wt%. After different treatment times (2 hours to 16 hours), cellulose nanocrystals, sedimented and non-sedimented particles are recovered by the previously described method. For each kind of suspension, yields are calculated using Equation II-7. The first observation concerns the global yield of each treatment. In the period studied (2h -16h), the cellulosic materials recovery is higher than 85 wt% (between 85 and 92 wt%). Three different suspensions are isolated for each sample, and the different yields are not influenced by the treatment time and follows this order: Y nSP < Y CNC << Y SP . Indeed, most of the cellulosic material is only partially hydrolysed and has formed sedimented particles, and only a minor part is successfully hydrolysed to create cellulose nanocrystals.

Cellulose nanocrystals are extracted for all the treatment time studied, thus demonstrating the efficiency of the acidic NADES based on choline chloride and citric acid monohydrate for the cellulose amorphous part hydrolysis. Concerning the preparation of cellulose nanocrystals, moderated treatment time between 4 and 6 hours promotes their extraction, with yields of 11.6 wt% and 10.0 ± 1.4 wt%, respectively. However, after 8 hours of treatment, CNC yield starts decreasing until a value of 5 ± 3 wt% for 16 hours in NADES. In 2021, Douard et al.

investigate the influence of the temperature and treatment time for the cellulose nanocrystals obtention using an acidic NADES based on choline chloride and oxalic acid dihydrate (1:1) and obtained similar results. They found that the CNC yield increases for a fixed temperature when the treatment time increases until a maximum value and then slowly decreases when the reaction is prolonged (Douard et al., 2021). However, to the best of our knowledge, no study was published using ChCl:CAM DES as reactive media to produce cellulose nanocrystals. Yields obtained in this work are lower than those obtained in the literature for other acidic DESs composed of choline chloride and carboxylic acid as hydrogen bond donor. In 2016, Sirviö et al. successfully obtained CNC with Choline chloride:oxalic acid anhydrous (ChCl:OA 1:2), choline chloride:oxalic acid dihydrate (ChCl:OAD 1:1) and choline chloride:levulinic acid (ChCl:Le 1:2) (Sirviö et al., 2016). After two hours of treatment at 100°C they obtained total yields of cellulose materials of 72 wt%, 68 wt% and 88 wt%, respectively, for the three mixtures, which is in accordance with our values of 85 to 92%. Thus, the hydrolysis effectiveness of DES seems linked to the acid used as a hydrogen bond donor (notably to their pKa). Other factors, as the high viscosity of the CHCL:CAM NADES compared to the those used in their study, could be investigated to obtain difference in yield (8.9 Pa.s and 1.4 Pa.s at 25°C for ChCl:OA and ChCl:Le, respectively (Florindo et al., 2014)).

Purification steps and way of calculating the yield strongly vary in literature. Previously cited studies might consider our residual particles in their CNC yield. Indeed, most published studies used an intensive ultrasonication treatment on the suspension to individualize CNC before their purification and recovery, contrary to our study. Such step is a clear drawback if we want to upscale the process.

CNC proof of grafting and characterisations.

Two phenomena are expected during the ChCl:CAM treatment: (i) the extraction of CNC by hydrolysis the amorphous cellulose part, and (ii) the in situ modification of the obtained CNC by esterification of citric acids on surface hydroxyl groups of CNC. As previously mentioned CNC are extracted from microcrystalline cellulose for all the treatment time studied, proving the ability of the acidic NADES to hydrolyse the disorder part of cellulose fibres. However, the physicochemical and morphological properties of the CNC depend on the treatment time; the main results are given in Table II-6. Microcrystalline cellulose (MCC) possesses a high initial crystallinity index (CI= 89%, Segal method) explained by the method used to produce this cellulosic powder and by the use of cotton fibres as raw material to produce it. After acidic treatment, the CNCs Crystallinity Index is similar to the initial value for microcrystalline cellulose (CI=89 and 88% for MCC and A-6h-120-CNC, respectively). In conclusion, the cellulose crystalline part is preserved during the NADES treatment, and the cellulose I structure is conserved for all the samples. Therefore, treatment time does not impact the crystallinity of the obtained CNCs. However, as expected, increasing the time of treatment allows increasing the esterification reaction between citric acid (HBD of the NADES) and surface hydroxyl groups of cellulose nanocrystals.

Concerning the FTIR results, CNC samples are first basified by adding NaOH solution and then dry overnight at room temperature; KBr pellets are then formed using this CNC in basic condition. This technic allows to distinguished easily the carboxylic peak and the ester peak (≈ 1720 and ≈ 1740 cm -1 , respectively) due to the conversion of carboxylic acid groups into carboxylate groups (≈ 1600 cm -1 ). FTIR spectra are available in Figure II-16. In MCC spectra, neither the peak of the carboxylate ions nor the peak of the ester bond is visible; only one peak at 1629 cm -1 corresponding to the adsorbed water appear. However, after two hours of treatment, a peak at 1741 cm -1 demonstrating the presence of ester bond appeared; this peak is visible for all the times of treatment, proving that esterification occurs during the CNC extraction inside the acidic Natural Deep Eutectic Solvent. XPS analysis was also performed to characterize the grafting of cellulose citrate on the CNC, table of the C1s spectra decomposition is given in Table II- Properties of modified CNC are then evaluated using Zeta potential. This technic provides information on the surface charged particles. Zeta potential values for CNC particles obtained after different times of treatment are given in Table II In conclusion of this part, treatment time influences CNC yield. Indeed, moderate time of treatment (6 hours) provides better yields than prolonged treatment of 16 hours. Moreover, any change in the CNC morphology and crystallinity was observed after 4 hours of treatment, and high surface charge particles are obtained after 6-8 hours. These results tend to demonstrate that the optimal time of treatment will be about 6 hours at 120°C (Figure . 

Sedimented and non-sedimented particles characterisation.

Non-sedimented particles (nSP) are obtained in very low quantities. They share some characteristics similar than CNC obtained by the treatment: high crystallinity, high charge content and proof of grafting (FTIR and XPS). Therefore, they can be associated at nonindividualised CNC. Non-sedimented particles (nSP) are obtained in very low quantities and displayed characteristics similar to those of the CNC collected in the first step of CNC fractionation, except what concerns their morphology. In fact, they were slightly bigger in size and can be associated at non-individualised CNC.

Sedimented particles (SP) obtained are visually brown, indicating the formation of chromophoric cellulose degradation products that could not be removed during the washing step. The colouration increases when the time of treatment increases. Morphology analysis was performed on SP suspension and compared with MCC suspension (Table II -8). Results

have shown that some fibres remain undegraded after the NADES treatment (fibre lengths are 145 ± and 140 ±1 for Avicel and A-6h-120-SP, respectively). However, the number of fine elements presents in the suspension increase drastically ( + 650 %), indicating that Avicel particles are cut during the treatment by acid hydrolysis. Sedimented particles crystallinity and degree of polymerisation are similar to those of Avicel. Treatment time does not influence these two parameters. However, sedimented particles charge content increases slowly when higher treatment time are used (charge content is 168 ± 49 and 227 ± 18 µmol/g for 6 and 16 hours of treatment, respectively). In comparison, charged content of the un-treated Avicel is 181 ± 5 µmol/g; these results prove the grafting of citric acid on the surface of the sedimented particles. Low grafting is observed compared to CNC (charged content, FTIR), that can be explained by the higher bulk part, and smaller surface available on micrometric particles (SP) than nanometric particles (CNC). As previously presented, a significant amount of residuals particles are obtained for each treatment; these particles are cut in length and slowly modified on their surfaces. The cellulose "bulk" is saved and show a high crystallinity index and the cellulose I structure. For these reasons, sedimented particles can be used as by-products of the NADES treatment and not as waste. Some valorisation can be imagined, for example, cellulose microfibrils production (see Chapter II.3).

II.2.3.2. Influence of the NADES treatment temperature.

After the treatment time study, the effect of the temperature was investigated. As previously mentioned, after NADES treatment, CNCs are successfully obtained. However, the yield of the extraction is still low. To improve this yield, reduce the energy consumption or increase the grating efficiency, supplementary experiments were done by changing the treatment temperature: A-16h-95 and A-8h-130.

After 16 hours of treatment at 120°C, the surface of the obtained CNC are modified by the grafting of citric acid molecule. A charge content of 747 ± 101 µmol/g and a Zeta potential of -45.7 ± 1.6 mV are obtained. However, the yield of extraction is very low about 5.2 ± 2.9 %. Our hypothesis is that decreasing the temperature of the treatment at 95°C while maintaining the same treatment time (16 h), is supposed to increase the yield of reaction, saving the good surface modification. Thus, CNCs are successfully extracted using these new conditions ( ). However, the yield was not so much increased (Y= 6.3 %), and the total charge content calculated by conductometric titration (430 µmol/g) is lower than CNC obtained at 120°C. Thus, the temperature seems not have influence on the CNC yield but seem to have a significative effect on the grafting rate.

This result was confirmed by other experiment realized for 8 hours of treatment, increasing the temperature from 120°C to 130°C increase the CNC charged content from 447 to 676 µmol/g without changing the CNC yield (8.3 % and 8.5 % for A-8h-120 and A-8h-130, respectively). 

II.2.3.3. Effect of the cellulose sources.

The first studies were conducted using only one source of cellulose: microcrystalline cellulose powder from cotton (Avicel PH-101). This material was chosen due to its high purity (low hemicellulose) and the homogeneity of the particles size and its facility to operate (powder are easily dispersed on NADES compared to long cellulosic fibres). Although CNCs can be extracted from a wide variety of natural cellulose sources, CNCs obtained via cotton or wood have been the primary focus of academia and industry.

In this part, bleached pulps of cotton fibres and birch fibres (containing hemicellulose) will be used as raw materials and compare to MCC. Same protocols for NADES treatment, washing and splitting steps are used for the three sources, and two treatment times were studied: 6 and 8 hours. As previously mentioned, three kinds of suspension (CNC, SP, nSP) are obtained for all the treatments after separation step. Yield, chemical and morphological properties of the CNC depend on the cellulose sources are given in Table II-9.

The first observation concerns the Avicel-based CNCs yields, they are about 10.0 and 8.3 wt% after 6 hours and 8 hours of treatment, respectively. Lower yields are obtained for CNC extracted from cotton fibres (7.9 wt%) and birch fibres (7.8 wt%) after 6 hours of treatment.

No modification appeared in the crystallinity structure of the materials after the treatment (Cellulose I), and CNC crystallinity index is near to the raw materials: 93%, 88%, and 80% for C-6h-120-CNC, A-6h-120-CNC and B-6h-120-CNC. As expected, higher crystallinity is obtained for CNC extracted from cotton fibres and Avicel than CNC extracted from birch fibres. However, some aggregates remain in all the samples. The presence of aggregated have two explanations: (i) the fibres used in this study are dry fibres obtained from pulp companies; (ii) we minimised the dispersion step to better observe the influence of the NADES treatment conditions.

Finally, concerning the surface esterification of the CNC, different results are obtained according to the cellulose source. Due to the presence of hemicelluloses in birch, the ensuing fibres are more charged (268 ± 76 µmol/g) than those prepared from cotton and Avicel counterpart. After 6 hours of NADES treatment, the CNC total charge content decreased. This result suggests that esterification did probably not take place, however, CNCs are highly charged as proved by potential Zeta analysis (-51.5 ± 2.0 mV), so citrate molecules are grafted in the cellulose surface. Our hypothesis is that the hemicelluloses contained in the pulp was hydrolysed during the acidic NADES treatment, inducing the decrease of the charge content. After 8 hours of treatment, CNCs obtained have a higher charge content than birch counterpart, validating the grafting efficiency. For CNCs extracted from cotton fibres, similar charge content and Zeta potential are obtained after 6 or 8 hours of treatment.

In this part, we proved that Acidic Natural Deep Eutectic Solvents based on choline chloride and citric acid monohydrate can extract and modify CNC from different sources with a onestep process. 

II.2.3.4. Comparison with anionic TEMPO oxidized CNC.

The classical treatment to obtained anionic CNC consists in performing TEMPO-oxidation on CNC originally extracted by acid hydrolysis. In this part we want to compared our process to the classical one, as schematized in Figure II-22.

The global CNC yield is calculated using the initial cellulosic material weight and that of the anionic CNC. At the lab scale, sulfuric acid hydrolysis allows to obtained CNC from microcrystalline cellulose with a yield of around 20-30 wt % [START_REF] Bai | A technique for production of nanocrystalline cellulose with a narrow size distribution[END_REF][START_REF] Bondeson | Optimization of the isolation of nanocrystals from microcrystalline celluloseby acid hydrolysis[END_REF]. According to the data obtained by Montanari et al. who realised with soft hydrolysed cotton linter, the yield of the TEMPO post-treatment can be estimated at 90 wt% (Montanari et al., 2005). Thus, the global yield of the TEMPO CNC is about 18-27 wt%. These yield values were higher than those obtained with ChCl:CAM NADES treatment, process optimisation have to be performed to increase the reaction yield. Both treatment TEMPO and NADES introduce carboxylate groups (COO -) on the CNC surface.

The TEMPO oxidation can be optimised to control the surface charge bring to CNC (Fraschini et al., 2017). In literature, high values of charge content are reported for T-CNC: between 1.0 and 1.5 mmol/g [START_REF] Hoeng | Potential of nanocellulose for conductive ink preparation[END_REF]Le Gars, Delvart, et al., 2020). ChCl:CAM NADES treatment allows to obtained CNC with surface charge around between 0.2 and 0.7 mmol/g. Finally, the global treatment time is strongly linked to purification. At the lab scale, centrifugation follows by dialysis is the most used washing steps, and can last a week. In the classical way of treatment, two purification steps are realised: one after the sulfuric acid hydrolysis and one after the post-treatment, the TEMPO oxidation. Thus, two weeks are needed to obtain T-CNC. in comparison, the one-step treatment (CNC modification and extraction) into NADES allows the obtention of anionic CNC in one week (one purification step), half as long as the classic route.

II.2.4. Conclusion

In this work, an acidic NADES based on citric acid monohydrate (CAM) as hydrogen bond donor and choline chloride (ChCl) as hydrogen bond acceptor in a molar ratio of 1:1 is studied and used to successfully prepare in situ modified cellulose nanocrystals. Thus, ChCl:CAM 1:1 is used as a reactive solvent and play a dual role in the modified nanocrystal obtention: (i) the acidic solvent can hydrolyse amorphous cellulose part and allow the extraction of CNC; (ii) citric acid molecules can be grafted on CNC surface by esterification between one of the three carboxylic groups of the molecule and one cellulose hydroxyl group. FTIR and XPS analysis have showed that the esterification between citric acid molecules and CNC surface hydroxyl groups had indeed take place. In fact, negatively charged CNCs are obtained from three different cellulose sources studied, and their surface charges are analysed using Zeta potential. In conclusion, Acidic Natural Deep Eutectic Solvents show promising performances in the context of the extraction and the modification of CNC in a one-step process, thus reducing the use of chemical and washing steps needed for cellulose hydrolysis and posttreatment.

II.3. Use of NADES in a biorefinery approach for nanocelluloses production.

II.3.1. Introduction

During the last decades, a strong interest on new nanoscale cellulosic materials have been clearly observed with the increasing number of scientific papers, books and reviews (Tardy et al., 2021), but also their recent industrialisation. This is mainly due to their intense properties, such as the abundance of biosourced starting materials, their low density (1.6 g/cm 3 ), and their high stiffness and specific surface area. Moreover, due to the presence of hydroxyl groups on their surface, nanocelluloses (NC) are hydrophilic and reactive for post-modification to provide new functionalities.

Among such nanocelluloses, cellulose nanocrystals were extracted for the first time by Rånby et Ribi, in 1950, from cellulosic fibres (Rånby & Ribi, 1950). Classically, cellulosic fibres are added to a solution containing a strong mineral acid. Then, the hydronium ions (H3O + ) can penetrate the cellulose fibres in the amorphous domains and cleave the glucosidic bonds.

Hydrochloric (HCl) and sulfuric acids (H2SO4) are commonly used as hydrolysing agents (Dufresne, 2017;Haldar & Purkait, 2020). They have many advantages as the short time (<1 hour) and low temperatures (<50°C) of treatment. However, several concerns remain as: (i) the difficulties of the acid recovery; (ii) the low thermal-stability of the CNC, limiting their applications; (iii) the difficulties in functionalisation of CNC due to the presence of sulfate groups (from sulfuric acid hydrolysis) and the limited solution for the washing steps; and finally (iv) the low CNC yield between 10-50% reported by literature studies (Dufresne, 2017), and more specifically around 40% for CNC extracted from cotton fibres (Dong et al., 1997). Thus, CNC extraction by mineral acid hydrolysis remained environmentally unsustainable, expensive, and unsuitable for some CNC applications as nanocomposites or in high temperature suspension applications like oil recovery due to CNC low thermal stability (D' Acierno et al., 2020;[START_REF] Vanderfleet | Insight into thermal stability of cellulose nanocrystals from new hydrolysis methods with acid blends[END_REF].

Other mineral and organic acids solutions have been tested in literature to overcome these problems, such as phosphoric acid (Camarero Espinosa et al., 2013), oxalic acid (Chen et al., 2016), or hydrobromic acid (Sadeghifar et al., 2011). More recently, other kinds of solvent as molten organic acids (Jia & Liu, 2019;D. Li et al., 2017;Romeo et al., 2020) or subcritical water (Novo et al., 2015) have shown promising results. Among the organic acids, oxalic acid (OA) and oxalic acid dihydrate (OAD) are the most employed for cellulose nanocrystals extraction. They presented many advantages; indeed, they can be extracted from biomass, they are soluble in water (90 g/L at 20°C) and are easily recover by crystallisation due to their high melting temperature (190°C and 105°C for OA and OAD, respectively). In 2016, Chen et al. successfully obtained negatively charged CNC using concentrate oxalic acid solutions with several treatment conditions. Extracted CNC showed Zeta potential values between -22 and -45 mV, an important crystallinity index (>80%), and excellent thermal stability. However, the CNC yield stays low: with the highest yield of 25 wt%, after 1 hour of treatment at 100°C, with a solution of oxalic acid at 70%. By the way, cellulosic residues were converted into cellulose nanofibrils. Moreover, due to the moderate solubility of oxalic acid in the water, the carboxylic acid can be successfully recovered by crystallisation after treatments (Bian et al., 2017;Chen et al., 2016).

Another approach to obtain in situ modified CNC with oxalic acid consisted of using it directly in its molten state. In this case, oxalic acid plays three roles during the treatment: it is an acid catalyst, the solvent, and the reactant to obtained carboxylate CNC by esterification. In 2017, Li et al. succeeded in the esterification and hydrolysis of cellulose using molten oxalic acid dihydrate to prepare surface-functionalised cellulose nanocrystals. However, CNCs are obtained only after an intensive ultrasonic treatment (with dispersive energy of approximately 689 kJ per g of materials), with a yield of 80.5 wt% (D. Li et al., 2017). Jia and Liu realised a similar study in 2019. Carbonylated cellulose nanocrystals are obtained by using molten oxalic acid dihydrate as solvent. After 1 hour of treatment at 110°C with an oxalic acid dihydrate ratio of 0.75 gram per gram of cellulosic fibres and always an intense ultrasonic treatment (with dispersive energy of approximately 1.7 MJ per g of material), they obtained a CNC yield of 71.2 % with charge content of 0.54 mmol/g of cellulose (Jia & Liu, 2019). Such ultrasonic step is an evident drawback when CNC production upscaling is considered.

Meanwhile, Deep Eutectic Solvent (DES) are a new class of organic solvents discovered in 2003 by Abbott et al. (Abbott et al., 2003); according to their composition, they can be classified into four types. Thus, Type III DES are formed by mixing in a specific molar ratio a quaternary ammonium salt as a hydrogen bond acceptor and a hydrogen bond donor such as carboxylic acid (Abbott et al., 2004). Deep Eutectic Solvent covers different fields of applications (Smith et al., 2014); among them, the lignocellulosic and biomass materials treatment was recently in the spotlight [START_REF] Zhang | Facile pretreatment of lignocellulosic biomass using deep eutectic solvents[END_REF]. Cellulose nanocrystal can be extracted from different deep eutectic solvents using a carboxylic acid as a hydrogen bond donor; their properties and obtention yield strongly depend on the carboxylic acid used (Ibrahim et al., 2018;Laitinen et al., 2017;Sirviö, 2019;Sirviö et al., 2016). The most studied Natural Deep Eutectic solvent (NADES) for CNC extraction was used for the first time by Sirviö et al. in 2016, consisting of the Choline Chloride: Oxalic Acid Dihydrate 1:1 molar ratio DES (ChCl:OAD 1:1) (Sirviö et al., 2016).

In this case, it has been recently shown that CNC can be obtained without ultrasonic treatment with a yield of 45 wt% after 6 hours of treatment at 95°C (Douard et al., 2021).

Some recent studies have claimed the possibility of reusing DES three to five times without decreasing their efficiency (Li et al., 2018;Liu et al., 2017). However, the limiting recyclability of DES is observed and mainly due to the increasing presence of impurities in the mixture use after use (e.g. extracted molecules, DES degradation, water presence). Furthermore, if the solvent is used as a reactive solvent, the consumption of one mixture compound during the process decreases its viability and changes the visual aspect of this one. Unfortunately, this is the case when using acidic NADES for cellulose nanocrystal extraction as shown by two very recent studies reporting the use of recycled ChCl:OAD NADES for CNC obtention (Wang et al., 2020;Yang et al., 2019).

Cellulosic fibres treated by Deep Eutectic solvents to obtain cellulose nanocrystals by acid hydrolysis also have another advantage compared to classical sulfuric acid treatment: residual cellulosic particles are obtained in parallel than CNC. Thus, these particles can be used as byproducts of the process and/or valorised to obtained other cellulosic materials as cellulose nanofibrils by mechanical treatment.

In this work, cellulose nanocrystals will be obtained by NADES treatment (ChCl:OAD 1:1, 95°C, 6 hours, c= 2%), the residuals particles will be mechanically treated to obtain cellulose nanofibrils. The nanocellulose yield, morphology and chemical properties will be investigated by several characterisations (DRX, TEM, SEM, FTIR, Zeta Potential, etc.). The NADES will be recycled two times and used for cellulose nanocrystals production. During the recycling, a precipitate was obtained and analysed. This biorefinery approach is illustrated in Figure II-23. 

II.3.2. Materials and methods

II.3.2.1. Materials

Cotton fibres are commercially available bleached and mechanically treated cotton fibres obtained from the paper industry (CELSUR, CS 21 DHS). This pulp was directly fluffed in dry condition using a Forplex device at room temperature. Choline chloride (ChCl, purity ≥ 98%) and oxalic acid dihydrate (OAD, purity ≥ 99%) were obtained from Sigma-Aldrich, and sodium chloride (≥ 99%) was obtained from Roth. Deionised water was used throughout the experiment.

Enzymatic-CNF was produced in the laboratory from bleached eucalyptus fibres by enzymatic treatment followed by ultrafine grinding. Bleached eucalyptus fibres were purchased from Fibria, reference T35. The dry pulp was disintegrated in water and then refined using a PFI refiner at 30% pulp consistency for 2500 revolutions. The energy consumption of this step was estimated using the value of 0.17 KWh/t/revolution [START_REF] Kerekes | Characterizing refining action in PFI mills[END_REF]. Then, refined fibres were submitted to an enzymatic treatment as described by [START_REF] Rol | Pilot-Scale Twin Screw Extrusion and Chemical Pretreatment as an Energy-Efficient Method for the Production of Nanofibrillated Cellulose at High Solid Content[END_REF][START_REF] Rol | Pilot-Scale Twin Screw Extrusion and Chemical Pretreatment as an Energy-Efficient Method for the Production of Nanofibrillated Cellulose at High Solid Content[END_REF]. Finally, the cellulose suspension was mechanically treated using an ultrafine grinder as mentioned after.

II.3.2.2. NADES obtention

The 1:1 molar ratio of acidic deep eutectic solvent was produced by a mechanical stirring of 63.0 g of oxalic acid dihydrate (OAD) with 69.8 g of choline chloride (ChCl) at 95°C in a glass reactor. The solvent is ready to use when the mixture is transparent and homogeneous after about 30 minutes. This native NADES was referred as NADES-R0 (for non-recycled).

II.3.2.3. Cellulose treatment

Dry fluffed cotton fibres at a concentration of 2 wt% are added to the reactor in the previously prepared DES, and the treatment conditions: stirring (300 rpm) and temperature (95°C) are maintained during all the reaction (t= 6 h). These conditions were chosen according to the results obtained from our first study (Douard et al., 2021). At the end of the treatment, 250 ml of deionised water is added to the reactor to quench the reaction and reduce the mixture's viscosity.

The treated cellulose was centrifuged at 16,211 g for 25 minutes with a small quantity of sodium chloride to favour the decantation. The supernatant containing NADES, water and NaCl) was removed and stored, and the precipitate was dispersed in deionised water and centrifuge again. These steps were repeated at least 2 times.

After the centrifugation steps, the obtained suspension was dialysed using deionised water until the conductivity of the sample was the same as that of deionised water (membrane molecular weight cut-off: 6-8 kD). Then, the suspension was sonicated using a 250-Watt sonication probe (Sonifer 250, Branson) with dispersive energy of approximately 4.22 kJ per g of materials at room temperature (corresponding to 1.5 minutes of treatment at the half of power). Next, the suspension was centrifuged for 10 minutes at 2600 g. Finally, the supernatant containing cellulose nanocrystals was removed and stored in the fridge. The precipitate containing the residuals cellulosic particles were dispersed in deionised water and stored in the fridge, and after one week of sedimentation, two distinct suspensions were obtained: (i) one containing sedimented particles (SP) and the second non-sedimented particles (nSP).

II.3.2.4. NADES recycling and oxalic acid dihydrate recovery

After centrifugation, the supernatant containing: used NADES, water and sodium chloride is collected. Using a hot plate, the water is evaporated under continuous stirring, and a precipitate appears. Then, the mixture is filtrated using a T2 fritted glass. The recycled NADES (NADES-R1) was stored at ambient temperature, and the retained precipitate, called "white powder", was washed four times using ethanol and dry overnight at 40°C in an oven. The NADES-R1 was used again to produce CNC and recycled again to obtained NADES-R2, used a last time to produce CNC. Thus, three treatments are realised. The yield of recycling was calculated using the mass of the solvent divided by the mass of the solvent for the previous extraction (Equation .

Equation 𝑌 𝑁𝐴𝐷𝐸𝑆(𝑛) = 𝑚 𝑁𝐴𝐷𝐸𝑆𝑅(𝑛) 𝑚 𝑁𝐴𝐷𝐸𝑆𝑅(𝑛-1) × 100

II.3.2.5. Cellulose Nanofibrils (CNF) production

NADES pre-treated Nanocellulose. The mechanical treatment of cellulosic sedimented particles was performed at room temperature by an ultra-fine grinder (Model MKZA6-2, Disk model MKG-C 80, Masuko Sangyo Co., Ltd., Japan). Sedimented particles at 1 wt% obtained from cotton fibres treated with ChCl:OAD NADES-R0 (Native) was fed manually into the grinder. Several passes (at least 25) were conducted during the grinding with different gaps; the rotation speed was fixed at 1500 rpm. The pressure between rotor and stator disks was determined with the arbitrary apparatus units. A progressive shift from graduation 0 (low pressure) to graduation 20 (high pressure) was achieved. The specific energy consumption (Wh/t) was calculated with Equation II-12:

Equation II-12

𝐸 𝑛𝑒𝑡 = 𝑃 𝑛𝑒𝑡 × 𝑡 𝑚 𝑑𝑟𝑦
Pnet is the net power (MW), t the fibrillation time (h) and mdry the dry mass of fibres (t). The net power and fibrillation time were measured for each graduation used, and the specific energy consumptions were summed to obtain the total energy consumption of the process.

II.3.2.6. Characterisations

CNC and Residual Particles yield. Cellulose nanocrystals and residual particles were separated in the washing steps described previously. Their yields are calculated as the weight ratio of cellulose nanocrystals (or sedimented particles) and the initial weight of cellulose (m0), as expressed in Equation II-13.

Equation II-13

𝑌𝑖𝑒𝑙𝑑 (%) = 𝑚 𝐶𝑁𝐶 𝑜𝑟 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑚 0 × 100
Optical Microscopy (OM). Optical microscopy images were recorded with an Axio Imager M1 microscope (Carl Zeiss, Germany) equipped with an AxioCam MRc 5 digital camera. Different magnifications were used, at least 8 images were taken, and the most representative were selected.

MorFi Analysis. Fibres morphology analysis (length, width, number of elements, etc.) was carried out using the MorFi device (MorFi compact, Techpap) before and after ultrafine grinding. Images of suspensions (at 40 g/L) between measurement cells were acquired to perform the image analysis. Elements whose length exceeded 100 µm were counted as fibres, and those with a length below 100 µm were counted as fines. This measurement was performed in duplicate for each sample.

Scanning Electron Microscopy (SEM).

Scanning electron microscopy images were obtained with an ESEM instrument (Quanta 200, FEI, Japan) at an acceleration voltage of 10 kV. Wet samples of cellulosic fibres and particles were air-dried and coated with carbon using a vacuum sputter coater. At least 20 images were taken, and the most representative images were used for the discussion.

Field Emission Gun Scanning Electron Microscopy (FEG-SEM).

Scanning electron microscopy was realised on intensively ground CNC suspension. A drop of the suspension was deposited on copper tape and allowed to dry. Samples were coated with Au/Pd in a Safematic sputter coater. Secondary electron images were recorded with a Quanta 250 scanning electron microscope (Thermo Scientific), which was equipped with a field emission gun and operated at 2.5 kV. The most representative images were used in the discussion.

Preparation of CNC sonicated suspension.

A determined quantity of CNC was diluted to a concentration of 10 -2 wt%. Using a 250-Watt sonication probe (Sonifer 250, Branson), the suspension was exposed to dispersive energy of 8.7 MJ per gram of dried CNC at 50% maximum energy.

Transmission electronic microscopy (TEM).

A few drops of nanocellulose sonicated suspensions were deposited onto a glow-discharged carbon-coated copper grid. After 2 min, the excess liquid was removed with filter paper, and a droplet of 2 wt% uranyl acetate was deposited onto the grid before completely drying the CNCs/CNFs. The excess stain was removed, and the specimens were observed with a JEOL JEM 2100-Plus microscope operating at 200 kV. A minimum of 15 digital images was recorded at different locations with a Gatan Rio 16 camera, and the most representative image was used for the discussion. Individualise CNC lengths were calculated using at least 30 measurement with ImageJ software (ImageJ, National Institutes of Health, USA).

Atomic force microscopy AFM. One drop of the sonicated CNC suspension was deposited on a mica plate and dried at room temperature overnight. Images were obtained using AFM (Dimension Icon) in tapping mode, and the mean height of individual nanocrystals was obtained using at least 25 measurements.

Zeta potential (ζ).

The Zeta potential of the sonicated cellulose nanocrystals suspension was measured by a Zetasizer PRO (Malvern Panalytical). The folded capillary cell was maintained at 25°C during the measurement. 1 ml of the CNC sonicated suspension was diluted by adding 8 ml of deionised water, and 1 ml NaOH solution (c= 0.0125 mol/L) was added to adjust the sample's pH and conductivity. Three measurement series of ten acquisitions are done for each sample, and the mean value of these three is used for the discussion.

Turbidity. The suspensions were diluted to 0.1 wt% with deionised water and homogenised for 30 seconds with an Ultra Turrax T-25 disperser at 8000 rpm. Turbidity values in nephelometric turbidity units (NTU) were measured with a AL-250 turbidity meter (Aqualytic, Germany). The test measures the scattered light at 90° from an incident light (λ = 860 nm). Ten measurements were done, and the average value was calculated.

CNF film preparation.

Films were prepared with a grammage of 60 g/m². Therefore, a given suspension volume of CNF was cast on a Petri dish and dry overnight in an oven at 40°C. Before each characterisation CNF films were stored in a conditioned room (23.5°C, 50% Relative Humidity) for two days.

Film transmittance. The transmittance of CNF film (in % of the incident light) was measured at a wavelength of 550 nm with a UV-spectrophotometer (Shimadzu Manufacturing, USA) in photometric mode. Seven measurements were done in different places of the film.

Fourier Transformed InfraRed spectrometry (FTIR).

Infrared spectra were obtained using a Perkin-Elmer Spectrum 65 instrument (PerkinElmer, USA). Cellulosic materials and powder spectra were recorded in ATR (Attenuated Total Reflectance) mode between 4000 and 400 cm -1 with 16 scans.

X-Ray Diffraction (XRD).

X-Ray Diffraction measurements were realised using an X'Pert Pro MDP instrument (Malvern Panalytical) in reflection mode with the Bragg Brentano geometry.

The anode was composed of copper, and the wavelength was 1.5419 Angström.

The cellulosic materials' crystallinity index (CI) was determined by the Segal method (Park et al., 2010). It is an empirical method that allows a quick comparison between cellulosic samples. CI was calculated, after the background subtraction, from the ratio of the height of the (I002) peak and the height of the minimum (IAM) localized between the ( 002) and ( 101) peaks, as expressed in Equation II-14.

Equation II-14 𝐶𝐼% = I 002 -I AM I 002 × 100

Degree of polymerisation. The degree of polymerisation (DP) of cellulose fibres was evaluated using the ISO 5351:2010 standard. 250 mg (equivalent dry) of raw cellulose fibres or sedimented particles was dissolved in copper (II) ethylenediamine (25 ml) and 25 ml of deionised water. The intrinsic viscosity (ηint.) was measured at least twice. The degree of polymerisation (DP) was calculated using the Mark-Houwink-Sakurada equation and the intrinsic viscosity as follows: DP0.905 = 0.75 ηint. At least duplicates were performed.

II.3.3. Results and discussions

II.3.3.1. Cellulose nanocrystals obtention by NADES

Three consecutive extractions of CNC were realised using NADES-R0 (native), NADES-R1 (recycled one time) and NADES-R2 (recycled two times), respectively. Cellulose nanocrystals are successfully extracted with native and recycled NADES. CNC lengths and heights are analysed using transmission electron microscopy and atomic force microscopy, respectively (Table II- Cellulose nanocrystals Crystallinity Index (CI) was calculated using the Segal method after 6 hours of treatment at 95°C, with ChCl:OAD Native and recycled NADES; the CNC diffractograms are available in Figure II-25. The initial CI of fluffed cotton cellulosic fibres was 92%, CNC obtained after NADES-R0, NADES-R1, and NADES-R2 treatments have CI of 94%, 93%, and 90%, respectively. These values confirmed the obtention of highly crystalline cellulose nanocrystal with this acidic deep eutectic solvent. Zeta potential measurement showed that cellulose nanocrystals extracted with the native and recycled NADES are charged on surface. Combined with those obtained by FTIR, these results confirmed the grafting of oxalic acid on the surface of CNC when the extraction was carried with ChCl:OAD (1:1) NADES.

II.3.3.2. NADES recycling

NADES is promising to obtain functionalised CNC even after recycling the solvent. The reuse of NADES reduces the preparation cost of the CNCs, saves reactants and thus reduces the environmental impact. Previous part confirms the good quality of the prepared CNC even with recycle NADES but unfortunately, compared with the initial reaction, the hydrolysis activity of ChCl:OAD decreased drastically with the increase of reuse times which could be seen from the diminution of the CNC yield.

As mentioned before, for each treatment, three different suspensions are obtained: CNC, nonsedimented particles (nSP) and sedimented particles (SP). The yields of each suspension for each treatment are given in Figure show that the CNC yield decrease drastically when recycled NADES were used (from 36% with NADES-R0 to 9 and 7% with NADES-R1 and NADES-R2, respectively). Thus, ChCl:OAD NADES seems to lose progressively its ability to fully hydrolyse cellulosic fibres when it is recycled. In literature, the NADES colour change is associated with an increase in the level of impurity in the solvent. As an example, soluble sugars (glucose, xylose), HMF, furfural or levulinic acid were detected depending on the treatment conditions and cellulosic material used (Y. Liu et al., 2017;Yang et al., 2019). However, in our study, any impurity was detected by liquid FT-IR spectra (APPENDIX 3 -Figure II-SI-1), complementary investigations should be realised with other technics, for example, High-Performance Liquid Chromatography (HPLC).

During the water evaporation of the diluted NADES, a precipitate appeared and was filtrated from the recycled NADES obtained with a T2 fritted glass. The recycled NADES was stored at ambient temperature, and the retained precipitate, was washed four times using ethanol and dry overnight at 40°C in an oven (APPENDIX 3

-Figure II-SI-2-C.).
The X-ray diffraction technique makes it possible to identify two crystalline compounds: sodium chloride (NaCl) and sodium hydrogenoxalate hydrate (HC2O4Na•H2O). Moreover, the proportions obtained for NaCl and sodium hydrogen oxalate hydrate are 96% and 4%, respectively (APPENDIX 3 -Figure II-SI-2-A.&B.). Thus, oxalic acid was consumed by acid hydrolysis, cellulose nanocrystal surface esterification, and lost during the NADES recycling.

These data can explain the lower yield of NADES recycling and the decrease of efficiency for the cellulose nanocrystal's extraction.

As previously mentioned, the use of oxalic acid presents many advantages compared to mineral acid. Indeed, OA can be extracted from biomass; it is moderately soluble in water (90 g/L at 20°C), and easily recover by crystallisation due to its high melting temperature (190°C and 105°C for OA and OAD,respectively). Furthermore, the literature already proved that oxalic acid could be recovered from aqueous diluted NADES using crystallisation. (Chen et al., 2016;Yang et al., 2019). Thus, after the last step of NADES recycling, diluted NADES can be store at ambient or cold temperature to allows the recrystallisation of oxalic acid dihydrate. In conclusion, the diluted NADES could be easily separated from cellulosic material after each treatment. The water content on the solvent can be removed by evaporation, and ChCl:OAD is directly reused to extract CNCs again. By avoiding using sodium chloride during the centrifugation step, we are convinced that the reusability of the deep eutectic solvent will drastically improve. The reused NADES could be further separated via simple recrystallisation, which could recover used oxalic acid dihydrate. Then choline chloride can be recovered by solvent exchanges as recently described by Yang et al. (Yang et al., 2019).

II.3.3.3. Biorefinery concept and valorisation into nanocellulose.

An important quantity of sedimented particles was obtained during the NADES treatment of cotton fibres by ChCl:OAD. Their properties are given in Table II-11. These fibres could be judiciously valorised as pre-treated cellulosic fibres. Indeed, the NADES treatment has partially hydrolysed the amorphous cellulose conducing to a decrease of degree of polymerisation from 687 to 167. Morphological analysis of the sedimented particle suspension indicated a fibres lengths reduction of 75 % compared to the cotton fluffed fibres and an increase of the fine content from Such pre-treated NADES particles are mechanically treated by an ultra-fine grinder.

Sedimented particles were diluted at 1 wt% and fed manually into the grinder. The nanocellulose suspension obtained will be referred as NADES-NC and compared with the classical Enzymatic-CNF suspension properties in the next part.

Compared to classical CNF production, no mechanical pre-treatment was used for this nanocellulose production. Thus, in this work the total specific energy consumption used to produce NADES-NC was 15.5 MWh/t. In comparison, eucalyptus cellulosic fibres were transformed to cellulose nanofibrils with an energy consumption of about 13.4 MWh/t, however a refining step was previously performed for an approximates energy consumption of about 0.4 MWh/t. Finally, the total energy consumption for the Enzymatic-CNF was 13.8 MWh/t.

Environmental and field Electron Gun-Scanning Electron Microscopy images of the CNF suspension are given in Figure II-31 A and B, respectively. They highlight the good homogeneity of the suspension and the nanometric dimension of the nanocellulosic materials.

Thus, the biorefinery approach of our process allows the conversion of 98% of the initial fluffed cotton fibres to nanocellulosic elements. Among which 36% are highly crystalline cellulose nanocrystals, and 62% are well-individualized cellulose nanofibrils. A high turbidity value as measured for NADES-NC suspension, around 963 ± 87 NTU, in comparison Enzymatic-NFC suspension has a value of 195 ± 12 NTU (Table II-12). In the literature, a high turbidity value was associated with the presence of aggregated elements in the suspension (Banvillet et al., 2021). However, as already mentioned, NADES-NC suspension has the advantage of not having such elements. Turbidity also depends on the refractive index and the dimension of the materials. Since the materials are the same in both suspensions (cellulose), the difference in turbidity value is due to particles dimensions. As previously mentioned, the length of elements is around 650 nm, and the LED used for the measurement emits at 860 nm. The proximity between the LED wavelength and the size of the particles can increase the diffraction phenomenon. 

II.3.4. Conclusion

In this work, cellulose nanocrystals were successfully extracted with a yield of 36% using an acidic NADES composed of choline chloride:oxalic acid dihydrate at a molar ratio of 1:1.

Obtained CNC show a high crystallinity of 94%, their height and lengths are 9.5 nm and 227 nm, respectively. Moreover, the deep eutectic solvent can be recycled after each treatment. By valorising the sedimented particles (SP) obtained after NADES treatment, the global yield on cellulosic materials obtained with our process reaches 98% (combining the CNC yield of 36 wt% and the conversion of the SP into nanocellulose). After ultrafine grinding, the NADES-NC show a better homogeneity in size distribution than classical enzymatic treatment. Film casting obtained from NADES pre-treated cotton fibres have a high transmittance value could open the door to the use of this film in the packaging industry or as a substrate for printed electronics, for example, where high transmittance is needed.

Conclusion to the chapter II

In this Chapter II, three important points were developed concerning nanocellulose extraction by Natural Deep Eutectic Solvent (NADES).

First of all, in Chapter II.1, a new approach to optimize the cellulose nanocrystals (CNCs) extraction by NADES was introduced, using the design of experiment method for the first time.

Choline chloride:oxalic acid dihydrate (1:1) was already used in the literature to extract CNC.

However, our study has shown that it is possible to predict the quality and the yield of CNCs by controlling the processing parameters (temperature and time), which gives a great advantage to consider in the near future a scaleup of the extraction of cellulose nanocrystals using this new family of green solvents.

Chapter II.2 focus on the one-step extraction and functionalization of cellulose nanocrystals by using a novel NADES. This NADES was composed of choline chloride and citric acid monohydrate with a molar ratio of 1 to 1. Using this solvent, modified CNC were successfully extracted after different treatment times. Furthermore, this single step process allows the obtention of anionic CNC at the lab scale in only one week, compared to two weeks for conventional process due to the necessity to purified CNC after extraction and posttreatment.

A biorefinery approach was studied in Chapter II.3. An advantage of NADES treatment compared to classical acid hydrolysis for CNC extraction is the obtention of cellulosic residues.

These residues can be considered as by-products of the process and valorized in different ways. In this work, cellulose nanofibrils are extracted from this residue, allowing a quasi-total conversion of cellulosic fibres into nanocelluloses. Moreover, NADES can be recycled and reused several times for CNC production. After that, the induvial constituents of NADES can be recovered. This recycling combined with the by-product valorization can reduce the global cost of the CNC production.

NADES can be considered as green solvents due to their nonvolatility and low toxicity, their potential renewability, recyclability and biodegradability. Moreover, they showed promising results for CNC extraction and cellulose nanofibrils pre-treatment. However, CNC extraction by this solvent required long treatment times and a fairly high temperature of reaction. Moreover, due to the solvent viscosity, the initial fibre concentration is low, and therefore a large amount of solvent is used for each treatment. To better correspond to the principles of the green chemistry, the ideal conditions for the extraction of nanocellulose and the modification of cellulose would be short reaction times, at low temperatures, with a minimum of reagent and solvent. For this reason, mechanochemistry principles were used in the following part to perform surface modification on cellulosic materials. 
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Chapter III Introduction

As described in Chapter I, mechanochemistry is defined as the science utilizing mechanical actions to produce chemical and physicochemical changes of substances. It is characterized by applying mechanical energy (e.g. compression, shear, or friction) to achieve chemical transformations. According to the International Union of Pure and Applied Chemistry (IUPAC), a "mechanochemical reaction can be seen as a chemical reaction that is induced by the direct absorption of mechanical energy" (Jones et al., 2009). Indeed, when a solid is submitted to mechanical treatment, local temperature and pressure are generated, leading to the absorption of energy by this material.

Mechanochemistry gains in interest during these last decades. Different publications revealed the benefits of time and simplicity that this method brings. As a results mechanochemistry is now used in an increasing range of organic reactions under solvent-free conditions. Moreover, this technic is inexpensive, and the yields of covalent reactions can be dramatically increased by using a solvent-free and straightforward process with mixing the chemicals reagents at solid-state.

Our study aims to modify cellulosic fibres using mechanochemistry. In the literature of cellulose functionalisation, the most studied reaction is the esterification involving hydroxyl groups of cellulose and different organic compounds (fatty acids, anhydride acid or acyl chloride). However, these reactions are often realized in liquid solvent (mostly toxic) for long durations of treatment and with catalysts. And up to our knowledge, performing esterification between cellulosic materials and carboxylic acids in solid-state has not been studied in details. This is the reason why the Chapter III presents the esterification reaction between different carboxylic acids and cellulosic materials in solid-state using mechanochemistry principles (Figure III -1).

In Chapter III.1, the evaluation of the impacts of the mechanical treatments on the different reagents will be assessed. Each compound (cellulosic materials and carboxylic acids) will be subjected to intensive grinding in order to observe any potential modification at the chemical or structural level. Thus, reference materials will be achieved and impact on individual compounds understood.

In Chapter III.2, the esterification reaction will be performed using mechanochemistry. Cellulosic materials (cotton fibres and CNC) and carboxylic acids will be ground together in solid-state condition under atmospheric pressure. Surface esterification of cellulosic materials at multiscale, i.e. CNC and cotton fibres, will be studied. Their morphological and structural modification will be evaluated meanwhile the functionalisation intensity.

Effect of mechanical treatment on cellulosic fibres, cellulose nanocrystals and carboxylic acids.

Introduction

Recently, interest for mechanochemistry has exponentially increased with numerous reviews and books on the topic (Takacs, 2013;Todres, 2006). This is mainly thanks to its strong advantage of accelerating kinetic of the reaction, favouring thermodynamic of the reaction and avoiding use of toxic solvents. The idea is to use the energy from mechanical actions to activate some chemical reactions. However, such activation can also degrade or modify the reagents. When cellulosic materials are concerned, except pretty old studies, not so many researches deal with the impact of such mechanical actions onto the structures of this materials. Up to our knowledge, no study compare impact on cellulosic fibres vs cellulosic nanocrystals.

During a mechanical action (e.g. shocks, shearing), high temperature zones are created, where molecules can reach highly vibrational excitation, causing structural change and covalent bond breaking. Moreover, it is well known that material degradation or depolymerisation can occur under a mechanical treatment. SEM (Hess et al., 1941). The second product was design as "cellulose powder" and consist of tiny particles without recognizing a clear structure.

As shown for other polymers, a mechanical treatment applied on cellulose fibres can lead to partial or complete cellulose amorphisation (Hess et al., 1941) and even sometimes follow by recrystallisation on cellulose II (Hermans & Weidinger, 1946). In 1999, Kuzuya, Yamauchi and Kondo showed that a vibratory milling treatment, at 60 Hz for 30 minutes under an anaerobic atmosphere, decreases the cellulose crystallinity from 68.7% to 12.0% [START_REF] Kuzuya | Mechanolysis of Glucose-Based Polysaccharides As Studied by Electron Spin Resonance[END_REF]. Also, the cellulose sample humidity plays an essential role in the decrystallisation rate; thus, the crystallinity of mechanically treated dry materials is lower than for conditioned materials (store at 58% Relative Humidity for seven days) when ball milling treatment is used (Howsmon & Marchessault, 1959).

Not only the morphology of cellulose is affected, but also its chemical structure. Phenomena like depolymerisation can occur by homolytic cleavage of the β 1→4 covalent bonds. A study realised by Hon [START_REF] Hon | Mechanochemistry of lignocellulosic materials[END_REF] mentioned the most important results for mechanoradicals formation in cellulosic materials: (i) cellulose does not possess any stable intrinsic free radical's contrary to lignin polymers; (ii) cellulose mechanoradicals are unstable at ambient temperature and can react with oxygen to form peroxy-radicals; on the contrary and surprisingly (iii) no radicals are formed when the same protocols are applied on D-Glucose and Cellobiose. At the end of the 20 th century, Kuzuya et al. analysed the nature and kinetic of mechanoradicals formation [START_REF] Kuzuya | Mechanolysis of Glucose-Based Polysaccharides As Studied by Electron Spin Resonance[END_REF]. It was found that mechanoradicals formation occurs on the glucosidic bond of long cellulosic chains.

Mechanoradicals formation and reactivities are at the origin of the degree of polymerisation (DP) decrease. This phenomenon is also called mechanolysis. For example, cotton and wood fibres showed a loss of DP near 77% when treated with vibratory mill and Norton ball milling for 400 hours. Vibratory ball milling generated more energy and transferred it more efficiently to fibres [START_REF] Hon | Mechanochemistry of lignocellulosic materials[END_REF]. Once again, the degree of polymerisation loss depends on the sample humidity. Conditioned cellulosic samples at 58% RH for seven days receive less efficient energy than dry samples, and DP is less reduced during the process (Howsmon & Marchessault, 1959). More recently, in 2019, Laçin et al. demonstrated that dry grinding can break intra-and intermolecular hydrogen bonds and covalent bonds. In contrast, solvent-assisted grinding is only effective on hydrogen bonds, avoids mechanoradical formation, and consequently limits cellulose depolymerisation [START_REF] Laçin | The morphological changes upon cryomilling of cellulose and concurrent generation of mechanoradicals[END_REF].

Moreover, during the mechanical process, local high pressure and temperature are applied to the cellulosic material by the clash of the balls. Under these conditions, chemical modifications can occur. Different mechanisms can be observed: (i) chemical degradation; (ii) crosslinking;

(iii) polymerization; (iv) conformational transition [START_REF] Viedma | Pasteur made simplemechanochemical transformation of racemic amino acid crystals into racemic conglomerate crystals[END_REF]; (v) oxidation; and (vi) formation of hydrogen-bonded and Van Der Waals complex [START_REF] Etter | Solid-state nucleophilic aromatic substitution reaction of a carboxylic acid cocrystal[END_REF].

However, almost none study details the impact of strong mechanical treatment onto cellulose nanocrystals and compare between fibres and crystals.

The final objective of this study is to perform mechanical-assisted esterification between cellulosic materials and carboxylic acid to produce modified cellulose materials. In this work, the impact of the milling process on our different compounds (cellulosic fibres, cellulose nanocrystals but also different carboxylic acids) was studied. Chemical, structural and morphological properties were analysed to characterise the modification occurring in our materials depending on the scale.

Materials and methods

Chemicals

Cellulosic material used in this study is dry sheets of commercially available bleached and mechanically treated cotton fibres obtained from the paper industry (CELSUR, CS 21 DHS).

Fibres have lengths around 700 µm for diameters around 25 µm. The Cellulose Nanocrystals (CNC) investigated in this work were directly obtained from CelluForce and are sulfuric acidextracted CNCs. Different carboxylic acids are used in this study; their choice were mainly based on their non-toxicity, their low price and high availability but also and above all their high melting temperature (solid at ambient temperature): 3-(2-furyl)acrylic acid (FAA, C7H6O3; purity ≥ 99%; Tm= 139°C ) from Sigma-Aldrich; Oxalic acid dihydrate (OAD, C2H2O4.2H2O; purity ≥ 99.5%; Tm= 105°C) from Sigma-Aldrich; Citric acid monohydrate (CAM, C6H8O7.H2O; purity ≥ 99.5%; Tm= 152°C) from Roth. Moreover, these three acids are respectively mono-, di-and trcarboxylic acids. Bis(ethylenediamine)copper(II) hydroxide solution (C4H18CuN4O2) was obtained from Sigma-Aldrich. NaOH and HCl solutions were prepared at a concentration of 0.0125 mol/L and 0.1 mol/L, respectively. Deionised water was used throughout the experiments. Liquide NMR experiments were carried out using deuterium oxide (D2O).

Mechanical treatments

Fluffing of cotton fibres. Cotton fibres are received as dry pulp sheets; the first step consisted of the individualising cellulosic fibres. Small pieces of dry cotton pulp (dryness: 96%) are forced to pass through a perforated grid (1.5 mm diameter holes) using a Forplex device.

Individualised cotton fibres will be mention as "fluffed cotton fibres" in the following work.

Ball milling treatment. The Ball milling process is performed using a vibratory device (Cryomill, Retsch). The grinding jar (20 ml) and balls are made of Zirconium dioxide (ZrO2). The manufacturer recommends loading the grinding jar by respecting the volume ratio of 1/3 for reactants, 1/3 for balls, and 1/3 for air. Zirconium balls are 50 in numbers, and their diameters are 5 mm. In this work, mechanical treatment is performed on each chemical component individually.

For the cellulosic materials: 0.5 grams of fluffed cotton fibres or 1.5g of cellulose nanocrystals stored at 25°C and 50% HR are added to the grinding jar. Different grinding times (for 10 minutes to 3 hours) and frequencies (15 Hz & 30 Hz) are used. For the reagents: 0.01 mole of carboxylic acids (OAD, CAM or FAA) are added in the jar. The more intensive conditions of milling are chosen (30 Hz, 3 hours).

After grinding, all powders are recovered without any solvent and store under ambient pressure and atmosphere before any characterisations.

Characterisations

Optical microscopy (OM). Before and after different grinding treatments, cellulosic materials were observed with an optical microscope (Axio Imager M1m). Pictures (at least 10 per sample) are taken with different magnifications (10x, 20x, 50x), and the more representative images were used for the discussion.

Residual fibre morphology. Fibre morphology analysis (length, width, number of elements, etc.) was carried out using the MorFi device (MorFi compact, Techpap). Images of suspensions (at 40 g/L) between measurement cells were acquired to perform the image analysis.

Elements whose length exceeded 100 µm were counted as fibres, and those below 100 µm were counted as fines. This measurement was performed at least in duplicate for each sample.

Environmental Scanning Electron Microscopy (E-SEM).

Scanning electron microscopy images were obtained with an E-SEM instrument (Quanta 200, FEI, Japan) at an acceleration voltage of 10 kV. Wet samples of cotton fibres and residual fibres were air-dried and coated with carbon using a vacuum sputter coater. At least 20 images were taken, and the most representative images were used in the discussion.

Field Emission Gun Scanning Electron Microscopy (FEG-SEM).

Scanning electron microscopy was realised on intensively ground CNC suspension. A drop of the suspension was deposited on copper tape and allowed to dry. Specimens were coated with Au/Pd in a Safematic sputter coater and secondary electron images were recorded with an Quanta 250 scanning electron microscope (Thermo Scientific) equipped with a field emission gun and operating at 2.5 kV.

The most representative images were used in the discussion.

Transmission electronic microscopy (TEM).

A few drops of CNC suspensions were deposited onto a glow-discharged carbon-coated copper grid. After 2 min, the excess liquid was removed with filter paper, and a droplet of 2 wt% uranyl acetate was deposited onto the grid before completely drying the CNCs. The excess stain was removed, and the specimens were observed with a JEOL JEM 2100-Plus microscope operating at 200 kV. A minimum of 15 digital images was recorded at different locations with a Gatan Rio 16 camera, and the most representative image was used for the discussion. Individualise CNC lengths were calculated using a 30 measurement.

Cellulosic fibres degree of polymerisation (DP).

The degree of polymerisation (DP) of cellulose fibres was evaluated using the ISO 5351:2010 standard. 250 mg (equivalent dry) of cellulosic materials or sedimented particles was dissolved in copper (II) ethylenediamine (25 ml) and 25 ml of deionised water. The intrinsic viscosity (ηint.) was measured at least two times. The degree of polymerisation (DP) was calculated using the Mark-Houwink-Sakurada equation and the intrinsic viscosity as follows: DP0.905 = 0.75 ηint. At least duplicates were performed.

X-ray diffraction (XRD).

The structural analysis of the reactants and the cellulosic fibres are analysed using an X'Pert Pro MDP instrument (Malvern Panalytical) in reflection mode with the Bragg Brentano geometry. The anode was composed of copper, and the wavelength was 1.5419 Angström. The measurements were realised on the dry cellulosic samples stored overnight at 105°C.

The crystallinity index (CI) of the cellulose materials was determined by the amorphous substraction method (Park et al., 2010). The area under the curve of an amorphous standard was subtracted from the sample area, and this difference was divided by the area of the sample as expressed in Equation III-1. In this work, the amorphous standard (AS) was bleached birch cellulose pulp cryo-crushed with liquid nitrogen for twenty minutes using a Cryomill device (Retsch).

Equation III-1

𝐶𝐼% 𝐶𝑁𝐶 = (𝐴𝑟𝑒𝑎 𝑠𝑎𝑚𝑝𝑙𝑒 -𝐴𝑟𝑒𝑎 𝐴𝑆 ) ÷ 𝐴𝑟𝑒𝑎 𝑠𝑎𝑚𝑝𝑙𝑒 × 100
Fourier Transform Infrared Spectrometry (FTIR). Infrared spectra were obtained using a Perkin-Elmer Spectrum 65 instrument (PerkinElmer, USA). This technic is used to determine the possible chemical modification of the reactants after the grinding. Spectra were recorded in Attenuated Total Reflectance (ATR) mode between 4000 and 600 cm -1 with 16 scans per spectra. At least two spectra per sample were performed to confirm the homogeneity of samples.

Nuclear Magnetic Resonance (NMR).

The proton and carbon spectra were carried out on an Avance III 400 MHz spectrometer at a temperature of 298 K.

Liquid NMR: carboxylic acids were dissolved in D2O (20 mg / mL). The residual signal of the solvent was used for the calibration of the spectrum: 4.8 ppm for the proton. A 30 ° pulse was applied for the acquisition of the proton spectrum with a spectral width of 4000 Hz, 65,536 points, 1 s relaxation time and 16 scans. For the carbon spectrum, the acquisition was made with a spectral width of 20,161 Hz and 1,024 scans. Solid NMR: the device was fit out with a cross-polarization, high power proton decoupling and magic angle spinning (CP-MAS), and the sample rotation speed was 12,000 Hz. Acquisitions were made over a spectral width of 29,761 Hz with an acquisition time of 36 ms and 7,400 scans.

Results and discussions

Effect on mechanical treatment at molecular level on carboxylic acids

The main objective of this work is to modify cellulosic fibres using mechanochemistry by performing esterification between cellulose hydroxyl groups and carboxylic acids under a mechanical treatment. As previously mentioned, mechanochemistry has many advantages, whose main one is the possibility of chemical modification in solid-state without any solvent. So, reactants chosen have to be solid at ambient and moderated temperatures. Moreover, to meet the expectations of green chemistry, they have to be non-toxic and should not present dangers to the environment. Thus, three carboxylic acids respecting these criteria have been chosen: Oxalic Acid dihydrate "OAD", citric acid monohydrate "CAM", and 3-(2-furyl)acrylic acid) "FAA". Intensive grinding is performed on these compounds to investigate their chemical and structural response.

The molecular structure of the three carboxylic acids used in this study was evaluated using FT-IR, 13 C and 1 H NMR analysis before and after milling treatment.

No chemical changes are observed on carboxylic acids FT-IR spectra after the intensive milling process. The spectra obtained are identical to those obtained for the raw materials (Figure III -3). These results confirm that no chemical degradation or any oxidation occurs during the treatment, and then, such intense milling can be used for the further chemical modification involving these compounds. 13 C liquid NMR spectra of citric acid and oxalic acid are realized, and once again, no chemical modifications are observed.

However, the obtained proton spectrum is unexpected for signals of citric acid Figure III -4-C. Indeed, at first glance the protons carried by carbons 2 and 5 are identical and have no neighbour; the expected signal was, therefore, a singlet. Nevertheless, the obtained spectra show two doublets. This behaviour is due to a non-equivalence of the two hydrogens of the methylene group C2. Thus, the non-equivalent hydrogens of the CH2 (H-2A and H-2B) are split into a doublet; the same phenomenon occurs for the two protons of the methylene group C5 [START_REF] Dasilva | Unexpected diastereotopic behaviour in the 1 H NMR spectrum of 1,4dihydropyridine derivatives triggered by chiral and prochiral centres[END_REF]. In conclusion, these unexcepted peaks are not due to a chemical modification. Regarding the grinding of crystallized phases, it is well known that rapid dry grinding (very energetic) is likely to transform a hydrated compound (loss of its surrounding humidity but also partial or total loss of structural water). This phenomenon was observed during the milling treatment of citric acid monohydrate compound. XRD spectra and analysis of CAM before and after 3 hours of treatment at 30 Hz are plotted in Figure III -5. For the two CAM samples, the raw one and the grounded one, presented in Figure III -5, there is a mixture of two polycrystalline phases of anhydrous citric acid and monohydrated citric acid. Peaks at 15.27, 17.05, 23.37 and 23.12 2Ɵ are specific to the structural organisation of the citric acid monohydrate crystal. Grinding increases the proportion of anhydrous citric acid.

In the raw material, there are 57.7% of CAM and 43.3% of citric acid anhydrous (CA); however, there are 27.5% of CAM and 73.5% of CA in the grounded material. These results confirm that dehydration is occurring during the milling treatment of citric acid. This phenomenon can be explained by the local high temperature provide by the clash of the balls and the material, allowing the water molecule evaporation. During the mechanical treatment of oxalic acid dihydrate, no dehydration was observed (result not shown here).

In conclusion, the three carboxylic acids used in this study (OAD, CAM and FAA) can be subjected to highly intensive milling without affecting their molecular structure. Indeed, no chemical modification was observed, and the dehydration occurring for citric acid will not interfere with the further esterification phenomena wished in the following part (Chapter III.2). ) and appears as particles with dimensions lower than 50 µm, the pulp was now composed of mainly fine elements (96% in area). The obtention of this cellulose powder without recognizing morphology, corroborates with the result obtained long time ago by Hess et al. in 1941(Hess et al., 1941) with using a vibratory milling as mechanical treatment. The evolution of the fibre morphology was then followed for different mechanical energy, i.e. different times of grinding at 30 Hz. Results of fine and fibre contents are detailed in Figure III -7. Different steps can be distinguished; during the first grinding stage (10 min), long fibres are cut in length so the fibre content increases but the fine elements composition stays stable.

Mechanical effect on cotton cellulosic fibres

After 1 hour of treatment, the fibre content drastically decreases when the fine content highly increases. This phenomenon corresponds to the comminution of fibre in elements with lengths lower than 100 µm; in that case, these particles are counted as fine elements and no more considered as fibres. Finally, after 3 hours of grinding, there is no more fibre in the suspension, and the fine content is lower than those observed after 1 hour of milling. Indeed, the element size is so much reduced than some of them are too small to be detected by the device (<10 µm).

Whatever the grinding conditions, it is well explained in literature that the ball milling process comes up against a particle size limit, a size below which one cannot go down, regardless of the duration of the operation. By prolonging this, in some cases, an increase in the average diameter of the crushed particles due to the phenomenon of aggregation can even be observed (Gers, 2009). In this study, after 3 hours of intensive milling at 30 Hz, an average surface of particle of 76 µm², for a mean diameter of 11.2 ± 7.2 µm were obtained. As expected, whatever the milling frequency, the intensive grinding of fluffed cotton fibres is at the origin of a complete amorphisation. This phenomenon was already reported in the literature (Hess et al., 1941;Howsmon & Marchessault, 1959;[START_REF] Kuzuya | Mechanolysis of Glucose-Based Polysaccharides As Studied by Electron Spin Resonance[END_REF] and the rate of amorphisation depends on both the treatment time and the milling frequency, as illustrated in Figure III -9. , C4 (81.9 ppm for disordered cellulose, 88.9 ppm for crystalline cellulose), and C6 (61.5 for disordered cellulose and 64.7 ppm for crystalline cellulose) (Foster et al., 2018). Another contribution appears in the spectra of the intensively grounded sample at the chemical shifts of 97.7 ppm. It can be attributed to the C1 atom of the cellulose reducing end [START_REF] Kéri | 13C NMR analysis of cellulose samples from different preparation methods[END_REF]. Both NMR and FTIR spectra confirm that no chemical modification occurs on cellulosic materials during the milling. However, cellulose chains were cut by mechanolysis, as shown by the decrease in the degree of polymerisation. Indeed, fluffed cotton fibres have an initial degree of polymerisation of about 659, when after 3 hours of milling at 30 Hz cellulose have a DP of 465, so a decrease of 30 % was observed. This proves that mechanoradicals were formed on the glucosidic bond, leading to cellulose depolymerisation [START_REF] Kuzuya | Mechanolysis of Glucose-Based Polysaccharides As Studied by Electron Spin Resonance[END_REF]Sasai et al., 2004). The direct consequence is the presence of a higher number of reducing and nonreducing ends in the sample, which corroborates with the extra C1 contribution observed in the 13 C NMR spectra at 97.7 ppm.

However, this value is still high comparing to the value of some cellulosic nanoparticles (DP between 100 and 200). This might be good news if we consider the treatment onto cellulose nanocrystals. That's why the idea was to see if by using some cellulose nanocrystal as raw materials, the impact of mechanical treatment is similar.

Effect of mechanical treatment on cellulose nanocrystals. In opposition to results obtained with cellulosic fibres, CNCs tend to form agglomerates with final sizes higher than initial ones. To the best of our knowledge, no study investigates celluloses nanocrystals behaviours when they are submitted to intensive dry milling treatment. However, these results agree with the limitation of solid milling treatment concerning the size reduction of particles.

Cellulose Nanocrystals (CNC) are highly crystalline (CI= 70%) and are structured in Cellulose I organisation, as shown in Figure III -12. As expected and previously observed for the cotton fluffed fibres, the intensive grinding of CNC at 30 Hz for 3 hours, is at the origin of a complete amorphisation (CI= 21%). Moreover, any chemical modifications are observed on FTIR spectra after the grinding, except a widening of the peak between 3100 and 3600 cm -1 , indicating the presence of water in the sample . 

Conclusion

In conclusion, we have observed that the intensive milling process has different effects on the compounds which will be used in our mechanochemistry experiments.

Almost no chemical modification occurs during the milling of the carboxylic acids even if dehydration of the citric acid monohydrate compound was observed.

Concerning the cellulosic fibres, the main modification occurs on the morphological level with the loss of the "fibre aspect"; the grounded cellulose sample is not anymore fibres, but is composed of tiny elements with diameters of around 11 µm. Moreover, the supramolecular organisation of cellulose is modified as evidenced by the crystallinity loss from 73 to 17% after 3 hours of milling at 30 Hz. Cellulose chains are also partially depolymerised with a DP from 659 to 465 respectively before and after the treatment.

After 3 hours of treatment at 30 Hz, cellulose nanocrystals tended to agglomerate thus losing their well individualized character.

The results obtained in this part will serve as an anchor for the following study concerning the chemical modification of cellulosic materials by mechanochemistry.

Introduction

Mechanochemistry is defined as the science using mechanical actions to produce chemical and physicochemical changes on substances. It is characterised by applying mechanical energy (e.g. compression, shear, or friction) to achieve chemical transformations (Jones et al., 2009).

Initially used for inorganic chemistry, rapidly mechanochemistry proves to be helpful for the realisation of organic chemistry reactions. Indeed, many advantages can be cited compared to classical synthesis ways: shorter reaction time, no need for solvent, lower reaction temperature, higher or comparable yield, possibility to merge syntheses steps on one pot, and stereoselectivity (Toda, 1995). Moreover, mechanochemically initiated polymerisation can be done by mechanochemistry or tribochemistry system. Mechanochemistry can cover a large number of fields for many applications. It can be used for drug preparation in pharmacological applications (Sasai et al., 2004) or for rubber devulcanisation (Cavalieri & Padella, 2002), for example.

Recent publications have discussed the possibilities of cellulose modifications by mechanochemistry. Scientists and industrials are trying to find a way to improve the accessibility and the reactivity of cellulose. The main idea is to perform more efficient chemical modifications or enzymatic hydrolysis using mechanical stress onto lignocellulosic materials.

In the literature, four different cellulose modifications and treatments under mechanochemistry are mentioned: (i) cellulose saccharification; (ii) amorphisation; (iii) nanodispersion and (iv) esterification (Kuga & Wu, 2019).

Regarding the mechanically-assisted cellulose esterification, less than twenty articles reported appropriate treatment conditions to obtain, successfully, such cellulose derivatives. Two mechanisms take place when the reactants are mixed: (i) first, under the action of mechanochemical stress, efficient intermixing of the species occurs, then (ii) shearing and impact forces provide the energy of activation necessary for the esterification between the two compounds.

The first ones reporting cellulose esterification by mechanical processes were F. Zhang et al., in 2002. They used a ball milling system to mix cellulose and maleated polyethylene to create composite and highlight covalent bonding between the two compounds (F. Zhang et al., 2002).

In 2007, Yan et al. used a solid superacid catalysis to improve esterification between cellulose and anhydride acetic acid. They obtained a degree of substitution of 1.8 after 7.5 hours of milling (Yan et al., 2007). In 2010, cellulose carboxylate was successfully obtained by W. Zhang et al.. The obtained cellulose derivatives were tested for depolluting water applications (W. Zhang et al., 2010). More recently, several fatty acids were successfully grafted onto cellulose surfaces with high-energy devices in the presence of co-reactants and catalysts. Modified microcrystalline celluloses (MCC) and softwood fibres showed hydrophobicity properties (Hu et al., 2015;Huang et al., 2019). Finally, it has been shown this year that surface-confined water can increase the esterification rate between cellulosic fibres and reactants during a solid-state process. In 2021 Beaumont et al. obtained a degree of substitution of 0.49 by milling cellulose containing 7 wt% of water, N-acetylimidazole (1.5 equivalent) and imidazole for 30 minutes and after an equilibrium time of 12 hours. The esterification rate is eight times higher than that obtained with perfectly dried cellulose (Beaumont et al., 2021).

These previous studies did not explore all the possibilities offered by mechanochemistry for the modification of cellulosic materials. Indeed, few studies use the mechanical process entirely in the solid-state (classically solvent is added), and the experiments using mono-and polycarboxylic acids without catalyst are underrepresented.

Nowadays, anionic and hydrophobic cellulose and nanocelluloses are mainly obtained by using toxic reagents and solvents. In this study, we have chosen three carboxylic acids (oxalic acid, citric acid or 3-(2-furyl)acrylic acid) to bring these properties on cellulosic materials by solvent-free esterification, induced by mechanical treatment. Our choice is focused on these three reagents because they are non-toxic and natural. They are solid at ambient temperature (this allows solid-state esterification) and have very distinct chemical properties. First, 3-(2furyl)acrylic acid is a mono-carboxylic acid. It has a double bond stabilising the carboxylic function and a furyl group allowing further chemical modifications. Oxalic acid is the smaller dicarboxylic acid, its pKA value is low, and its ability to hydrolyse the amorphous part of cellulose had been proven. Finally, citric acid is a tricarboxylic acid commonly used for cellulose esterification in textile applications. It has been proven that the preferred site for the ester formation is the hydroxyl group at the C6 carbon atom with energy barrier, that is necessary to overcome, of 33.5 kcal/mol (Romeo et al., 2020).

To the best of our knowledge, never in literature the possibility to graft these three carboxylic acids in solid-state condition were described. In literature, oxalic acid and citric acid were successfully grafted into cellulosic material by using them in a highly concentrated solution, molten state, or, more recently, via deep eutectic solvents (Bondancia et al., 2020;Jia & Liu, 2019;Sirviö et al., 2016). However, the carboxylic group of the 3-(2-furyl)acrylic acid was successfully grafted on cellulosic fibre but only in organic solvent (DMAc/LiCl) under the presence of N,N′-carbonyldiimidazole [START_REF] Liebert | Tailored Cellulose Esters: Synthesis and Structure Determination[END_REF].

During this study, a high-energy milling device, a vibratory mill, was used (Figure to perform the reaction between cellulosic materials (cotton fibres and CNC) and carboxylic acid (oxalic acid dihydrate, citric acid monohydrate and 3-(2-furyl)acrylic acid)). They are charged on the crusher and mechanically treated at 30 Hz for different treatment times, and the reaction product is formed on the surface of cellulosic materials. Modifications on cellulosic materials morphology and structure were analysed by optical, scanning electron and transmission electron microscopy. The supramolecular level of the cellulose arrangement was followed by X-Ray diffraction and proofs of esterification were checked by using infrared, 13 C solid resonance and x-ray photoelectron spectroscopy analysis. 

Materials and methods

Materials

Cellulosic material used in this study is dry sheets of commercially available bleached and mechanically treated cotton fibres obtained from the paper industry (CELSUR, CS 21 DHS). 

Mechanical treatment

Fluffing of cotton fibres. Cotton fibres are received as dry pulp sheets; the first step consists of individualising cellulosic fibres. Small pieces of dry cotton pulp (dryness: 96%) are forced to pass through a perforated grid (1.5 mm diameter holes) using a Forplex device. Individualised cotton fibres will be mentioned as "fluffed cotton fibres" in the following work.

Ball milling treatment. The Ball milling process is performed using a vibratory device (Cryomill, Retsch). The grinding jar (20 ml) and balls are made of Zirconium dioxide (ZrO2). The manufacturer recommends loading the grinding jar by respecting the volume ratio of 1/3 for reactants, 1/3 for balls, and 1/3 for air. Zirconium balls are 50 in numbers, and their diameters are 5 mm. In this study, the grinding frequency is fixed at 30 Hz, and milling times are between 10 minutes and 6 hours. Table III-1 gives the masses of materials used for each experiment.

These quantities were chosen to have a molar ratio between anhydroglucose unit (AGU) and the carboxylic acid of 1:1.

After grinding, all powders are recovered with addition of room temperature deionised water (≈100 ml). The obtained suspensions were dialysed using deionised water until conductivity and the pH were the same than deionised water (molecular weight cut-off 6-8 kD)/ The suspensions were finally stored at 4°C. Throughout this study, the CNC-3h-30Hz and Cotton-3h-30Hz samples will be used as references. These samples have been fully characterized in the previous part (III.1.3) and consist of grinding the compounds alone for 3 hours at 30 Hz in the vibratory mill.

Characterisations

Optical microscopy (OM). Before and after different grinding treatments, cellulosic materials were observed with an optical microscope (Axio Imager M1m). Pictures (at least 10 per sample) are taken with different magnifications (10x, 20x, 50x), and the more representative images were used for the discussion.

Fibre morphology. Fibre morphology analysis (length, width, number of elements, etc.) was carried out using the MorFi device (MorFi compact, Techpap). Images of suspensions (at 40 g/L) between measurement cells were acquired to perform the image analysis. Elements whose length exceeded 100 µm were counted as fibres, and those below 100 µm were counted as fines. This measurement was performed at least in duplicate for each sample.

Environmental Scanning Electron Microscopy (E-SEM).

Scanning electron microscopy images were obtained with an E-SEM instrument (Quanta 200, FEI, Japan) at an acceleration voltage of 10 kV. Wet samples of cellulosic materials were air-dried and then coated with carbon using a vacuum sputter coater. At least 20 images were taken, and the most representative images were used in the discussion.

Field Emission Gun Scanning Electron Microscopy (FEG-SEM).

Scanning electron microscopy was realised on intensively ground CNC suspension. A drop of the suspension was deposited on copper tape and allowed to dry. Samples were coated with Au/Pd in a Safematic sputter coater. Secondary electron images were recorded with a Quanta 250 scanning electron microscope (Thermo Scientific), which was equipped with a field emission gun and operated at 2.5 kV. The most representative images were used in the discussion.

Transmission electronic microscopy (TEM).

A few drops of CNC suspensions were deposited onto a glow-discharged carbon-coated copper grid. After 2 minutes, the excess liquid was removed with filter paper, and a droplet of 2 wt% uranyl acetate was deposited onto the grid before completely drying the CNCs. The excess stain was removed, and the specimens were observed with a JEOL JEM 2100-Plus microscope operating at 200 kV. A minimum of 15 digital images was recorded at different locations with a Gatan Rio 16 camera, and the most representative image was used for the discussion. Individualised CNC lengths were calculated using 30 measurements.

Cellulosic fibres degree of polymerisation (DP).

The degree of polymerisation (DP) of cellulosic fibres was evaluated using the ISO 5351:2010 standard. 250 mg (equivalent dry) of cellulosic materials were dissolved in copper (II) ethylenediamine (25 ml) and 25 ml of deionised water. The intrinsic viscosity (ηint.) was measured at least two times. The degree of polymerisation (DP) was calculated using the Mark-Houwink-Sakurada equation as follows: DP0.905 = 0.75 ηint. At least duplicates were performed.

X-ray diffraction (XRD).

The structural analysis of the reactants and the cellulosic fibres are analysed using an X'Pert Pro MDP instrument (Malvern Panalytical) in reflection mode with the Bragg Brentano geometry. The anode was composed of copper, and the wavelength was 1.5419 Angström. The measurements were realised on the dry cellulosic samples stored overnight at 105°C. The crystallinity index (CI) of the cellulose materials was determined by the amorphous subtraction method (Park et al., 2010). The area under the curve of an amorphous standard was subtracted from the sample area, and this difference was divided by the area of the sample as expressed in Equation III-2. In this work, the amorphous standard (AS) for cotton samples was bleached birch cellulose pulp cryo-crushed with liquid nitrogen for twenty minutes using a Cryomill device (Retsch), and the AS for CNC samples was the reference CNC-30Hz-3h.

Equation III-2 𝐶𝐼% 𝐶𝑁𝐶 = (𝐴𝑟𝑒𝑎 𝑠𝑎𝑚𝑝𝑙𝑒 -𝐴𝑟𝑒𝑎 𝐴𝑆 ) ÷ 𝐴𝑟𝑒𝑎 𝑠𝑎𝑚𝑝𝑙𝑒 × 100

Fourier Transform Infrared Spectrometry (FTIR). Infrared spectra were obtained using a Perkin-Elmer Spectrum 65 instrument (PerkinElmer, USA). This technic is used to determine the possible chemical modification of the reactants after the grinding. Given the proximity between the carboxylic peak and the ester peak (respectively, ≈1700-1720 cm -1 and ≈1740 cm -1 ), each sample was basified using NaOH solution to convert carboxylic acid groups into carboxylate groups (≈ 1600 cm -1 ) and dried at room temperature overnight before the analysis. Spectra of cotton samples (raw and treated) were recorded in Attenuated Total Reflectance (ATR) mode between 4000 and 600 cm -1 with 16 scans per spectra. KBr pellets were prepared from the CNC samples containing about 2% of cellulosic materials. Spectra were recorded in transmission mode between 4000 and 400 cm -1 . At least two spectra per sample were performed to confirm the homogeneity of samples.

Carbon 13 solid Nuclear Magnetic Resonance (NMR). 13 C Solid NMR carbon spectra were carried out on an Avance III 400 MHz spectrometer at a temperature of 298 K. The device was fitted out with a cross-polarization, high power proton decoupling and magic angle spinning (CP-MAS), and the sample rotation speed was 12,000 Hz. Acquisitions were made over a spectral width of 29,761 Hz with an acquisition time of 36 milliseconds and 7,400 scans.

X-Ray photoelectron spectroscopy (XPS).

The extern surface chemical analysis was also established for the modified CNCs. The test was carried out using a XPS K-Alpha device (Thermofisher) modulated with a monochromatic Al Kα X-ray source at 14,875 eV. The substrates were positioned at an angle of 90° under an ultrahigh vacuum of less than 10 -7 Pa.

Spectrum NT was used to decompose the signal. The O/C ratio was calculated using Equation III-3:

Equation III-3 𝑂 𝐶 = I O S O × 𝑆 𝐶 𝐼 𝐶
Where IO and IC are the intensity of the oxygen and carbon peaks, respectively. SC and SO are the atomic sensitivity coefficients and equal to 0.00170 and 0.00477 for carbon and oxygen, respectively. At least two measurements were done per sample to estimate their homogeneity.

Results and discussions

During the intensive milling treatment cellulose esterification with the three different carboxylic acids (FAA, OAD and CAM) is expected as presented in Figure III -16.

Figure Expected esterification between carboxylic acids and cellulose hydroxyl group.

In this study, we chose to work with a molar ratio between the anhydroglucose unit (AGU) and the carboxylic acid of 1 to 1. It is interesting to note that the anhydroglucose unit has three hydroxyl groups (3 functional groups) whereas the number of functional groups varies for the different carboxylic acids: one for FAA (monocarboxylic acid), two for OAD (dicarboxylic acid) and three for CAM (tricarboxylic acid). Thus, if we neglect the possibility of crosslinking with polycarboxylic acids, carboxylic acids seem to be limiting reagents.

However, it is crucial to distinguish between cellulosic materials surface and bulk modifications. Indeed, surface modification occurs only on the surface of the particles. Thus, the supramolecular structure of the materials is saved (crystallinity arrangement and index).

In this case, only hydroxyl groups on the cellulosic material's surface can react with carboxylic acid molecules. The estimated value of hydroxyl groups available in cellulosic materials surface, depends on the particle's morphologies (i.e their specific surface area). Due to the small specific surface area (SSA) of the cellulosic fibres (some m²/g), only 3% of the total hydroxyl groups are on the surface (0.2 mmol/g). In comparison, CNC have a higher SSA (hundred m²/g) for a maximum of 2 mmol/g of available hydroxyl groups [START_REF] Espino Perez | Development of renewable nanocomposites for packaging by the functionalization of polysaccharide nanocrystals[END_REF]. Thus, in this study, we have a slight excess of carboxylic acid for CNC reaction and excess for fibres treatment.

Analysis of the cellulosic fibres esterification using Mechanochemistry

To obtain a homogeneous powder at the end of the milling, we decided to work at a milling frequency of 30Hz. As previously described, cellulosic material ground alone lost their crystallinity by such intense treatment. However, when fibres were treated with acids, a certain degree of crystallinity was maintained. A milling time of 3 hours was chosen to visualise better the mechanochemistry effects. Indeed, in literature, visible esterification of cellulosic materials and carboxylic acid by mechanical action was obtained after a minimum of 2 hours (Hu et al., 2015;Huang et al., 2019). 0.5 g of cellulosic materials, with relative humidity around 5 % (siccity= 95%), are added to the grinding jar. The quantity of acid added in the milling chamber was adjusted to keep the 1 to 1 molar ratio. As previously mentioned, in this condition, there is an excess of carboxylic acids compared to the available hydroxyl groups on cellulosic fibres. A follow-up of the fines and fibres content in ground samples in the presence of FAA for several times of milling (10 min to 6 hours) was carried out to evaluate the kinetic of the fibre morphology degradations. The evolution of the fibre morphology was then followed by morphological analysis. Results of fine and fibre contents are detailed in Figure Elements whose length exceeded 100 µm were counted as fibres, and those below 100 µm were counted as fines. Different steps can be distinguished; during the first grinding minutes (30 min), long fibres are cut in length so the fibre content increases, but the count of fine elements stays negligible. After 1 hour of treatment, the fibre content decreases when the fine content highly increases. This phenomenon corresponds to the comminution of fibre in elements with lengths lower than 100 µm; in that case, these particles are counted as fine elements and no more considered as fibres. Finally, after 6 hours of grinding, fibres content still decreases in the suspension, but the fine content tends to stabilise.

By prolonging the milling time, the fibre content will be approached zero, and the fine content will begin to decrease. Indeed, the element size will be so much reduced that some of them will be too small to be detected by the device (<10 µm). The fact that some fibres remain in the suspension after 3 hours of treatment with FAA (7.9 million/g of pulp) indicates that FAA has as a protection effect on the fibres during the mechanical treatment. Indeed, these values are higher than this obtained for our reference after the same milling time (0.5 million/g). As previously mentioned and reported in the literature, an intensive milling treatment is often at the origin of cellulosic materials amorphisation (Hess et al., 1941;Howsmon & Marchessault, 1959;[START_REF] Kuzuya | Mechanolysis of Glucose-Based Polysaccharides As Studied by Electron Spin Resonance[END_REF]. Indeed, fluffed cotton fibres are highly crystalline (CI= 73%) with the Cellulose I crystalline organisation, as shown in Fluffed cotton fibres exhibit a high crystalline organisation of cellulose I β (CI= 73%). The X-ray diffractograms of Cotton-OAD-3h, Cotton-FAA-3h and Cotton-CAM-3h present similar peaks confirming the conservation of their cellulose I β structure with calculated crystallinity indexes of 48, 60 and 46%, respectively. Thus, a decrease in crystallinity is observed for Cotton-OAD and Cotton-CAM treatments. On the contrary, cellulosic fibres treatments with FAA slightly affect cellulose crystallinity. In all the cases, the milling cellulosic fibres with carboxylic acids allows saving the cellulose supramolecular structure (Cotton-3h-30Hz: CI= 17%). Two hypotheses can be posed: (i) during the mechanical treatment, carboxylic acids hydrolysed the cellulose amorphous part of the cellulose and balanced the amorphisation phenomena; (ii) the addition of a second compound to the milling jar (not very sensitive to mechanical treatment) can take shocks instead of cellulosic materials and reduced the sample amorphisation. The degree of polymerisation (DP) will confirm or infirm these hypotheses.

Under a mechanical action, cellulose chains can be cut by mechanolysis, as shown by the decrease in the degree of polymerisation. Indeed, fluffed cotton fibres have an initial degree of polymerisation of about 659, when after 3 hours of milling at 30 Hz, cellulose reference have a DP of 465. However, when cellulosic fibres are ground with carboxylic acid, their final DP were much lower: values of 325 and 190 are obtained with CAM and OAD after 3 hours of treatment at 30 Hz, respectively. Indeed, carboxylic acid molecules are at the origin of the acid hydrolysis of cellulose. This reaction associated with the mechanolysis phenomenon explained the drastic decrease of the degree of polymerisation. On the contrary, the degree of polymerisation of cellulosic fibres grounded with FAA is similar to those of the initial fibres, higher than this obtained for . This result indicated that FAA has a "protective effect" against cellulose mechanolysis and amorphisation.

After purification, FTIR analyses were realised on the three samples: Cotton-OAD-3h, Cotton-FAA-3h and Cotton-CAM-3h . All the spectra have cellulosic materials characteristics. Moreover, esterification occurred during the milling treatment between oxalic acid and the cellulose hydroxyl groups, as evidenced by the carbonyl stretching peak at 1743.5 cm -1 . On the other hand, no evidence of grafting is obtained by mechanochemistry between cotton and FAA and cotton and citric acid. Three hypotheses may be explained why the mechanical energy provided to the reactant during the treatment was insufficient to initiate esterification of cotton fibres:

(i) Perhaps not enough carboxylic acids were used. Indeed, as previously explained, carboxylic acids are in slight excess compared to the accessible hydroxyl groups of cellulose (surface esterification). Therefore, even if the milling treatment allows an efficient intermixing of the species, thus promoting the contact of reagents, it will be necessary to use a higher excess of carboxylic acid to shift the equilibrium.

(ii) Perhaps the mechanical energy provided by the treatment does not exceed the energy that must be supplied to the chemical system for the esterification reaction. However, work to determine the activation energy of this esterification in solid-state must first be carried out to validate or not this hypothesis.

(iii) Perhaps all of the provided energy was consumed for fibre comminution and mechanolysis, and no more remained for cellulose esterification. This hypothesis could be checked by using another cellulosic material: Cellulose Nanocrystals. Thus, the next part will focus on the CNC esterification by mechanochemistry.

Analysis of cellulose nanocrystals functionalisation using mechanochemistry

Examples of nanocellulose surface modification are already published in the literature. They can be classified in (i) adsorption of molecules on their surface, (ii) covalent grafting of single molecules by, for example, silylation (Grunert & Winter, 2002), etherification (Hasani et al., 2008) or phosphorylation (Ghanadpour et al., 2015), or (iii) covalent grafting of polymer chains. Unfortunately, most of these techniques require the use of hazardous solvents that strongly limit the environmental benefit of using nanocellulose. For ten years, different methods have been developed to graft carboxylic acids to the surface of nanocelluloses by avoiding the use of toxic solvents. For example, in 2014, Espino-Pérez et al. have proposed the SolReact method for the esterification of CNC by aromatic carboxylic acids (Espino-Pérez et al., 2014).

However, to the best of our knowledge, this work is the first one to report the chemical surface modification of cellulose nanocrystals by mechanical treatment in solid-state with several carboxylic acids. CNC grafted with polycarboxylic acids (oxalic acid and citric acid) are anionic CNC. Their surface charges will enhance their colloidal stability in water, in contrary, 3-(2furyl)acrylic acid will provide hydrophobic behaviour to the grafted CNC. Both properties are desired for CNC applications.

In this work, neat cellulose nanocrystals were inserted with different carboxylic acids inside a milling jar without solvent. Powders are mechanically ground at 30 Hz for 1 or 3 hours at ambient temperature and then analysed after purification.

After different treatment times, the cellulosic materials are mainly composed of cellulose nanocrystals with dimensions similar to those of the neat CNC (255 ± 68 nm) and micrometric aggregates as illustrated by TEM and SEM images in Figure III -21. The aggregates formation confirmed the limit of the vibratory ball milling process for nanoparticles treatment, which increased the average diameters of the crushed particles due to the phenomenon of aggregation. This limitation is due to the physicochemical phenomenon. The agglomeration of particles is either an effect of strong surface interactions, attractive at short distance, or a physical effect due to surface "melting" of cellulose under the high local temperature or pressure. Chemical modifications carried out on CNCs can affect their crystallinity, mainly when modifications occur in bulk. With the described dry process, only surface chemical reactions are expected. However, the intensive milling treatment is often at the origin of cellulose amorphisation (Hess et al., 1941). Indeed, neat CNC have a crystallinity index of 61%, however, when these nanomaterials are grounded alone for 3 hours, they are quasi-completely amorphised (CNC-3h-30Hz, CI= 21%). In the present study, the evolution of the crystalline structure of the CNCs after one and three hours of mechanical treatment in the presence of carboxylic acids was investigated by XRD analyses. X-ray diffractograms are presented in Unmodified CNC sample exhibits a high crystalline organisation characteristic of the cellulose I β (CI= 61%). The X-ray diffractograms of CNC-OAD-3h, CNC-FAA-3h and CNC-CAM-3h present similar peaks confirming the conservation of their cellulose I β structure. The calculated crystallinity indexes of modified CNC are given in Table III-2. A slight decrease in crystallinity are thus observed CNC-OAD treatments. In comparison CNC obtained with CAM treatments underwent a more significant amorphisation. On the contrary, CNC treatments with FAA did not affect the cellulose crystallinity. In all cases, milling cellulose nanocrystals with carboxylic acids allows to maintain the cellulose supramolecular structure, which is not the case when the CNCs are ground alone (CI= 21% after 3 hours of milling). Up to our knowledge, this behaviour has never been observed before. This is the first time that the presence of reagent.

Several hypotheses can be posed: (i) during the mechanical treatment, carboxylic acids hydrolysed the cellulose amorphous part of the cellulose and balanced the amorphisation phenomena; (ii) the addition of a second compound in the milling jar (not sensitive to mechanical treatment) can take shocks instead of cellulosic materials and reduced the amorphisation of the sample, (iii) during the esterification, there is a release of water which limit the amorphisation (Howsmon & Marchessault, 1959).

The conservation of the materials crystallinity is highly important especially for CNC specific applications like composites, in which crystallinity of the nanomaterials is one of the main reasons for their use. The main aim of this study is to modify the CNC surface using mechanochemistry. Recorded FTIR spectra of CNC-OAD, CNC-CAM and CNC-FAA samples after one or three hours of reaction have all cellulosic materials characteristics. Moreover, for each treatment, esterification occurred between carboxylic acids and the cellulose hydroxyl groups, as evidenced by the carbonyl stretching peak at 1745 cm -1 . Furthermore, to qualitatively analyse these spectra, the ratios of the absorbance values of C=O (ester) and ether C-O peaks of cellulose (A= 0.3 at 1030 cm -1 , normalised for all samples) were calculated and shown in Table III-3. A high value of this ratio indicates that the grafting was effective. The greatest ratio was obtained for CNC functionalised with FAA for 3 hours; however, chemical grafting was observed for all samples. There are no great differences between the mono, di or tricarboxylic acid, this indicates that there is probably no crosslinking. Neat CNC spectrum displays fours peaks, at 284.8, 286.3 (ΔeV= 1.5 eV), 288.0 (ΔeV= 3.2 eV) and 289.2 eV (ΔeV= 4.4 eV), corresponding to C1, C2, C3 and C4 bonds respectively. The C2 signal, the most intense, is related to the presence of hydroxyl groups. The C3 signal corresponds to ether function from AGU unit's linkage. The C4 contribution is correlated to the (O-C=O) bonds present on the material. Weak for the neat CNC, it will intensify by esterification between cellulose and carboxylic acid due to the esterification bond and the supply of carboxylic acid during grafting with a polyacid (i.e. CAM and OAD). The additional C1 peak corresponds to non-oxidized alkane-type carbon atoms and originates from impurities (Belgacem et al., 1995).

After 1 hour of treatment, changes were observed on samples spectra. Concerning citric acid treatment, CNC-CAM-1h spectra showed a significant increase in the C1 contribution due to the CH2 brought by the carboxylic acid. C4 contribution also increased (from 2 to 9% on the total area), indicating the presence of carbonyl groups (ester and carboxylic acid). Same observations are observed for CNC-FAA-1h sample, the change in the spectrum mainly concerned C1 and C4 peaks (from 20% to 37% and from 2% to 7%, respectively). These results are clear proofs of esterification. In addition, the oxygen to carbon ratio (O/C) associated with the sample before and after modification changed from 0.60 (theoretical value of 0.83) for the neat CNCs to 0.49 and 0.50 for the CNC-FAA-1h and CNC-CAM-1h treatment as a result of the carboxylic acid moiety grafted on the CNC surface.

To conclude, 13 C solid NMR was realized on CNC-FAA-3h sample. This sample was chosen due to the fact that FAA molecule have easily detectable carbons in its structure. Moreover, these chemical functions are not present in cellulose . Furthermore, FTIR and XPS analyses suggest that FAA molecules were efficiently grafted on the CNC surface without decreasing the cellulose nanocrystal crystallinity. NMR spectra of neat CNC and CNC-FAA-3h are shown in Figure III -25 -A. Both spectra shown the original peaks of a highly crystalline cellulosic sample. Observed peaks can be assigned to the different carbons of the anhydroglucose unit, with the contribution of C1 (103.8 ppm), C2, C3 and C5 are confounded in the large peak (74.4 ppm), C4 (81.9 ppm for disordered cellulose, 88.9 ppm for crystalline cellulose), and C6 (61.5 for disordered cellulose and 64.7 ppm for crystalline cellulose) (Foster et al., 2018). However, no trace of 3-(2-furyl)acrylic acid was detected, more sensitive technics as dynamic nuclear polarization enhanced nuclear magnetic resonance (DNP-NMR) could allow the detection of carboxylic acids grafted on the surface [START_REF] Kumar | The surface chemistry of a nanocellulose drug carrier unravelled by MAS-DNP[END_REF]. To conclude, mechanical treatment submitted to CNC induced some aggregates formation and the partial amorphisation of the sample. However, due to the acid hydrolysis, crystallinity is partially saved. Interesting results are obtained with esterification proofs by FTIR and XPS analysis between CNC and the three carboxylic acids after 1 and 3 hours of milling.

Conclusion

This study consisted of the attempt to find a new way of modifying cellulose. By using the principles of mechanochemistry, a green process: without dangerous product, without solvent, at room temperature and pressure has been realized to modify cellulosic materials.

First the results obtained with cotton fibre as raw materials not allow to conclude on the esterification between the different compounds. Higher milling times, the addition of catalysts or another molar ratio between fibres and acid could be ideas to explore in the future. It seems there is a competition between comminution and esterification. To confirm this assumption, work on CNC has been proposed.

Mechanical treatment on CNC in the presence of carboxylic acids is at the origin of surface chemical esterification after only 3 hours of treatment without any solvents. Promising results are obtained with esterification proofs by FTIR and XPS analysis between CNC and the three carboxylic acids. Moreover, CNC crystallinity was partially saved thanks to the presence of the reagent. Up to our knowledge, it is the first time that esterification of CNC is proposed by mechanochemistry.

Conclusion to Chapter III

Mechanochemistry gains in interest during these last decades. Different publications revealed the benefits of time and simplicity that this method brings. As a result, mechanochemistry is now used in an increasing range of organic reactions under solvent-free conditions. The challenges of this chapter III were: (i) the evaluation of the impact of a dry grinding process on cellulosic materials and the different reagents used; and (ii) the chemically modification of the cellulosic materials surface under solvent-free conditions, using mechanical energy.

In Chapter III.1, the evaluation of the impacts of the mechanical treatments on the different reagents has revealed that: -(i) no chemical modification occurs during the milling of the carboxylic acids; -(ii) concerning the cellulosic fibres, the main modification occurs on the morphological level with the loss of the "fibre aspect". Moreover, cellulose amorphisation and depolymerisation occurs when an intensive milling treatment is performed. -(ii) after 3 hours of treatment at 30 Hz, cellulose nanocrystals are agglomerated and not anymore well individualised, amorphisation of the samples was also observed.

However, in Chapter III.2, the negative impacts on the cellulosic materials were compensated by the addition of the carboxylic acids to the milling jar. Both CNC and cotton fibres keep their crystallinity during the treatment. The aggregation of CNC was reduced, and several proofs of grafting confirmed their surface esterification with carboxylic acids on their surface.

Since the mechanical treatment allowed the comminution of cellulosic fibres into crystalline micrometric particles due to the combination of mechanolysis and acid hydrolysis, it seemed probable to us that the process could be adapted to the direct extraction of cellulose nanocrystals from the cellulosic fibres. Thus, the possibility of producing cellulose nanocrystals by mechanical grinding seems possible. Meanwhile, we have in our possession two natural deep eutectic solvents which have already proved their worth for the extraction of CNC (Chapter II). This is why, in the final chapter, the combination of eutectic solvent and mechanochemistry will be used for the preparation of functionalised cellulose nanocrystals. The production of nanoparticles is a currently booming field. Indeed, nanomaterials show physical, mechanical, thermal, electrical, magnetic and optical properties depending directly on the size of the structures and can differ fundamentally from those of the material at the macroscopic level. Nanoparticles can be produced by different processes divided into two approaches: the "bottom-up" method consists of the particle's growth from atoms or molecules; in opposition, the "top-down" method consists of the size reduction of micrometric particles onto nanometric elements. Among the process using the second approach, ball milling treatments (vibratory, planetary etc.) are the most used and are very efficient to reduce materials size. During these processes, particles are crushed between grinding balls. The final particles size depends on the initials size of the particles, the ball diameters, the ball speed, the treatment time and the grinding condition (solid or liquid state) (Gers, 2009).
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Nanocelluloses (NC) are obtained from cellulosic fibres using the top-down approach. Their nanometric size brings them new properties and a higher specific surface. Nanocelluloses are biobased, biocompatible, and biodegradable; for these reasons, they have the potentials to play a significant role in the 21 st century for the development of advanced materials. Several reviews detailed the their way of obtention: cellulose nanocrystals (CNC) are highly crystalline rod-like particles extracted by the amorphous cellulose hydrolysis, mainly with sulfuric acid, whereas cellulose nanofibrils (CNFs) are mechanically defibrillated usually after a pretreatment (Dufresne, 2017).

Meanwhile, mechanochemistry has imposed itself in recent years as a green process (Jones et al., 2009). Different publications revealed the benefits of time and simplicity with this method.

The most-reported mechanochemical reaction on cellulose is cellulose esterification (Kuga & Wu, 2019). Less than twenty articles reported conditions of treatment to the successful obtention of cellulose derivatives; sometimes, the reaction is performed in solid-state or inside solvents, with or not catalysts (Beaumont et al., 2021;L. Huang et al., 2019;F. Zhang et al., 2002;W. Zhang et al., 2010). The number of publications talking about the modification and extraction of nanocelluloses using mechanochemistry is even reduced.

Depending on treatment conditions (reactant used, time, solid or liquid state), modified or unmodified cellulose nanocrystals and cellulose nanofibrils can be extracted from cellulosic fibres by combining the mechanical and chemical action. After ten minutes of dry milling, followed by 3 hours of mechanical treatment in water, Baheti et al. obtained cellulose nanoparticles with a diameter around 500 nm. The un-modified nanoparticles show a narrow size distribution and non-contamination from the grinding device (Baheti et al., 2012). In 2013, maleic acid anhydride was successfully grafted on CNC surface. Cellulose nanocrystals were extracted and modified in one-step mechanical treatment for the first time. A degree of substitution (DS) of 0.33 was obtained after one hour of milling, under the presence of a catalyst (H2SO4) (Tang et al., 2013). In 2015, Lu et al. used ball milling as the first treatment step for CNC obtention, modified with acid acetic and 4-dimethyl aminopyridine. They studied the effect of milling time regarding the CNC yield and their degree of substitution when the treatment other steps are kept constant (reaction time of 5h at 120°C, and ultrasonication time from 2 hours). They showed that increasing the milling time from 1 hour to 2 hours increased the CNC yield and their degree of substitution (DS) from 17.45% to 43.06% and from 0.16 to 0.22, respectively. After 3 hours of treatment, cellulose degree of polymerisation and CNC yield decrease, probably due to excessive destruction of the crystalline regions (Lu et al., 2015), the disadvantages of this treatment are the long reaction time as well as the sequence of several steps. ). They successfully extracted cellulose nanofibrils; however, the milling treatment was used only as a mechanical process and not for mechanochemistry (Yu et al., 2019).

Natural Deep Eutectic Solvents (NADES) or Deep Eutectic Solvents (DES) were discovered in 2013. (Abbott et al., 2003). They are classified into four categories, and the more commonly used for lignocellulosic fibres treatment is Type III. Type III DES consisted of the association of one hydrogen bond donor with one quaternary ammonium, from their first utilisation by Sirviö et al. in 2016, 5 years ago, DES showed promising results as (reactive) solvents for nanocellulose extraction (Sirviö et al., 2016). Several acidic DES were elaborated by using carboxylic acids as hydrogen bond donor, these kind of solvents were used for the direct extraction and modification of cellulose nanocrystals (Le Gars et al., 2020) or cellulose nanofibrils pretreatment (Zdanowicz et al., 2018). However, long times of treatment are generally used with a low initial concentration of cellulosic fibres (< 2%). Obtained CNC yields using these solvents mainly depend on the use or not of intensive ultrasonic treatment., CNC can be obtained from cellulosic fibres with a yield of 43.6 ± 1.9 % after 6 hours of treatment at 95°C with choline chloride: oxalic acid dihydrate if no ultrasonication was used (Douard et al., 2021). Otherwise, CNC yields reach 70% (Ling et al., 2019;Liu et al., 2017;Sirviö et al., 2016). However, this ultrasonication step is always critical when upscaling is concerned because of its high energy consumption and its difficulty to implement at the industry level.

To the best of our knowledge, no study reports the combination of Natural Deep Eutectic Solvent and mechanochemistry for the production of cellulose nanocrystal with a one-step process. That's why this study is highly innovative and a patent has been submitted on the topic. This article will detail the procedure and results such as yield, morphology and crystallinity and compare the obtained results with other processes described in literature .

IV.2. Materials and Methods

IV.2.1 Materials

Chemicals. Cotton fibres are commercially available bleached and mechanically treated cotton fibres obtained from the paper industry (CELSUR, CS 21 DHS). This pulp was fluffed in dry condition at room temperature using a Forplex device. Choline chloride (ChCl, purity ≥ 98%) and oxalic acid dihydrate (OAD, purity ≥ 99%) were obtained from Sigma-Aldrich, Citric acid monohydrate (CAM, purity ≥ 99%) and sodium chloride (≥ 99%) was obtained from Roth.

Deionised water was used throughout the experiment. NaOH and HCl solutions were prepared at a concentration of 0.0125 mol/L and 0.1 mol/L, respectively.

Vibratory grinder. The ball milling process is performed using a vibratory device (Cryomill, Retsch). The grinding jar (20 ml) and balls are made of Zirconium dioxide (ZrO2). The manufacturer recommends loading the grinding jar by respecting the volume ratio of 1/3 for reactants, 1/3 for balls, and 1/3 for air. Zirconium balls are 50 in numbers, and their diameters are 5 mm. The device energy consumption was estimated by measuring the power consumed in no-load and load conditions after a stabilisation time of 5 min.

IV.2.2 Methods

IV.2.2.1 NADES acid hydrolysis assisted by mechanochemistry

NADES preparation. In this study, a fast and easy method was used for prepared natural deep eutectic solvent (NADES). Hydrogen bond donor (HBD: CAM or OAD) and quaternary ammonium salt (ChCl) were added to the grinding jar with 50 zirconium balls and ground at 30Hz. After only 15 seconds of milling, both NADES ChCl:OAD (1:1 molar ratio) and ChCl:CAM (1:1 molar ratio) can be obtained and cover the surface of the balls and the grinding chamber.

Masses added in the milling jar allow the obtention of 3 mmol of NADES and are given in Table IV-1. Mechanical assisted NADES treatment. 0.5 gram of fluffed cotton fibres (dryness= 94%) are added in the grinding chamber containing the NADES and intensely milled at 30Hz. After 3 and 5 minutes of treatment, the jar was open and the cellulosic material homogenised. Finally, the milling was conducted for a total treatment time of 0.5, 1 or 1.5 hours.

Washing and separation steps. After the milling, around 5 ml of water was added to the milling chamber, and 15 seconds of milling at 30 Hz were performed to disperse the treated fibres nicely. Then the suspension was recovered and dialysed using deionised water until the conductivity of the sample was the same as that of deionised water (membrane molecular weight cut-off: 6-8 kD). Then, the suspension was sonicated using a 250-Watt sonication probe (Sonifer 250, Branson) with dispersive energy of approximately 4.22 kJ per g of materials. Next, the suspension was centrifuged for 10 minutes at 2600 g at 20°C. Finally, the supernatant containing the colloidal stable nanocelluloses (NC: CNC or CNF) was removed and stored in the fridge. The precipitate containing the residuals cellulosic particles (RP) were dispersed in deionised water and stored in the refrigerator. After one week of sedimentation, two distinct suspensions were obtained: (i) one containing sedimented particles (SP) and the second non-sedimented particles (nSP).

Notation. NC samples will refer as "CNC-ChCl:OAD-MC" and "CNF-ChCl:CAM-MC" for CNC and CNF extracted by mechanical-assisted acid hydrolysis using ChCl:OAD and ChCl:CAM NADES, respectively. CNC-ChCl:OAD-MC are extracted for three different treatment times (0.5, 1 and 1.5 hours), but characterisations other than yield were made only for 1.5 hours of milling.

IV.2.2.2 Comparison with the previous studies

Results obtained in this part will be compared to those obtained in previous parts of this manuscript. Thus, "CNC-ChCl:OAD" and "CNC-ChCl:CAM" are the sample produced by classical NADES treatment and are fully characterised in chapter II.3 and chapter II.2, respectively. The reader is invited to consult these chapters for more details on the protocols used. A quick overview of the different treatment conditions is given in Table IV-2. The same cellulosic material was used for the three studies: fluffed cotton fibres. 

IV.2.2.3 Characterisations

Nanocellulose (NC) and residual cellulosic particles (RP) yields. Nanocellulose, sedimented particles (SP) and non-sedimented particles (nSP) were separated after washing steps, which enabled the determination of the yield of each suspension obtained. The nanocellulose yield is calculated as the ratio of nanocellulose weight (mNC) and the initial weight of cellulose fibres (m0), as expressed in Equation IV-1.

Equation IV-1 𝑌 𝑁𝐶 (%) = 𝑚 𝑁𝐶 𝑚 0 𝑥 100 
The sedimented and non-sedimented particles yields were calculated using the same method, substituting NC mass by the corresponding mass. Duplicate were done.

Crystallinity Index by X-ray diffraction (XRD). The cellulose materials' crystallinity index (CI) was determined by the Segal method (Park et al., 2010). It is an empirical method that allows a quick comparison between cellulosic samples. CI was calculated after the background subtraction from the ratio of the height of the (I002) peak and the height of the minimum (IAM) localized between the 002 and 101 peaks, as expressed in Equation IV-2. The measurements were realised in the dry cellulosic samples (overnight, 105°C) using an X'Pert Pro MDP instrument (Malvern Panalytical) in reflection mode with the Bragg Brentano geometry. The anode was composed of copper, and the wavelength was 1.5419 Angström.

Equation IV-2 𝐶𝐼% = I 002 -I AM I 002 × 100

Fourier transform infrared spectrometry (FTIR). Infrared spectra were obtained from cotton cellulose fibres, NC and residual particles using a Perkin-Elmer Spectrum 65 instrument (PerkinElmer, USA). This technic is used to determine the possible esterification between cellulose and organic acids. Given the proximity between the carbonyl and the ester peak (respectively, ≈1720 and ≈1740 cm -1 ), each sample was basified using NaOH solution to convert carboxylic acid groups into carboxylate groups (≈ 1600 cm -1 ) and dried at room temperature overnight before the analysis. Spectra were recorded in Attenuated Total Reflectance (ATR) mode between 4000 and 600 cm -1 with 16 scans and normalized to a better comparison. At least two measurements were done per sample.

Nuclear Magnetic Resonance (NMR). The solid 13 C spectra were carried out on an Avance III 400 MHz spectrometer at a temperature of 298 K. The device was fit out with a crosspolarization, high power proton decoupling and magic angle spinning (CP-MAS), and the sample rotation speed was 12,000 Hz. Acquisitions were made over a spectral width of 29,761 Hz with an acquisition time of 36 ms and 7,400 scans.

Residual particles morphology. The morphology analysis of residual particles (length, width, number of elements, etc.) was carried out using the MorFi device (MorFi compact, Techpap). Images of suspensions (at 40 g/L) between measurement cells were acquired to perform the image analysis. Elements whose length exceeded 100 µm were counted as fibres, and those below 100 µm were counted as fines. This measurement was performed in duplicate for each sample.

Optical Microscopy (OM). Before and after NADES treatments, cellulosic materials were observed with an optical microscope (Axio Imager M1m). Pictures (at least 10) are taken with different magnifications (10x, 20x, 50x), and the most representative images were used for the discussion.

Preparation of NC sonicated suspensions. A determined quantity of NC was diluted to a concentration of 10 -2 wt%. Using a 250-Watt sonication probe (Sonifer 250, Branson), the suspension was exposed to dispersive energy of 5.5 MJ per gram of dried NC at 50% maximum energy.

Zeta potential (ζ).

The Zeta potential of sonicated nanocellulose suspensions was measured with a Zetasizer PRO device (Malvern Panalytical). The folded capillary cell is maintained at 20°C during the measurement. 1 ml of the NC sonicated suspension was diluted by adding 8 ml of deionised water and 1 ml of NaOH solution (c=0.0125 mol/L) to adjust the sample's pH and conductivity. Three measurement series of ten acquisitions are done for each sample, and the mean value is used for the discussion.

Transmission Electronic Microscopy (TEM). Few drops of the NC sonicated suspensions were deposited onto a glow-discharged carbon-coated copper grid. After 2 min, the excess of the liquid was removed with filter paper, and a droplet of 2 wt% uranyl acetate was deposited onto the grid before completely drying the NCs. The excess stain was removed, and the specimens were observed with a JEOL JEM 2100-Plus microscope operating at 200 kV. A minimum of 15 digital images was recorded at different locations with a Gatan Rio 16 camera, and the most representative images are used for the discussion. The mean length of individualized nanocrystals was obtained using at least 50 measurements.

Atomic force microscopy (AFM).

One drop of the sonicated NC suspension was deposited on a mica plate and dried at room temperature overnight. Images were obtained using AFM (Dimension Icon) in tapping mode, and the mean height of individual nanocellulose (CNC and CNF) was obtained using at least 25 measurements.

Thermogravimetric Analysis (TGA). TGA measurements were carried out with a thermal analyser TGA/DSC STARe System (Mettler Toledo) apparatus under nitrogen flow with a constant rate of 100 mL.min -1 . Each measurement was made using dry samples (overnight, 105°C), which was heated from 25-600 °C at a scanning rate of 10 °C/min. The temperature of degradation (Td) was taken as the temperature at the onset point of the weight loss in the TGA curve obtained.

CNC film preparation and transmittance. CNC films were prepared with a grammage of 60 g/m² from CNC-ChCl:OAD-MC (1.5 h) sample. Therefore, a given suspension volume of CNC was cast on a Petri dish and dry overnight in an oven at 40°C. Before characterisation, CNC films were stored in a conditioned room (23.5°C, 50% Relative Humidity) for two days. The transmittance of CNC film (in % of the incident light) was measured at a wavelength of 550 nm with a UV-spectrophotometer (Shimadzu Manufacturing, USA) in photometric mode. Five measurements were done in different places of the film.

IV.3. Results and discussions

IV.3.1 Kinetic of cellulose nanocrystals obtention by combination of NADES with mechanochemistry

NADES treatment has two roles to accomplish: (i) the acid hydrolysis of the amorphous cellulose part for the extraction of highly crystalline CNC, and (ii) the surface modification of the particles by esterification of cellulose hydroxyl groups by carboxylic acid molecules (HBD).

In this study, the novelty is that these reactions are promoted by the shear and impact forces provided by the ball milling classically used in mechanochemistry. Concerning each treatment's global yield, results obtained show that more than 90% of cellulosic materials are recovered after each treatment condition. These results confirmed that no extensive hydrolysis occurs using acidic natural deep eutectic solvent compared to classical sulfuric acid hydrolysis. After 1.5 hours of treatment, nanocelluloses yield are about 64.5 ± 5.3 % for ChCl-OAD-MC treatment.

In the literature, the combination of natural deep eutectic solvent and highly intensive milling was never used. However, this process presents in this study, involving mechanochemistry principle seem to be much more sustainable than other treatment. Indeed, CNCs with a yield of 64.5 ± 5.3 % were successfully extracted after only 1.5 hours of treatment using a natural solvent in few quantities (initial fibres concentration in the vibratory device is around 62 %). Furthermore, this process did not use the ultrasonication step and yet obtained similar CNC yield to those using it (Ling et al., 2019;Liu et al., 2017;Sirviö et al., 2016). Moreover, extracted CNC showed surface modification due to mechanochemistry-induced grafting between carboxylic acid and cellulose hydroxyl groups (these results will be discussed in the following parts). For ChCl-CAM-MC treatment, yields obtained after 1.5 hours are 27.1%, 0.7% and 79.8% for NC, nSP and SP, respectively. Lower NC yield are obtained compare to ChCl-OAD-MC treatment, this result confirms that acid hydrolysis of the cellulose amorphous part is more efficient with oxalic acid than citric acid.

Six phenomena occur during the process, causing morphological, structural and chemical changes in the cellulosic material (Figure IV-4). During the first moments of grinding, the NADES penetrates the cellulosic fibres through the defects in the walls. During the same period the mechanical treatment causes the comminution of the fibres into micrometric particles, thus facilitating the penetration of the solvent (these phenomena continue during all the milling). Then, oxalic acid hydrolyses the amorphous part of the cellulose, thus reducing the degree of polymerisation. Finally, mechanical actions allow the disintegration of the CNC aggregates into individualized CNC, moreover oxalic acid is grafted on the CNC surface. Recorded FT-IR spectra of fluffed cotton fibres showed the classical absorption peaks for a cellulosic material with a peak at 1640 cm -1 due to the water adsorption. However, cellulose nanocrystals extracted with mechanical-assisted NADES treatment presented an extra peak at 1744 cm -1 , attributed to the C=O stretching. This contribution, associated with a little increase of the C-H stretching at 2853 cm -1 , is proof of esterification between hydroxyl groups on the Both spectra are characteristic of a cellulosic sample with the cellulose I arrangement. The observed peaks can be assigned to the different carbons of the anhydroglucose unit with the contribution of C1 (103.8 ppm), C2, C3 and C5 (confounded in the large peak around 74.4 ppm), C4 (81.9 ppm for disordered cellulose, 88.9 ppm for crystalline cellulose), and C6 (61.5 for disordered cellulose and 64.7 ppm for crystalline cellulose) (Foster et al., 2018). An extra peak is present at 57.87 ppm, it could be associated with residual choline chloride (Chemical Book, n.d.).

Crystallinity Index (CI) was calculated using the Segal method for NC (nanocellulose Cellulose nanocrystals can be used in several applications, including the manufacture of nanocomposites. However, the classical way of CNC extraction involving the use of strong mineral acid, as sulfuric acid hydrolysis, decreases the thermal properties of this nanomaterials due to the presence of sulfate ester groups on their surface from 300 to 200°C depending on the treatment condition [START_REF] Kargarzadeh | Effects of hydrolysis conditions on the morphology, crystallinity, and thermal stability of cellulose nanocrystals extracted from kenaf bast fibers[END_REF].

Moreover, the thermal degradation temperature of cellulose can also be affected by the decrease of the degree of polymerisation and chemical surface modification. Thus, it was proven that introducing carboxylate groups through the TEMPO-mediated oxidation, the most used post-treatment to obtain anionic cellulose nanoparticles, decrease the cellulosic materials' thermal stability (Fukuzumi et al., 2009). For this reason, the use of classical cellulose nanocrystal in bio-nanocomposites is limiting. 

IV.3.3 Advantage of combining NADES and mechanochemistry

The method described in this chapter IV gave interesting results, and extracted NC can be compared to those previously obtained in Chapter II (Table IV-3 Moreover, except ChCl:CAM-MC treatment, all the cellulosic materials had a high crystallinity (>90%) and all have a high thermal stability characteristic of CNC extracted via organic acid. Finally, the fast and easy process described in this study allows the obtention of anionic NC with both NADES in a one-step process, as demonstrated by FTIR spectra and zeta potential measurements (Table IV-3). These last are higher than those previously obtained, proving that esterification reaction occurs quickly when mechanical energy is provided to the system. A comparison between this new method (mechanically assisted NADES treatment) and method described in the literature for cellulose extraction can also be made. Several points will take in account as: (i) the time and temperature of treatment, (ii) the quantity of solvent used to treat 1 gram of cellulosic fibre, (iii) the CNC yield obtained, and (iv) the energy consumption used during the extraction processes (before the CNC yield calculation). Four articles will be studied in this part, each representing a different way of cellulose nanocrystal extraction (Table IV-4).

Dong et al. used mineral acid for CNC extraction with the classical way of treatment: acid hydrolysis with sulfuric acid followed ultrasonic treatment. After one hour of treatment at 45°C they succeeded to extracted CNC with a yield of 44%. Advantages of this treatment are the low temperature and short time of treatment. However, the global yield on cellulosic materials is low, and the extracted CNC have sulphate ester groups on their surface, making them difficult to modify and significantly reduce their thermal stability (Dong et al., 1997). In 2016, Chen et al. obtained CNC using concentrate oxalic acid solutions with several treatment conditions. As all CNC extracted by organic acid hydrolysis, they showed excellent thermal stability. However, the CNC yield stays low: with the highest yield of 25 wt%, after 1 hour of treatment at 100°C. Cellulosic residues are obtained and converted into cellulose nanofibrils for a global yield on nanocelluloses of 98.0%. Jia and Liu extracted cellulose nanocrystals using molten oxalic acid dihydrate as solvent. After 1 hour of treatment at 110°C and an ultrasonic treatment (with dispersive energy of approximately 1.7 MJ per g of material), they obtained a high CNC yield of 71.2 %. However, this step is always critical when upscaling is concerned because of its high energy consumption and its difficulty to implement at the industry level (Jia & Liu, 2019). Cellulose nanocrystal can also be extracted using ChCl:OAD deep eutectic solvent with a lower temperature than those reported for oxalic acid solution and molten oxalic acid. However, longer treatment times are generally used with a low initial concentration of cellulosic fibres (< 2%). CNC yield obtained without ultrasonication step reaches 43.6 ± 1.9 % after 6 hours of treatment at 95°C (Douard et al., 2021). This yield is similar to those obtained by classical mineral acid hydrolysis. However, with DES treatment, residual cellulosic materials can be obtained and valorised as by-products.

Our innovative process combined many advantages of the cited studies. First, a very high CNC yield is obtained (65%) without intensive ultrasonic treatment. Moreover, residual cellulosic particles can be valorized as by-products. Second, the mechanical energy provided by the grinding allows the use of shorter treatment than those used with NADES hydrolysis. Third, the quantity of solvent used to treat 1 gram of cellulosic fibres is lower than the other studies. Finally, the only drawback of our process compared to literature ones is the small volume of the milling jar; however, different sizes of grinders are available and works to scale up the process may be carried out in the future. 

IV.4. Conclusion to chapter IV.

The described work demonstrates the possibility of extracting cellulose nanocrystals at high yield through a fast and straightforward method, using a reduced quantity of solvent (initial fibre concentration = 62 wt%). Moreover, the green solvent used is composed of oxalic acid dehydrate and choline chloride; both are non-toxic, cheap and naturally available. In the molar ratio of 1:1, they formed a natural deep eutectic solvent with a low melting temperature. Thus, the reaction can be initiated without thermal input. During this one-step extraction process, shearing and impact forces provided by the milling allow: (i) the amorphous cellulose hydrolysis and the obtention of highly crystalline CNC, and (ii) the surface esterification of these biosourced nanomaterials. Compared to classic methods, anionic cellulose nanocrystals save high thermal stability (Td= 338 °C). CNC are extracted with a yield of 65 %, much more important than yields obtained for CNC extracted with NADES or sulfuric acid hydrolysis, 40 and 50%, respectively. All of these factors could reduce both the cost of production of cellulose nanocrystals and the negative environmental impact, thereby promoting the market adaption of this renewable nanomaterial. Finally, this process could be easily up scalable. Table IV- 
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Conclusions and perspectives

This PhD project aims to contribute to the knowledge on cellulose surface modification and to propose new treatment for nanocelluloses preparation by using green chemistry principles. The three main discussed scientific challenges in this manuscript concerns:

-The development of innovative treatments to extract nanocelluloses -The use of processes for cellulose modification to bring functionalities; -The possibility to combine nanocellulose extraction and chemical modification in a single-step treatment.

The four chapters described in Figure C-1 detail the different approaches to overcome these challenges. In this conclusion, the main results, as well as perspectives, will be presented. Main evolutions in fields of this PhD thesis during the last 3 years (2018-2021)

Chapter I proposed a literature review of the classical processes used to produce nanocellulose (NC). In nature, cellulose is the most abundant polymer with an estimated annual production of 10 11 tons (Belgacem & Pizzi, 2016). The specific organisation of the polymer allows the extraction of cellulose nanocrystals (CNC) and cellulose nanofibrils (CNF) by the top-down approach. These biosourced and biodegradable elements have a high specific surface area, interesting mechanical properties and a high surface reactivity due to surface hydroxyl groups, allowing different modifications as esterification. These nanomaterials are nowadays available on the market. However, there are still obstacles to their industrialisation. These last decades, research has focused on new ways of extracting and modifying nanocellulose, and if possible, the combination of the two in only a single processing step.

Cellulose Nanocrystals (CNC) are mainly extracted by acid hydrolysis with mineral acids (H2SO4, HCl, H3PO4, HBr; (Dufresne, 2017)). This well-known and optimised process allows the obtention of nanoparticles at lab scale and pilot scale. However, industrialisation of this process is still challenging due to equipment corrosion, the over-degradation of cellulosic materials and the difficulty to recover the acid. For these reasons, since a decade, organic acids began to be used. First dissolved in a solvent, then used in their molten forms, they have proven their ability to degrade the amorphous part of cellulose and favour cellulose nanocrystals extraction.

Deep Eutectic Solvents (DES) were discovered in 2003 by Abbott et al. (Abbott et al., 2003). These mixtures can be formed by mixing a hydrogen bond donor and a quaternary ammonium salt (Smith et al., 2014). In 2016, Sirviö et al. were the first to report CNC extraction by using such DES using one composed of oxalic acid dihydrate and choline chloride (Sirviö et al., 2016). At the beginning of this PhD project, in October 2018, only 14 publications mentioned CNC extraction by DES (using SciFinder database). At the end of this project (October 2021), this number remained low, with only 46 publications. A majority of the publications released during these three years mentioned the possibility of using new DES and their ability to hydrolyse the cellulose amorphous part from many cellulosic materials (Jiang et al., 2020;Ling et al., 2019) 

(Figure C-2).
On the other hand, due to the current context (ecosystems pollution & fossil resources depletion), biosourced and biodegradable materials become the centre of attention. From these abundant resources, new materials have to be designed to replace plastic ones. Thus, new processes put in place aim to be greener and more sustainable. In this context, mechanochemistry gained in interest during these last decades. Different publications revealed the benefits of time and simplicity that this method brings. As a result, mechanochemistry is now used for organic reactions under solvent-free conditions. At the beginning of this PhD project, in October 2018, only 11 publications mentioned cellulose modification by mechanochemistry. At the end of this project (October 2021), this number remained extremely low, with only 21 publications. From the publications released during these three years different reactants are grafted on cellulose, such as mostly fatty acids (Hou et al., 2021;Huang et al., 2019) In Chapter II.1, the design of experiment (DOE) method was used to follow the yield of cellulose nanocrystals obtention and their crystallinity according to 3 parameters: (i) the temperature (60-95°C), (ii) the time of reaction (2-16 h), and (iii) the cotton fibre concentration (1-2%) into the natural deep eutectic solvent choline chloride:oxalic acid dihydrate (ChCl:OAD) with a molar ratio of 1:1. DOE method allows optimising processes by performing a minimum number of experiences. Two theoretical mathematical models were extracted for the CNC yield and their crystallinity, respectively, and they were validated by performing a new experiment within the domain. The best parameters to optimise the two answers simultaneously were 6 hours of reaction time at 95°C with an initial cotton fibre concentration of 2%. CNC obtained with these parameters have diameters of 11.3 ± 2.6 nm, while their lengths were about 257 ± 54 nm. These results were valorised by two oral communications during the 6 th EPNOE International Polysaccharide Conference and the 4 th International EPNOE Junior Scientist Meeting and by a scientific paper (Douard et al., 2021).

NADES with oxalic acid dihydrate as hydrogen bond donor (HBD) does not allow to obtained modified CNC. This is why, in Chapter II.2, an acidic NADES based on citric acid monohydrate (CAM) as HBD and choline chloride (ChCl) as hydrogen bond acceptor in a molar ratio of 1:1 was studied and used to prepare in situ modified cellulose nanocrystals. Thus, ChCl:CAM 1:1 is used as a reactive solvent and play a dual role in the modified nanocrystal obtention: To conclude this chapter, a biorefinery approach was studied in Chapter II.3. In this work, cellulose nanocrystals were successfully extracted with a yield of 36% using an acidic NADES composed of choline chloride:oxalic acid dihydrate at a molar ratio of 1:1. Obtained CNC show a high crystallinity of 94%, their diameter and length are 9.5 nm and 227 nm, respectively. Moreover, the deep eutectic solvent can be recycled after each treatment and the individual constituents of NADES can be recovered. An advantage of NADES treatment compared to classical acid hydrolysis for CNC extraction is the obtention of cellulosic residues (vs sugars when sulfuric acid is used). These residues can be considered as by-products of the process and valorised in different ways. In this work, cellulose nanofibrils were extracted from these residues. By valorising the sedimented particles (SP) obtained after NADES treatment, the global yield of cellulosic nanomaterials obtained with our process reaches 98% (combining the CNC yield of 36 wt% and the conversion of the SP into nanocellulose). After ultrafine grinding, the NADES-NC show a better homogeneity in size distribution than classical enzymatic treatment. Film casting obtained from NADES pre-treated cotton fibres have a high transmittance value which could open the door to the use of this film in the packaging industry or as a substrate for printed electronics, for example, where high transmittance is needed. Solvent recycling combined with by-products valorisation can reduce the global cost of CNC production.

In this Chapter II, key results were obtained for the nanocelluloses extraction and modification by NADES. However, some perspectives emerged from this study. Indeed, the higher drawback of this process is the large amount of solvent used during the fibres treatments. In the first part, we have proven that the CNC yield did not depend on fibre concentration. Thus, increasing the initial concentration of cellulosic materials could be considered. Otherwise, it could be interesting to improve the NADES recycling to reduce the global cost of the process and reduce the quantity of solvent needed.

➢ Chapter III: Modification of cellulose using mechanochemistry.

The Chapter III consisted in finding a new way of modifying cellulose surface. By using the principles of mechanochemistry, a green process: without dangerous product, without solvent, at room temperature and pressure, has been performed to modify cellulose nanocrystals and cellulosic fibres. Highlighting of the key results and perspectives of this chapter are given in Figure C-4.

In Chapter III.1, we have observed that the intensive milling process has different effects on the compounds used in our mechanochemistry experiments. Almost no chemical modification occurs during the milling of the carboxylic acids, even if dehydration of the citric acid monohydrate compound was observed. Concerning the cellulosic fibres, the main modification occurs on the morphological level with the loss of the "fibre aspect"; the grounded cellulose sample is no anymore fibres but is composed of tiny elements with diameters of around 11 µm. Moreover, the supramolecular organisation of cellulose was modified as evidenced by the crystallinity loss from 73 to 17% after 3 hours of milling at 30 Hz.

Cellulose chains are also partially depolymerised with a DP from 659 to 465. After 3 hours of treatment at 30 Hz, cellulose nanocrystals are agglomerated and not anymore well individualised. These different ground compounds were used as references in the next part.

In Chapter III.2, an esterification attempt was performed using mechanochemistry. Cellulosic materials (cotton fibres and CNC) and carboxylic acids were ground together in solid-state conditions at room temperature and atmospheric pressure. Surface esterification of cellulosic materials at multiscale, i.e. cotton fibres and CNC, were studied. Their morphological and structural modifications were evaluated meanwhile the functionalisation intensity. First the results obtained with cotton fibre as raw materials not allow to conclude on the esterification between the different compounds. Higher milling times, the addition of catalysts or another molar ratio between fibres and acid could be ideas to explore in the future. It seems there is a competition between comminution and esterification. To confirm this assumption, work on CNC has been proposed. Mechanical treatment on CNC in the presence of carboxylic acids is at the origin of surface chemical esterification after only 3 hours of treatment without any solvents. Promising results are obtained with esterification proofs by FTIR and XPS analysis between CNC and the three carboxylic acids. Moreover, CNC crystallinity was partially saved thanks to the presence of the reagent. Up to our knowledge, it is the first time that esterification of CNC is proposed by mechanochemistry. In this Chapter III, mechanochemistry was performed on commercial cellulose nanocrystal and cellulosic fibres with three different carboxylic acids. The perspectives will consist to a deeper understanding of the phenomena occurring during the treatment to explain the observed differences between the samples. This work demonstrated the possibility of extracting cellulose nanocrystals through a fast and straightforward method, using a reduced quantity of solvent (initial fibre concentration = 62 wt%). Moreover, the green solvent used is composed of oxalic acid dihydrate and choline chloride; both are non-toxic, cheap and naturally available. In the molar ratio of 1:1, they formed a natural deep eutectic solvent with a low melting temperature. Thus, the reaction can be initiated without thermal input. During this one-step extraction process, shearing and impact forces provided by the milling allow: (i) the amorphous cellulose hydrolysis and the obtention of highly crystalline CNC, and (ii) the surface esterification of these biosourced nanomaterials. Compared to classic methods, anionic cellulose nanocrystals keep high thermal stability (Td= 338 °C). CNC are extracted with a yield of 65 %, much more important than yields obtained for CNC extracted with NADES or sulfuric acid hydrolysis, 40 and 50%, respectively. All of these factors could reduce both the cost of production of cellulose nanocrystals and the negative environmental impact, thereby promoting the market adaption of this renewable nanomaterial. In this Chapter IV, very important results were obtained regarding the cellulose nanocrystals extraction and modification. The main perspective will consist to the scale-up of the process into a pilot-scale production.

In conclusion, this work provides interesting results regarding the extraction of cellulose nanocrystals and their modification by Deep Eutectic solvents. Surface cellulose modification was studied by using mechanochemistry principles. Finally, a new process to obtain a high yield modified CNC was designed by combining NADES and mechanical treatments. We hope that this study can be considered as an important step in cellulose nanocrystals extraction and modification fields, and allow a sustainable growth for the production of nanocellulosic materials.
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Contexte général

Des avancées significatives dans le domaine de la science des matériaux ont été réalisées au cours du XXe siècle, notamment dans l'industrie des polymères synthétiques. Ces derniers, appelés couramment « plastiques » sont des contaminants anthropiques qui affectent les écosystèmes naturels. En 2015, sur l'ensemble des déchets plastiques produits depuis 1950 (6 300 Mt), seuls 9 % ont été recyclés, tandis que 12 % ont été incinérés et 79 % se sont accumulés dans les milieux naturels (Geyer et al., 2017). De plus, l'extraction de combustibles fossiles libère des quantités importantes de gaz à effet de serre, accélérant le réchauffement climatique. Sans considérer que ces ressources polluantes sont limitées en quantité car non renouvelables à l'échelle de la vie humaine. Ainsi, le développement de matériaux respectueux de l'environnement à partir de ressources renouvelables pour remplacer les produits pétroliers sont au coeur des recherches scientifiques. Les nanomatériaux ont une surface spécifique élevée, impliquant que leurs dimensions nanométriques sont plus réactives que dans leur état classique. Ainsi, la production de nanoparticules est un domaine actuellement en plein essor. Les nanomatériaux montrent des propriétés physiques, mécaniques, thermiques, électriques, magnétiques et optiques dépendantes directement de la taille des éléments. Celles-ci peuvent différer fondamentalement de celles du matériau à l'échelle macroscopique, tel qu'il a été exploité jusqu'à présent. De plus, les nanomatériaux trouvent des applications dans plusieurs secteurs (santé, électronique, alimentaire, industrie des transports, etc.).

La cellulose ou β(1-4) D-anhydroglucopyranose est le polymère biosourcé le plus abondant sur terre. Il est utilisé depuis des millénaires dans la société humaine pour plusieurs applications. La cellulose peut être extraite d'une grande variété de sources : du bois (source principale), des plantes annuelles (coton, chanvre, etc.), mais aussi de micro-organismes (cellulose bactérienne) et d'animaux (tunicier).

Dans la biomasse végétale, la cellulose est produite par photosynthèse à partir de dioxyde de carbone, d'eau et de la lumière solaire. Notre société utilise des matériaux cellulosiques depuis des milliers d'années et continue à le faire aujourd'hui à travers l'énorme industrie mondiale des produits forestiers, du papier, des textiles, etc. La production annuelle de cellulose s'élève à 10 11 tonnes, mais seulement 5% de celle-ci en serait extrait et utilisé en industrie (Belgacem & Pizzi, 2016).

Deux sortes de nanocelluloses peuvent être extraites de la biomasse végétale : les nanofibrilles de cellulose (CNF) et les nanocristaux de cellulose (CNC) (Figure RF-1). Leurs morphologies et propriétés dépendent fortement de la source de cellulose et du traitement utilisé. Les CNC sont des particules en forme de « grain de riz », rigides et sont très cristallins. Ils ont été extraits pour la première fois en 1950 par hydrolyse acide de la partie amorphe de la cellulose (Rånby & Ribi, 1950). En opposition, les CNF sont obtenues mécaniquement à partir de fibres cellulosiques, elles sont flexibles et ont une morphologie de « spaghetti ». Elles ont été isolées et analysées pour la première fois en 1982 par Turbak et al. (Turbak et al., 1982) et Herrick et al. en 1983(Herrick et al., 1983). Les nanoparticules cellulosiques ont un facteur de forme important (longuer/diametre), une faible densité et pourtant des propriétés mécaniques élevées et une surface très réactive en raison de la forte densité de groupements hydroxyles de la molécule de cellulose (Dufresne, 2017). De plus, ils sont biosourcés et biodégradables. Les CNC et les CNF ont fait l'objet d'un intérêt croissant ces dernières décennies. En effet, entre 1990 et 2019, les publications les concernant ont cru annuellement de 29% et 26 % par an (Tardy et al., 2021). Ces données montrent l'intérêt de ces nanomatériaux biosourcés. (Dhali et al., 2021;Reverdy, 2017) Les nanocelluloses possèdent des groupement hydroxyles à leur surface. Cette caractéristique facilite leurs modifications chimiques de surface et le greffage d'espèces chimiques.

Différentes techniques peuvent être utilisées pour fonctionnaliser les surfaces des nanocelluloses et permettre leur utilisation dans plusieurs domaines d'applications. Parmi ces techniques, nous pouvons notamment citer : l'adsorption, le greffage de molécules ou de macromolécules et l'oxydation. Cependant, les modifications chimiques augmentent souvent le nombre d'étapes du procédé et peuvent nécessiter l'utilisation de réactifs et de solvants nocifs pour l'environnement et les opérateurs. Parmi les solutions existent pour relever ces défis, deux sont essentielles. Premièrement, préférer les procédés avec un minimum d'étape de réaction. Deuxièmement, s'appuyer sur les 12 principes de la chimie verte (Anastas & Warner, 1998) pour garantir un procédé durable, respectueux de l'environnement et assurant l'aspect vert de ces nanomatériaux biosourcés.

Environnement de thèse et organisation du manuscrit

L'objectif de ce projet de thèse était de contribuer aux connaissances sur la modification de la cellulose et à la recherche de nouvelles voies de traitement pour l'obtention des nanocelluloses, avec pour objectif d'utiliser les principes de la chimie verte.

Les trois principaux défis scientifiques discutés dans ce manuscrit sont : (i) développer des traitements innovants pour extraire la nanocellulose de plusieurs sources végétales ; (ii) trouver de nouvelles voies de modification de la cellulose pour apporter de nouvelles fonctionnalités à ce polymère ; (iii) combiner l'extraction et la modification de la nanocellulose dans un traitement en une seule étape pour surmonter l'inconvénient des processus actuels. Principales évolutions dans les domaines de cette thèse de doctorat au cours des trois dernières années (2018)(2019)(2020)(2021) Le chapitre I a proposé une revue bibliographique des procédés classiquement utilisés pour produire des nanocelluloses (NC). L'organisation spécifique de la cellulose dans les cellules végétales permet l'extraction de nanocristaux de cellulose (CNC) et de nanofibrilles de cellulose (CNF) par l'approche descendante. Ces dernières décennies, les recherches se sont concentrées sur de nouvelles façons d'extraire et de modifier la nanocellulose, et si possible, la combinaison des deux procédés en une seule étape de traitement.

Les nanocristaux de cellulose sont principalement extraits par hydrolyse acide à l'aide d'acides minéraux (H 2 SO 4 , HCl, H 3 PO 4 , HBr ; (Dufresne, 2017)). Ce procédé bien connu et optimisé permet l'obtention de nanoparticules à l'échelle laboratoire et à l'échelle pilote. Cependant, l'industrialisation de ce procédé reste difficile en raison de la corrosion des équipements, de la dégradation accrue des matériaux cellulosiques et de la difficulté à récupérer l'acide. Pour ces raisons, depuis une décennie, des acides organiques ont commencé à être utilisés. D'abord dissous dans un solvant, puis employés sous leurs formes fondues, ils ont prouvé leur capacité à dégrader la partie amorphe de la cellulose et à permettre l'extraction de nanocristaux de cellulose.

Parallèlement à cela, les solvants eutectiques profonds (Deep Eutectic Solvents : DES) ont été découverts en 2003 par Abbott et al. (Abbott et al., 2003). Ces solvants peuvent être formés en mélangeant un donneur de liaison hydrogène et un sel d'ammonium quaternaire (Smith et al., 2014). En 2016, J.A. Sirviö et son équipe ont été les premiers à rapporter l'extraction de CNC en utilisant un DES composé d'acide oxalique dihydrate et de chlorure de choline (Sirviö et al., 2016). Au début de ce projet de thèse, en octobre 2018, seules 14 publications mentionnaient l'extraction CNC par des DES. Au terme de celui-ci (octobre 2021), ce nombre a triplé mais reste faible, avec seulement 46 publications. Ces données s'expliquent par la nouveauté de ce type de traitement pour les matières cellulosiques. La majorité des publications parues au cours de ces trois dernières années mentionnaient la possibilité d'utiliser de nouveaux DES et leur capacité à hydrolyser la partie amorphe de nombreux matériaux cellulosiques (Jiang et al., 2020;Ling et al., 2019) Ces films pourraient être utilisé dans des applications où une transmittance élevée est nécessaire, comme par exemple, l'industrie de l'emballage ou comme substrat pour l'électronique imprimée. Le recyclage des solvants combiné à la valorisation des sous-produits peut réduire le coût global de production CNC.

En conclusion, les NADES peuvent être considérés comme des solvants verts en raison de leur non-volatilité et de leur faible toxicité, de leur recyclabilité et de leur biodégradabilité. Ils ont montré des résultats prometteurs pour l'extraction CNC avec un rendement satisfaisant. Cependant, ce procédé a nécessité des temps de traitement longs et une température de réaction assez élevée. De plus, en raison de la viscosité du solvant, la concentration initiale en fibres est faible, et donc une grande quantité de solvant est utilisée pour chaque traitement. Pour mieux correspondre aux principes de la chimie verte, les conditions idéales pour l'extraction de la nanocellulose et la modification de la cellulose seraient des temps de réaction courts, à basse température, avec un minimum de réactif et de solvant. Pour cette raison, les principes de la mécanochimie ont été utilisés dans la partie suivante afin d'effectuer des modifications de surface sur des matériaux cellulosiques.

• Chapitre III : Modification de la cellulose par mécanochimie.

La recherche d'une nouvelle façon de modifier la cellulose à fait l'objet du Chapitre III. En utilisant les principes de la mécanochimie (un procédé vert n'utilisant ni produit dangereux, ni solvant) des nanocristaux de cellulose et les fibres cellulosiques ont été modifiés. La Figure RF-6 met en évidence les principaux résultats et perspectives de ce chapitre.

Dans le Chapitre III.1, il a pu être observé que le procédé de broyage intensif a des effets différents sur les composés utilisés dans les expériences de mécanochimie. Presque aucune modification chimique ne se produit pendant le broyage des acides carboxyliques, même si une déshydratation de l'acide citrique monohydraté a été observée. Concernant les fibres cellulosiques, la principale modification se situe au niveau morphologique avec la perte de « l'aspect fibreux » ; l'échantillon de cellulose broyé était alors composé de minuscules éléments En conclusion, le traitement mécanique en présence d'acides carboxyliques permet le broyage des fibres cellulosiques en particules micrométriques et cristallines grâce à la combinaison de la mécanolyse et de l'hydrolyse acide.

• Chapitre IV : Extraction de nanocelluloses par une combinaison de mécanochimie et de solvent eutectique profonds.

Le Chapitre IV a présenté un procédé en une seule étape pour la production de nanocristaux de cellulose par la combinaison de la mécanochimie et solvants eutectiques profonds naturels. La Les CNC sont extraits avec un rendement de 65 %, bien plus important que les rendements obtenus pour les CNC extraits par NADES ou par hydrolyse à l'acide sulfurique qui sont respectivement de 40 et 50 %.

Tous ces facteurs pourraient réduire à la fois le coût de production des nanocristaux de cellulose et l'impact environnemental négatif, favorisant ainsi l'adaptation au marché de ce nanomatériau renouvelable. Enfin, ce processus pourrait être facilement développé à l'échelle industrielle.

En conclusion, ce travail fournit des résultats intéressants concernant l'extraction de nanocristaux de cellulose et leur modification par des solvants eutectique profond. De plus, la modification de la surface de la cellulose a été étudiée en utilisant les principes de la mécanochimie. Toutefois, le résultat le plus important concerne le nouveau procédé conçu pour obtenir des CNC modifiés avec un rendement élevé en combinant NADES et traitements mécaniques. Cette étude peut être considérée comme une étape importante dans les domaines de l'extraction et de la modification des nanocristaux de cellulose, et permettra une croissance durable pour la production de nanomatériaux cellulosiques. 
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Fourier Transformed InfraRed spectrometry (FTIR). Infrared spectra were obtained using a Perkin-Elmer Spectrum 65 instrument (PerkinElmer, USA). For native NADES (NADES-R0) and recycled NADES (NADES-R1 and NADES-R2), a drop of NADES was deposited between two NaCl crystal windows; the measurement was recorded in transmission between 500 and 4000 cm - 1 , 16 scans were realised.

X-Ray Diffraction (XRD). X-Ray Diffraction measurements were realised using an X'Pert Pro MDP instrument (Malvern Panalytical) in reflection mode with the Bragg Brentano geometry. The anode was composed of copper, and the wavelength was 1.5419 Angström.

In our study, any impurity was detected in the NADES by liquid FT-IR spectra even after three recycling (Figure II-SI-1). During the water evaporation of the diluted NADES, a precipitate appeared and was filtrated from the recycled NADES obtained with a T2 fritted glass. The retained precipitate, was washed four times using ethanol and dry overnight at 40°C in an oven ( After the last step of NADES recycling, diluted NADES can be store at ambient or cold temperature to allows the recrystallisation of oxalic acid dihydrate. Big oxalic acid dihydrate crystals appear if the diluted NADES was stored for an extended period under ambient temperature. Recrystallisation enables the obtention of high purity products, as confirmed by X-Ray diffraction analysis with the comparison of recrystallised and commercial OAD. 

Résumé

De nos jours, les nanocelluloses sont une des priorités de la bioéconomie européenne comme en témoignent les nombreux investissements industriels du domaine et l'augmentation de nombre de revues scientifiques publiées chaque année. Le greffage d'une fonction chimique sur ces nanoéléments leur confère de nouvelles fonctions attractives comme le montre le développement des nanocelluloses ioniques. La préparation de ces matériaux reste toutefois problématique quand il s'agit de passer à une échelle industrielle pour des raisons de coût et/ou de toxicité des réactifs et des solvants. C'est pourquoi l'utilisation de solvants eutectiques profonds (DES) et des principes de la mécanochimie ont été des pistes innovantes étudiées dans ces travaux de thèse pour l'obtention de nanocelluloses. Cette étude a confirmé la possibilité d'extraire des nanocristaux de cellulose (CNC) fonctionnalisés en une étape à partir de deux DES composés de chlorure de choline avec de l'acide citrique ou oxalique. Un plan d'expérience a permis l'optimisation de ce procédé et les résidus cellulosiques ont pu être valorisés pour fabriquer des nanofibrilles de cellulose (CNF) dans un concept de bioraffinerie, transformant ainsi plus de 95% de la cellulose en nanocellulose. L'impact de la mécanochimie sur les matériaux cellulosiques a également été confirmé par une dégradation de la cristallinité et du degré de polymérisation. Ce procédé sans solvant et sans catalyseur a permis l'estérification des nanocristaux de cellulose qui a été prouvée par des techniques de caractérisations chimiques. Finalement un procédé innovant a permis l'obtention de nanocristaux de cellulose fonctionnels avec un très fort rendement. Mots clés : Nanocellulose, Solvant Eutectique profond, Estérification en surface, Mécanochimie.

Abstract

Nowadays, nanocelluloses are one of the priorities of the European bioeconomy, as evidenced by the numerous industrial investments in the field and the increase in the number of scientific journals published each year. The grafting of a chemical function on these nano-elements gives them new attractive functions, as shown by the development of anionic nanocelluloses. However, the preparation of these materials, remains problematic when it comes to moving to an industrial scale for reasons of cost and/or toxicity of reagents and solvents. This project consists of the use of innovative ways of treatment for obtaining surface modified nanocelluloses. This is why acidic natural deep eutectic solvents (DES) and the principles of mechanochemistry were studied in this thesis work. This study confirmed the possibility of extracting one-step functionalized cellulose nanocrystals (CNC) from two deep eutectic solvents composed of choline chloride with citric acid monohydrate or oxalic acid dihydrate with a 1 to 1 molar ratio. A design of experiment enabled the optimization of this process. Moreover, the cellulosic residues could be used to extract cellulose nanofibrils (CNF) in a biorefinery concept, thus transforming more than 95 % of the cellulosic fibres into nanocelluloses. The impact of mechanochemistry on cellulosic materials has also been confirmed by degradation of crystallinity and degree of polymerization. This solvent-free and catalyst-free process allowed the esterification of cellulose nanocrystals, which has been proven by chemical characterization technics.

Finally, an innovative process made it possible to obtain functional cellulose nanocrystals with a very high yield. Key words: Nanocellulose, Deep Eutectic Solvents, Surface esterification, Mechanochemistry.

  Le Gars, L. Douard, N. Belgacem, and J. Bras, 'Cellulose Nanocrystals: From Classical Hydrolysis to the Use of Deep Eutectic Solvents', in Smart Nanosystems for Biomedicine, Optoelectronics and Catalysis, T. Shabatina and V. Bochenkov, Eds. IntechOpen, 2020. doi: 10.5772/intechopen.89878. Patent L. Douard, J. Bras, and N.M. Belgacem, 'Nanocellulose extraction by combining Mechanochemistry and NADES', Patent submission: B04682 FR-RT2021098.
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 1 Figure GI-1: European nanotechnology R&D expenditures between 2008 and 2018. Data extracted from Key Nanotechnology Indicators -OECD, 2020.

Figure

  Figure GI-2: TEM images and schematic representations of cellulose nanocrystals and cellulose nanofibrils.

Figure

  Figure GI-3: Non-cumulative evolution of the number of publications dealing with nanocelluloses (CNC and CNF) (Source : SciFinder-n, September 2021 -Descriptors: CNC-cellulose nanocrystal, cellulose whiskers; NFC-cellulose nanofibrils, cellulose microfibrils -Language: English).
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 5 Figure GI-5: Schematic view of the manuscript organisation.

Figure I - 1 :

 1 Figure I -1: Schematic representation of the organization of chapter I

  Figure I -2 plots the number of scientific publications and patents related to cellulose nanocrystals and cellulose nanofibrils. Those data show the exponential interest in these biobased nanomaterials.

Figure I - 2 :

 2 Figure I -2: Non-cumulative evolution of the number of publications dealing with nanocelluloses (CNC and CNF) (Source : SciFinder, September 2021 -Descriptors : CNC: cellulose nanocrystal, cellulose whiskers; NFC: cellulose nanofibrils, cellulose microfibrils -Language : English)

  2. Moreover, Figure I -3 gives a schematic representation of the organisation of cellulose chains on wood sources.

Figure I - 3 :

 3 Figure I -3: Schematic representation of the wood structure, from the macroscopic organization to cellulose chains (extracted from Banvillet, 2021).

Figure I - 4 :

 4 Figure I -4: Molecular structure of cellulose, cellobiose and anhydroglucose units.

Figure I - 6

 6 Figure I -6: A. Unit cell of native cellulose with the different lattice parameters (adapted from[START_REF] Hon | Cellulose: a random walk along its historical path[END_REF]; and B. schematic presentation of the organization of the cellulose chains in the Iα allomorph of cellulose crystals and the shape of the complete crystal formed[START_REF] Lehtio | The binding specificity and affinity determinants of family 1 and family 3 cellulose binding modules[END_REF].

  Figure I -7-C.

Figure I - 7

 7 Figure I -7: X-ray diffraction spectra of Avicel PH-101 illustrating the three most common methods for calculating CrI: A. Peak height method; B. peak deconvolution method; and C. amorphous subtraction method. The XRD data were collected using CuKα radiation. Adapted from Park et al., 2010.
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 8 Figure I -8: Cotton cellulosic fibres: A. Optical image; B. SEM images; C. Statistical analysis of morphologies.

Figure I - 9 :

 9 Figure I -9: Schematized methods to isolate cellulose nanofibrils (CNF) and cellulose nanocrystals (CNC).

Figure

  Figure I -10: Schematic illustration of the cellulose nanofibrils isolation by pre-treatment and main mechanical treatment steps.

Figure I - 11 :

 11 Figure I -11: Photographs of common mechanical devices used to produce CNF -A. Microfluidizer (www.microfluidicscorp.com) -B. Homogenizer (www.gea.com) -C. Ultrafine Grinder (www.masuko.com).

Figure I - 12

 12 Figure I -12 presents a schematic illustration of the cellulose nanocrystal isolation procedure via classical sulfuric acid hydrolysis. This process introduces negatively charged half-ester sulphate groups on the CNC surface, inducing repulsive forces between CNCs, and allowing colloidal suspension stability.

Figure I - 12 :

 12 Figure I -12: Schematic illustration of cellulose nanocrystals isolation via classical sulfuric acid hydrolysis and sonication.

  biphasic domain and the cholesteric domain, as represented in Figure I -13-a. Each domain has its specificities, and a CNC suspension can pass through one domain on another one, just by changing the concentration of the suspension. Solid-state films showing interesting photonic properties can be obtained from liquid crystalline suspension by controlling each stage of drying: from an initial isotropic suspension to a fully cholesteric phase (Figure I -13-c) and finally to the solid state (Figure I -13-d). The cholesteric phase in suspension is translated into the resultant film, as confirmed by the characteristic Bouligand arches (Bouligand, 1972) observed in cross-section by electron microscopy (Figure I -13-e).

Figure I - 13 :

 13 Figure I -13: Schematic of the self-assembly of a CNC suspension upon evaporation to form a structurally coloured film extracted from Parker et al., 2018: a) Phase diagram showing the transition from isotropic to cholesteric phase (blue dots) upon increasing CNC concentration and the corresponding equilibrium pitch (red diamonds). b) Atomic force microscopy image of individual cellulose nanocrystals. c) Polarized optical microscopy image of a typical fingerprint pattern of the cholesteric phase. d) Photograph of a blue film, and (e) its corresponding SEM crosssection showing the characteristic Bouligand.

  Both CNCs and CNFs have interesting rheological properties in suspension (Figure I -14-C.). When these suspensions are dry under control conditions, films casting are obtained (Figure I -14-A.). CNF suspensions can also be filtered to form dense nanopapers. CNF aerogels and cryogels are very porous system; nanometric and micrometric pores scales can be obtained by solvents exchange and sublimation (Figure I -14-B.&D.). Finally, dry nanocelluloses can be used as additives and reinforcement in nanocomposites (Figure I -14-E.).

Figure

  Figure I -14: Illustration of the different nanocellulose applications associated with their shaping. A.iridescent CNC film plasticized with Poly(Ethylene Glycol)[START_REF] Bardet | Flexibility and Color Monitoring of Cellulose Nanocrystal Iridescent Solid Films Using Anionic or Neutral Polymers[END_REF]; B.-SEM images of the cross-section of TEMPO-CNF Cryogel[START_REF] Michel | Production and Mechanical Characterisation of TEMPO-Oxidised Cellulose Nanofibrils/β-Cyclodextrin Films and Cryogels[END_REF]; C.-Aqueous cellulosic suspension observed between crossed polarizers(Araki & Kuga, 2001); D.-TEMPO-CNF aerogel(Darpentigny et al., 2020); E.-AFM images of Alberta Innovates Technology Futures CNC(Reid et al., 2017).

Figure I - 15 :

 15 Figure I -15: Strategies used for physical and chemical functionalisation of nanocellulose.Adsorption: 1-Cyclodextrins[START_REF] Michel | Production and Mechanical Characterisation of TEMPO-Oxidised Cellulose Nanofibrils/β-Cyclodextrin Films and Cryogels[END_REF]; 2-Proteins[START_REF] Lombardo | Thermodynamics of adsorption on nanocellulose surfaces[END_REF]; 3-Polyelectrolytes[START_REF] Raj | Effect of polyelectrolyte morphology and adsorption on the mechanism of nanocellulose flocculation[END_REF]. Single molecule: 4-Phosphorylation(Ghanadpour et al., 2015), 5-Esterification(Espino-Pérez et al., 2014), 6-Etherification(Hasani et al., 2008), Silylation(Grunert & Winter, 2002). Grafting "from": 7-Polystyrene[START_REF] Espino-Pérez | Nanocomposites with functionalised polysaccharide nanocrystals through aqueous free radical polymerisation promoted by ozonolysis[END_REF]), 8-Polylactic acid (Goffin et al., 2011), 9-Poly(4-vinylpyridine) (Kan et al., 2013). Grafting "onto": 10-Maleated polypropylene

Figure I - 16 :

 16 Figure I -16: Detailed mechanism of the esterification reaction between an alcohol and a carboxylic acid, with acid catalysis.

  Figure I -17-B.) at about 78°C. It melts at 156°C and decomposes above 175°C. Citric acid can be dehydrated at 170°C to form two products: trans-aconitic acid (trans-AA) (Figure I -17-A.) or citric acid anhydride (Figure I -17-C.).

Figure I - 17

 17 Figure I -17: A. Aconitic Acid -B. Citric Acid -C. Citric Acid Anhydride.

Figure

  Figure I -18: Reaction mechanisms of cellulose citrate.

  Figure I -19 illustrates the following mechanism of TEMPO oxidation on cellulosic materials with the classical system TEMPO/NaBr/NaClO and the monomer of cellulose.

Figure

  Figure I -19: General mechanism of TEMPO oxidation on cellulosic materials using TEMPO/NaClO/NaBr system(Saito & Isogai, 2006).

  -and the sodium bromide allows the formation of a hypobromite ion BrO -(Figure I -19-a) (ii) The BrO -ion reacts with the TEMPO radical to form the nitrosonium salt, which is the first oxidizing agent of cellulose (Figure I -19-b) (iii) The nitrosonium salt react with the primary hydroxyl group of cellulose on C6 position to oxidize it into aldehyde (Figure I -19-c). (iv) The aldehyde is oxidized again by TEMPO radical in carboxylate groups (Figure I -19-d) (v) TEMPO radical is continuously regenerated by hypobromite ion, itself regenerated by the hypochlorite ion ClO -(Figure I -19-a).

  Similarly to Ionic liquids (ILs), DES are also called "design solvents" in reference to the large number of possible combinations allowed by mixing two or more compounds in different ratios and giving different properties to each formed mixtures. The expansive growing interest for natural deep eutectic solvents and other DES is highlighted in Figure I -20 by the numbers of publications released each year and compared to those of ionic liquids and molten salts.

Figure I - 20 :

 20 Figure I -20: Number of articles and books released each year dealing of NADES, DES, ILs, and molten salts, these last thirty years.Extracted from SciFinder n in January 2021 using respectively the following terms : "NADES", "Natural Deep eutectic Solvent"; "DES", "Deep Eutectic Solvent"; "ILs", "Ionic Liquids"; "Molten Salts".

  Figure I -21-A, allows to visualize the drastic decrease of the melting temperature for two compounds (A and B) mixture according to different molar ratios. Figure I -21-B&C highlights the impact of the composition on the melting point of different mixtures composed of choline chloride/urea or choline chloride/carboxylic acids.

Figure I - 21

 21 Figure I -21: A-Theoretical phase diagram between two compounds able to form a Deep Eutectic Solvent; B-Freezing point of choline chloride/urea mixtures as a function of composition (Extracted fromAbbott et al., 2003); C-Freezing point of choline chloride/carboxylic acid mixtures as a function of composition (Extracted fromAbbott et al., 2004).

Figure

  Figure I -22 illustrates the Hydrogen bond acceptor and hydrogen bond donor sites in two molecules that composed the most used Natural Deep Eutectic Solvents for cellulose nanocrystals extraction. As illustrated, choline chloride, the most used quaternary ammonium in DES, especially due to its low cost and non-toxicity, has one hydrogen bond donors and one hydrogen bond acceptor sites.

Figure I - 22 :

 22 Figure I -22: Highlighting of the different hydrogen bond donor and hydrogen bond acceptor sites in two molecules.

  Figure I -23 illustrates these 24 principles and their acronyms: PRODUCTIVELY & IMPROVEMENTS.

Figure I - 23 :

 23 Figure I -23: The condensed twelve principles of -Green Chemistry and -Green Engineering.

  K.Wang et al., 2020 OAD: Oxalic acid dihydrate -CC: Choline Chloride -Ah: aminoguanidine hydrochloride -G: Glycerol -CNC: cellulose nanocrystals -DP: degree of polymerisation -CDAC: charge content.

Figure I - 24 :

 24 Figure I -24: Visual aspect of Deep Eutectic Solvent after different cycle of recycling: A. Original Ah:G DES (left) and recycled DES after one to five times re-used (extracted from P.Li et al., 2018); B. Original OAD:CC DES (left) and recycled DES after one to three times re-used (extracted from X.Yang et al., 2019).

FA

  Chloride -FA: Formic Acid -AA: Acetic acid -MA: Malonic Acid -CA: Citric acid -OA: Oxalic Acid -OAD: Oxalic Acid Dihydrate -G: Glycerol -LA: Lactic Acid Deep Eutectic Solvent to cellulose nanocrystals extraction

  CNC morphologies is shown inFigure I -25.

Figure I - 25 :

 25 Figure I -25: TEM and AFM images of cellulose nanocrystals extracted using DES. Extracted from Le Gars et al., 2020: a) ChCl:OAD 1:1 -2h -100°C; b) ChCl:OAD 1:1 -4h -100°C(Sirviö, Visanko, and Liimatainen, 2016); c) ChCl:OAD 1:1 -6h -100°C(Sirviö, Visanko, and Liimatainen, 2016); d) ChCl:OAD 1:1 -2h -120°C(Sirviö, Visanko, and Liimatainen, 2016) ; e) ChCl:OAD 1:1 -1h -100°C(Ling et al., 2019); f) ChCl:OAD 1:2 -1h -100°C(Ling et al., 2019); g) ChCl:OAD 1:3 -1h -100°C(Ling et al., 2019); h) ChCl:OAD 1:4 + cat : FeCl3.6H2O (0.15 mmol/gDES) -6h -80°C (X.Yang et al., 2019); i) ChCl:OAD 1:4 + cat : FeCl3 . 6H2O (0.3 mmol/gDES) -6h -80°C(Yang et al., 2019); j) ChCl:OAD 1:1 -30 min -100°C(Laitinen et al., 2017) ; k) Microwave assisted ChCl:OAD 1:1 -3 min -80°C(Liu et al., 2017); l) Microwave assisted ChCl:OAD 1:1 -3 min -90°C(Liu et al., 2017) ; m) Microwave assisted ChCl:OAD 1:1 -3 min -100°C (Y.Liu et al., 2017); n) Guanidine hydrochloride:Anhydrous phosphoric acid 1:2 -24h -room temperature(Sirviö, 2019); o) Aminoguanidine hydrochloride : Glycerol 1:2 -10 min -70°C(Li et al., 2018); p) Aminoguanidine hydrochloride:Glycerol 1:2 -10 min -70°C(Li et al., 2018).
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 26 Figure I -26: AFM et TEM Images of charged cellulose nanocrystals extracted using different organic acid under different methods Scale: 500 nm. Data extracted from : A-Bian et al., 2017; B-Chen et al., 2016; C-D. Li et al., 2017; D-Jia & Liu, 2019 ; E-Sirviö et al., 2016 ; F-X. Yang et al., 2019. NC: noncalculated. 

  The use of polycarboxylic acids as esterification reactant allows the production of anionic CNCs with carboxylate groups on the surface. CNCs thus obtained are electrostatically stabilized in aqueous suspensions due to the repulsion of the negatively charged carboxylate competing with aggregation phenomena which are predominant for uncharged (neutral) particles (Figure I -27).
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 27 Figure I -27: Schematic representation of the effect of surface charges on CNC suspension stability.

Figure

  Figure I -28: Direct comparison between Tribochemistry and Mechanochemistry principles.

Figure

  Figure I -29: High-energy mill devices: A. Attritor -B. Vibratory mill -C. Drum mill -D. Planetary mill.

Figure

  Figure I -29-C.

  Figure I -30.

Figure

  Figure I -30: Mechanolysis of cellulose polymer and formation of two free radicals by the β(1-4) homolytic cleavage.

  Figure I -31-B. If the mechanical activation took place under the presence of oxygen, then oxygenation can occur, and peroxy-radicals are detected by ESR analysis (Laçin et al., 2019) (Figure I -31-C). In opposition, if the mechanical treatment was done under an inert atmosphere, other reaction mechanisms occur as: hydrogen abstraction followed by crosslinking (Figure I -31-A) or dehydration

Figure

  Figure I -31: Schematic representation of the most common mechanoradicals futures: A. Crosslinking; B. Recombination; C. Oxygenation. With G: AGU unit and O: Oxygen atom.

  55 DMF: N,N-Dimethylformamide-PFBC: Pentafluoro benzoyl chloride -DS: Degree of substitution -DSf: Fatty acid degree of substitution -CRSAA: conversion rate of Succinic acid -AA: Acetic Anhydride -OlA: Oleic Acid -LA: Lauric Acid -PA: Palmitic acid -NAI: N-acetylimidazole -EDC-HCl: Carbodiimide hydrochloride.

  As mentioned before, cellulose esterification by a mechanical process can be done inside solvents or in free-solvent conditions. Depending on treatment conditions, nanocelluloses can be extracted from cellulosic fibres (cellulose nanocrystals, cellulose nanofibrils and cellulose nanoparticles), some examples are illustrated in Figure I -32, and an overview of the different treatment conditions used in the literature is given in Table I-14.

Figure

  Figure I -32: A-SEM image of CNF (extracted from[START_REF] Sofla | A comparison of cellulose nanocrystals and cellulose nanofibres extracted from bagasse using acid and ball milling methods[END_REF]; B-TEM image of CNC (extracted fromLu et al., 2015); C-SEM image of CNC (extracted from L.Tang et al., 2013); D-AFM image of CNF (extracted from[START_REF] Kang | Thin Cellulose Nanofiber from Corncob Cellulose and Its Performance in Transparent Nanopaper[END_REF]; E-TEM image from CNF (P.Huang et al., 2012) 
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  general procedure is described in Figure 

Figure

  Figure II-2: Graphical description of the design of experiment approach for the optimisation of cellulose nanocrystal extraction using acidic Natural Deep Eutectic Solvent.

Figure

  Figure II-3-A, whereas the coefficient p-values and regression coefficient are shown in Figure II-3-B.

Figure

  Figure II-3: A. Surface response of the yield -B. Regression coefficients and p-values of the coefficients.

(

  Dufresne, 2017) and those obtained by ChCl:OAD treatment(Ling et al., 2019; Y. Liu et al., 2017). TEM and AFM images of our cellulose nanocrystals are displayed in Figure 

Figure

  Figure II-4: Cellulose nanocrystals after treatment with ChCl:OAD (1:1), 95°C, 8 h 13 min: -Left. TEM image -Right. AFM image

  ). After the ChCl:OAD 1:1 treatment, the residual fibres exhibited a mean length divided by five and a number of fines multiplied by thirty-eight compared to the initial values, which confirmed the fragmentation capacity of NADES. Scanning electron microscopy images of fibres before and after treatment are shown in Figure 

Figure

  Figure II-5: SEM images of reference cotton fibres (left) and residual fibres after 8 h 13 min of treatment at 95°C (right)

Figure

  Figure II-6: Fine mean length contained in the residual fibre suspension (measured in triplicate with ChCl:OAD 1:1, 8 h 13 min, 95°C treatment conditions)

Figure II- 7 :

 7 Figure II-7: Infrared spectra of cotton cellulosic fibres and residual fibres after 8 h 13 min of treatment at 95°C.

  Figure II-8-A, and the coefficient p-values and regression coefficient are shown in Figure II-8-B.

Figure

  Figure II-8: A. Surface response of the crystallinity (c= 2%) -B. Regression coefficients and p-values of the coefficients.

Figure II- 9 :

 9 Figure II-9: Overlay of the contour diagrams for the two studied responses: Yield% and Crystallinity% (c=2%).

Figure

  Figure and AFM (right) images of CNCs obtained after 6 h of treatment at 95°C with a fibre concentration of 2%.

  Yield and main characterisations are then detailed in this work. A representative image of the anionic CNC extraction is given in Figure II-11.

Figure II- 11 :

 11 Figure II-11: Graphical description of the anionic cellulose nanocrystal's extraction using Natural DeepEutectic Solvent in a one-pot process.

Figure

  Figure II-12: Flowchart of the CNC extraction by Acidic Natural Deep Eutectic Solvent.

Figure

  Figure II-13: Example of conductometric titration and determination of the equivalent volume.

  Some treatments have been realized in triplicated with various operator to evaluate the treatment reproducibility. The different yields of each suspension for the different treatment times are given in Figure II-14.

Figure II- 14 :

 14 Figure II-14: Yield of CNC, sedimented particles and non-sedimented particles according to the time of treatment and using microcrystalline cellulose.

  CNCs extracted after different times of treatment show similar morphology; the more representatives TEM images are shown in Figure II-15, their individuals' lengths are measured from TEM images on isolated CNC only (reported in TableII-6). Increasing the time of treatment allows to decrease in a first time the CNC length and reduces the aggregate, while after 6 hours of treatment, no change in the morphological features was detected.

Figure

  Figure II-15: TEM images of CNC produced by acidic NADES: A. A-2h-120-CNC; B. A-6h-120-CNC; C. A-16h-120-CNC.

Figure

  Figure II-16: FTIR spectra of CNC obtained after different time of treatment.

  7. The scan spectra of C1s of the Microcrystalline Cellulose powder and the CNC produced by the acidic NADES treatment for 16 hours are presented in Figure II-17. Spectra are decomposed into four peaks characteristics of the cellulose, namely, C1(C-C), C2 (C-O), C3 (C=O or O-C-O) and C4 (O=C-O). The two spectra present high differences, especially regarding the C1s peak; the value of each peak on a percentage of the total area is given in Table II-7. Indeed, the grafting of the citric acid molecules increases the number of C-C bonds existing in the sample and thus C-C peak contribution increases. The O-C-O peak decrease can be associated with the hydrolysis of the glucosidic bonds in cellulose chains, while the increase of the O=C-O peak intensity indicates once more the esterification success.

Figure II- 17 :

 17 Figure II-17: C1s spectra decomposition of MCC (left) and CNC produced from MCC after 16h of treatment at 120°C (right) obtained by XPS analysis.

Figure

  Figure II-18: TGA analysis of CNC obtained from Microcrystalline cellulose (A-2h-120-CNC and A-16h-120-CNC).

Figure

  Figure II-19: CNC Yield(%) and charge content (µmol/g) function of the treatment time.

  Figure II-20-A. & B.) and show ester peak on FTIR spectra (Figure II-20-C.

Figure

  Figure II-20: A. AFM images of A-16h-95-CNC; B. TEM images of A-16h-95-CNC; C. FTIR spectra of CNC obtained after different temperature and time treatment.

Figure

  Figure II-21: OM images of raw materials: A. MCC; B. Birch; C. Cotton. TEM images of CNC produced by acidic NADES from different cellulose sources: D. MCC; E. Birch; F. Cotton.

Figure

  Figure II-22: Comparison of the treatment steps to obtain TEMPO-CNC versus modified CNC from NADES treatment.

Figure

  Figure II-23: Global schematization of the biorefinery approach.

  Figure II-24. Bigger aggregates are observed in CNC-NADES-R1 and CNC-NADES-R2 samples compare to CNC-NADES-R0 sample. However, the individualised CNC lengths and heights are similar to those associated with the CNC dimensions obtained from cotton via classical acid hydrolysis(Dufresne, 2017) and those obtained by ChCl:OAD treatment(Douard et al., 2021; Ling et al., 2019; Y. Liu et al., 2017).

Figure

  Figure II-24: TEM images of cellulose nanocrystal obtained after 6 hours at 95°C with: A. NADES-R0; B. NADES-R1; C. NADES-R2.

Figure

  Figure II-25: Cellulose nanocrystals X-Ray Diffractograms

Figure

  Figure II-26: Cellulose nanocrystals Infrared spectra obtained after different NADES recycling step.

Figure II- 27 :

 27 Figure II-27: Cellulosic materials obtention after treatments using native or recycled NADES NADES were recycled between each treatment, and the yield of recycling was calculated using Equation II-11. In this study, recycling yields between 65 and 81 wt% are obtained, using the density value of ChCl:OAD (d= 1.24, 22°C), the volumetric yield is around 52 and 66 %. In comparison, in 2020, Wang et al. obtained for ChCl:OAD DES recycling a yield of around 90 % in volume. Two phenomena can explain the mass loss: (i) the consumption of oxalic acid during the acid hydrolysis; and (ii) the appearance of a precipitate during the recycling phase. Moreover, the visual aspect of the NADES changes after each recycling phase, tending to an orange colouration (Figure II-28).

Figure

  Figure II-28: Visual aspect of ChCl: OAD NADES, before use (left), after 1 use (middle) and two uses (right).

  Big oxalic acid dihydrate crystals appear if the diluted NADES was stored for an extended period (at least three months) under ambient temperature. However, if the diluted NADES was stored in the fridge (T= 4°C), smaller crystals appear after only two weeks.Recrystallisation enables the obtention of high purity products, as shown inFigure II-29-B with the FT-IR spectra comparison of recrystallised and commercial OAD. This result was also confirmed by X-Ray diffraction analysis (Figure II-SI-3).

Figure

  Figure II-29: A. Oxalic Acid Dihydrate (OAD) crystal obtained from diluted NADES stored at ambient temperature; B. FTIR spectra of commercial and recrystalize Oxalic acid dihydrate.

  158 million per gram to 5024 million per gram. SEM images of the fluffed cotton fibres and the sedimented particles are shown in Figure II-30-A and B, respectively.

Figure

  Figure II-30: SEM images of: A. Fluffed cotton fibres; B. sedimented particles after ChCl:OAD treatment.

Figure

  Figure II-31: Nanocelluloses suspension obtained after ultra-fine grinding visualized by: A. Environmental Scanning Electron Microscopy and B. Field Electron Gun-Scanning Electron Microscopy.

Figure

  Figure II-32: TEM images of CNF suspension: A. NADES-NC; D. Enzymatic-CNF (supernatant). Optical microscopy images of CNF suspension: B. NADES-NC; E. Enzymatic-CNF. Film casting obtained with: C. NADES-NC; F. Enzymatic-CNF.

Finally

  , the stability of the NADES-NC suspension was estimated by keeping the sample in a closed tube (diameter of 0.8 cm) at room temperature for several weeks. The initial concentration was fixed at 0.8 wt% of cellulosic materials in water. Pictures were realized regularly and are available in Figure II-33. After 6 months at room temperature, no sedimentation was visible, confirming the high stability of the nanocellulose suspension.

Figure

  Figure II-33: Images of the NADES-NC at 0.8 wt% in water, keep at room temperature to estimate the suspension stability.
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  Figure III -2 gives a schematic representation of the various actions undergone by a solid under a mechanical action: (i) fragmentation; (ii) structural change; (iii) degradation.

Figure III - 2 :

 2 Figure III -2: Schematic representation of the mechanical action on solid compound

Figure

  Figure III -3: FT-IR (ATR) spectra before and after 3 hours of milling at 30 Hz of : A. oxalic acid dihydrate; B. 3-(2-furyl)acrylic acid; C. citric acid monohydrate

Figure

  Figure III -5: Dehydration phenomenon observed with XRD on citric acid after 3 hours of grinding at 30 Hz.

  As shown inFigure III -6, fluffed cotton fibres show important surface fibrillation. Their mean length and width (calculated by morphology analysis) are 649 ± 10 µm and 25 ± 0 µm, respectively (Figure III -6 A. & B.). The fibre pulp is composed of 98.4 % in the area of long fibres (> 100 µm length) and less than 2 % in the area of fines elements (Figure III -6 C.). After 3 hours of treatment at 30 Hz in the vibratory ball milling device, the morphology of the cotton fibres pulp completely changes. The cellulosic material has lost its fibrillar morphology (Figure III -6 D. & E.

Figure

  Figure III -6: A. & D. Optical microscope images; B.& E. SEM images; C. & F. Fines and Fibres content. A., B., C. are realized with fluffed cotton fibres suspension, and D., E., F. with cellulosic material after 3 hours of milling at 30 Hz.

Figure III - 7 :

 7 Figure III -7: Evolution of the fine and the fibres content in million/g contained in the pulp for different time of milling at 30Hz.

Figure III - 8 :

 8 Figure III -8: XDR diffractograms of cellulosic materials after different treatment times with a frequency of: 15Hz (left); 30Hz (Right).

Figure III - 9 :

 9 Figure III -9: Impact of the milling time and frequency on the amorphisation of cotton fibres.

Figure

  Figure III -10: A. Solid-State 13 C NMR spectra of raw cellulose fibres and grounded cellulose fibres (3h-30Hz); B. Anhydroglucose unit for carbon assignation.

  CNCs before mechanical treatment have a mean length value of 255 ± 68 nm. They show an excellent dispersity in water, as observed in Figure III -11 A. However, during the 3 hours of dry milling, significant morphology modifications occur. Some CNCs remain unchanged, as shown in Figure III -11-B, but aggregates of several dimensions are also obtained (Figure III -11-C&D). The largest aggregates have diameters around 80 µm but still diffracted the polarized light partially as illustrated in Figure III -11-D.

Figure

  Figure III -11: A. TEM images of CNC before mechanical treatment; B. TEM images showing the morphological change after milling process; C. FEG-SEM Images of the obtained aggregates; and D. Optical Microscope (under polarized or not light) image of the bigger aggregate observed in the suspension.

Figure

  Figure 

Figure

  Figure III -14: Cellulosic materials esterification in dry condition using a vibratory ball milling device.

  Fibres have lengths around 700 µm for diameters around 25 µm. Cellulose Nanocrystals (CNC) investigated in this work were directly obtained from CelluForce and are sulfuric acidextracted CNCs (lengths of 255 ± 68 nm). Bis(ethylenediamine)copper(II) hydroxide solution (C4H18CuN4O2) was obtained from Sigma-Aldrich. NaOH solution was prepared at a concentration of 0.0125 mol/L. Deionised water was used throughout the experiments. Different carboxylic acids are used in this study (Figure III -15). Their choice were mainly based on their non-toxicity, their low price and high availability but also and above all their high melting temperature (solid at ambient temperature): Oxalic acid dihydrate (OAD, C2H2O4.2H2O; purity ≥ 99.5%; Tm= 105°C) from Sigma-Aldrich; Citric acid monohydrate (CAM, C6H8O7.H2O; purity ≥ 99.5%; Tm= 152°C) from Roth; 3-(2-furyl)acrylic acid (FAA, C7H6O3; purity ≥ 99%; T m = 139°C ) from Sigma-Aldrich.

Figure

  Figure III -15: Chemical structure of: A. 3-(2-furyl)acrylic acid (FAA); B. Oxalic acid dihydrate (OAD); C. Citric acid monohydrate (CAM)

  The visual aspect of the ground materials directly after the milling and before the purification steps are shown in Figure III -17 A, C and E.

Figure

  Figure III -17: A, C & E: visual aspect of mixtures after 3 hours of milling. B, D & F: SEM images of the obtained cellulosic materials after mechanical treatment with CAM, FAA and OAD, respectively.

Figure

  Figure III -18: Evolution of the fines and the fibres content in million/g contained in Cotton-FAA sample for different time of milling at 30Hz.

   with the specific peak diffraction of: (101) at 14.7, (101) at 16.3° (021) at 20.4, and (002) at 22.7 2Ɵ. In our reference case (Cottton-3h-30Hz), with a milling frequency set at 30 Hz, a complete amorphisation of the sample was observed after 3 hours of milling and cellulose I peaks are no longer observed. In the present study, the evolution of the crystalline structure of the cotton fibres after three hours of mechanical treatment in the presence of carboxylic acids was investigated by XRD analyses. X-ray diffractograms are presented in Figure 

Figure

  Figure III -19: X-Ray diffractograms of cellulosic materials obtained after 3 hours of milling with different carboxylic acids.

Figure

  Figure III -20: FTIR spectra of cellulosic materials obtained after 3 hours of milling with OAD, CAM and FAA at 30 Hz, all spectra are normalized at 1110 cm -1 .

Figure

  Figure III -21: A., C., E. & G.: TEM images of CNCs obtained after 3 hours of milling with or without organic acids. B., D., F. & H.: SEM-FEG images of the cellulosic aggregates formed during the milling process.

Figure

  

Figure

  Figure III -22: Comparison of CNC X-ray diffractograms before and after mechanical treatments with and without carboxylic acid presence.

  Several analytical technics were tested to characterise the esterification between cellulose and carboxylic acids used. FTIR spectra of samples are shown in Figure III -23.

Figure

  Figure III -23: FTIR Spectra of CNC modified by mechanochemistry: A. using oxalic acid dihydrate; B. 3-(2-furyl)acrylic acid; C. citric acid monohydrate.

X

  -ray photoelectron spectroscopy was also performed to characterize the grafting on raw and modified CNC samples after 1 hour of reaction with 3-(2-furyl)acrylic acid and citric acid monohydrate. Spectra are composed of two prominent peaks at approximately 534 and 288 eV corresponding to the oxygen (O1s) and carbon components (C1s), respectively (Figure III -24-A). The scan of C1s of the CNC, CNC-CAM-1h and CNC-FAA-1h samples are shown in Figure III -24. C1s spectra are decomposed into four peaks characteristics of the cellulose, namely, C1 (C-C), C2 (C-O), C3 (C=O or O-C-O) and C4 (O=C-O). The values of each peak on a percentage of the total area are given in TableIII-4.

Figure

  Figure III -24: A . XPS spectra of CNC. C1s spectra decomposition obtained by XPS of: B. CNC ; C. CNC-FAA; D.CNC-CAM after one hours of treatment at 30Hz.

Figure

  Figure III -25: A. Carbon 13 solid NMR realized on neat CNC and CNC-FAA-3h sample; B. 3-(2furyl)acrylic acid molecules and the theoretical chemical shift associated at each carbon (ppm).

Figure III - 1 :

 1 Figure III -1: Chapter III general organisation........................................................................ 200 Figure III -2: Schematic representation of the mechanical action on solid compound ........ 201 Figure III -3: FT-IR (ATR) spectra before and after 3 hours of milling at 30 Hz of : A. oxalic acid dihydrate; B. 3-(2-furyl)acrylic acid; C. citric acid monohydrate ..................................... 208 Figure III -4: A. 13 C liquid NMR spectra of citric acid after 3 hours of ball milling at 30 Hz in D2O; B. citric acid structure and carbon identification; C. 1 H liquid NMR spectra of citric acid after 3 hours of ball milling at 3 0 Hz in D2O. .................................................................. 209 Figure III -5: Dehydration phenomenon observed with XRD on citric acid after 3 hours of grinding at 30 Hz. ............................................................................................................. 210 Figure III -6: A. & D. Optical microscope images; B.& E. SEM images; C. & F. Fines and Fibres content. A., B., C. are realized with fluffed cotton fibres suspension, and D., E., F. with cellulosic material after 3 hours of milling at 30 Hz. ....................................................... 211 Figure III -7: Evolution of the fine and the fibres content in million/g contained in the pulp for different time of milling at 30Hz. .................................................................................... 212 Figure III -8: XDR diffractograms of cellulosic materials after different treatment times with a frequency of: 15Hz (left); 30Hz (Right). ........................................................................... 212 Figure III -9: Impact of the milling time and frequency on the amorphisation of cotton fibres. ......................................................................................................................................... 213 Figure III -10: A. Solid-State 13 C NMR spectra of raw cellulose fibres and grounded cellulose fibres (3h-30Hz); B. Anhydroglucose unit for carbon assignation................................... 214 Figure III -11: A. TEM images of CNC before mechanical treatment; B. TEM images showing the morphological change after milling process; C. FEG-SEM Images of the obtained aggregates; and D. Optical Microscope (under polarized or not light) image of the bigger aggregate observed in the suspension. ........................................................................... 215 Figure III -12: X-Ray Diffractograms of CNC before and after milling treatment (3h -30Hz) 216 Figure III -13: FTIR (ATR) spectra of CNC before and after 3 hours of treatment at 30 Hz. Spectra are normalized at 1030 cm -1 . ........................................................................................... 216 Figure III -14: Cellulosic materials esterification in dry condition using a vibratory ball milling device. .............................................................................................................................. 221 Figure III -15: Chemical structure of: A. 3-(2-furyl)acrylic acid (FAA); B. Oxalic acid dihydrate (OAD); C. Citric acid monohydrate (CAM) ....................................................................... 222 Figure III -16: Expected esterification between carboxylic acids and cellulose hydroxyl group. ......................................................................................................................................... 226 Figure III -17: A, C & E: visual aspect of mixtures after 3 hours of milling. B, D & F: SEM images of the obtained cellulosic materials after mechanical treatment with CAM, FAA and OAD, respectively. ..................................................................................................................... 227 Figure III -18: Evolution of the fines and the fibres content in million/g contained in Cotton-FAA sample for different time of milling at 30Hz. ........................................................... 228

  This short final Chapter links Chapter II (Nanocellulose extraction and modifications using Natural Deep Eutectic Solvents) and Chapter III (Modification of cellulose using Mechanochemistry) as shown inFigure IV-1. This chapter is adapted from Patent submission: L. Douard, J. Bras, N.M. Belgacem, submitted in December 2021.

Figure IV- 1 :

 1 Figure IV-1: Schematic representation of the Chapter IV.

  NADES compounds (choline chloride/oxalic acid dihydrate or choline chloride/citric acid monohydrate) are added to the grinding jar with 50 zirconium dioxide balls and milled for 15 seconds. Thus, Natural Deep Eutectic Solvents are easily formed and ready to use. The fluffed cotton fibres are then introduced to the milling chamber and mechanically treated for different times. During the milling, the chamber's temperature gradually increases due to impacts between balls, the jar and the materials. This temperature was not controled; however, it can play a role in the esterification and acid hydrolysis of cellulose by NADES(Douard et al., 2021). The visual aspect of cotton fibres treated by ChCl:OAD-MC after 30 minutes, 1 hour and 1.5 hours of milling are shown in Figure IV-2. Also, a slight colouration can be detected after 1.5 hours of treatment, but the following washing steps removed it.

Figure IV- 2 :

 2 Figure IV-2: The visual aspect of cotton fibres treated by ChCl:OAD-MC after 30 minutes, 1 hour and 1.5 hours of milling.

Figure IV- 3 :

 3 Figure IV-3: Monitoring the different suspensions' yields as a function of time for treating fibres by ChCl:OAD-MC. Before treatment, all the cellulosic fibres sediment.

Figure IV- 4 :

 4 Figure IV-4: Schematic representation of the phenomena occurring within the mill chamber during the process.

Figure

  Figure IV-5: A. & D. Nanocelluloses TEM images; B. & E. Nanocelluloses AFM images; C. & F. OM images of residual particles (nSP + SP).

Figure IV- 6 :

 6 Figure IV-6: An example of a freestanding film made with CNC-ChCl-OAD-MC after 1.5 hours of milling.

  surface cellulose chains and oxalic acid and citric acid molecules depending on the NADES used (FigureIV-7).

Figure

  Figure IV-7: FT-IR spectra of fluffed cotton fibres and NC obtained after 1.5 hours of treatment by ChCl:OAD-MC and ChCl:CAM-MC.

Figure IV- 8 :

 8 Figure IV-8: 13 C solid NMR spectra of fluffed cotton fibres (A.) and CNC extracted after 1.5 hours of treatment by ChCl:OAD-MC (B.).

  ) and RP (residual particles) after 1.5 hours of treatment at 30 Hz, with ChCl:OAD and ChCl:CAM NADES; diffractograms are available in Figure IV-9. All the samples studied present the characteristic diffractograms of Cellulose I arrangement. The initial CI of fluffed cotton cellulosic fibres was 92%, NC obtained after ChCl:OAD-MC and ChCl:CAM-MC have a crystallinity of 93% and 87%, respectively. In comparison, CI values of residual particles obtained after ChCl:OAD-MC and ChCl:CAM-MC are 94% and 93%, respectively. Nanocellulose extracted from ChCl:CAM treatment show a lower crystallinity. The additional peak at 30.2 2Ɵ, correspond to a zirconium dioxide contamination during the mechanical treatment.

Figure IV- 9 :

 9 Figure IV-9: X-Ray diffractograms of cellulosic samples after 1.5 hours of grinding at 30 Hz with NADES.

  However, NC extracted by ChCl:OAD-MC and ChCl:CAM-MC treatment have a temperature of degradation near to the original cotton cellulosic fibres: 338, 337 and 365°C, respectively (Figure IV-10). These temperatures of degradation are similar to those obtained for CNC produced by molten oxalic acid (≈ 340°C, Jia & Liu, 2019) and those reported in the literature for ChCl:OAD NADES treatment (322.6 °C, Yu et al., 2019). In comparison, CNC extracted by H2SO4 acid hydrolysis (H-CNC, Celluforce) have a temperature of degradation of 303°C in the same conditions (Figure IV-10).

Figure

  Figure IV-10: A. Thermogravimetric curves of the original cotton fibres and modified nanocelluloses measured under a nitrogen atmosphere. B. Associated derivative thermogravimetry curves.

  ) and Chapter III.2. First, the mechanically assisted DES hydrolysis allows the obtention of NC with yields two times higher than those obtained with the classical DES hydrolysis with a treatment time divided by 4. Yield of 65 % and 27% are obtained for ChCl:OAD-MC and ChCl:CAM-MC treatments after 1.5 hours of treatment, versus 36% and 8% for ChCl:OAD and ChCl:CAM treatments after 6 hours. In comparison no CNC were extracted when oxalic acid dihydrate and cotton fibres were treated together in solid state. A comparison of these different treatments is given in Figure 

Figure

  Figure IV-11: Schematic comparison of this process with others used during this Ph.D
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Figure C- 1 :

 1 Figure C-1: Schematic view of the manuscript organisation.

  (Figure C-2).

Figure C- 2 :

 2 Figure C-2: Main evolution in the PhD topics betweenOctober 2018 and October 2021 (excepted this PHD study). The number of publications was obtained by SciFinder-n with key words: (i) "cellulose", "mechanochemistry" and "esterification", and (ii) "cellulose nanocrystals" and "deep eutectic solvent".

  (i) the acidic solvent can hydrolyse amorphous cellulose part and allow the extraction of highly crystalline CNC without structural changes (Cellulose Iβ arrangement); (ii) citric acid molecules can be grafted on CNC surface by esterification between one of the three carboxylic groups of the molecule and one cellulose hydroxyl group. FTIR and XPS analyses have shown that the esterification between citric acid molecules and CNC surface hydroxyl groups had occurred. In fact, negatively charged CNCs are obtained from three different cellulose sources studied, and their surface charges are analysed using Zeta potential. In conclusion, Acidic Natural Deep Eutectic Solvents show promising performances in the context of the simultaneous extraction and modification of CNC in a one-step process, and consequently by reducing the use of chemical and washing steps needed for cellulose hydrolysis and functionalisation posttreatment. These results were valorised by an oral communication during the TAPPI Nano 2021 Virtual Conference.

Figure C- 3 :

 3 Figure C-3: Highlighting of the key results and perspectives of chapter II.

Figure C- 4 :

 4 Figure C-4: Highlighting of the key results and perspectives of chapter III.

➢

  Chapter IV: Nanocelluloses extraction by combining mechanochemistry and Natural Deep Eutectic Solvents. Chapter IV reports the combination of mechanochemistry and Natural Deep Eutectic Solvent to produce cellulose nanocrystals with an one-step process, combining the advantages of both technics. The key results and perspectives of this chapter are given in Figure C-5.

Figure C- 5 :

 5 Figure C-5: Highlighting of the key results and perspectives of chapter IV.

Figure RF- 1 :

 1 Figure RF-1: Images TEM et représentations schématique des nanocristaux et des nanofibrilles de cellulose.

  De plus, la production industrielle indique que le CNC et le CNF deviennent progressivement disponibles commercialement, avec des progrès significatifs réalisés au cours des cinq dernières années (Figure RF-2).

Figure RF- 2 :

 2 Figure RF-2: Aperçu du marché mondial des CNF (vert) et CNC (bleu), avec le nombre de producteurs de nanocelluloses connus pour chaque pays(Dhali et al., 2021; Reverdy, 2017) 

  Ce travail a été mené au Laboratoire Génie des Procédés Papetiers (LGP2), une Unité Mixte CNRS (UMR 5511) située à Grenoble, FRANCE. Ce projet de trois ans (2018-2021) a été encadré par Naceur Belgacem (Professeur) et Julien Bras (Maître de conférences). Le présent manuscrit a été divisé en quatre chapitres, comme décrit dans la Figure RF-3.

Figure

  Figure RF-3: Vue schématique de l'organisation du manuscrit.

  . D'autre part, ces dernières années, les fibres cellulosiques suscitent un intérêt croissant. En effet, en raison du contexte actuel (pollution des écosystèmes & épuisement des ressources fossiles), les matériaux biosourcés et biodégradables apparaissent comme des solutions d'avenir. À partir de ces ressources abondantes, de nouveaux matériaux doivent être conçus pour remplacer les plastiques. Ainsi, de nouveaux procédés sont mis en place, visant à être plus écologique et plus durables. Dans ce contexte, la mécanochimie (MC) a gagné en intérêt au cours de ces dernières décennies. Différentes publications ont révélé les gains de temps et de simplicité qu'apporte cette méthode. En conséquence, la mécanochimie est maintenant utilisée pour des réactions organiques dans des procédés sans solvant. Au début de ce projet de thèse, en octobre 2018, seules 11 publications mentionnaient l'estérification de la cellulose par mécanochimie. Au terme de celui-ci (octobre 2021), ce nombre est resté extrêmement faible, avec seulement 21 publications. Il ressort, parmi les travaux parues au cours de ces trois années, que différents réactifs peuvent être greffés sur la cellulose, comme les acides gras(Hou et al., 2021; Huang et al., 2019) (Figure RF-4).

Figure RF- 4 :

 4 Figure RF-4: Principales évolutions sur les sujets de thèse entre octobre 2018 et octobre 2021. Ces résultats ont été obtenus par SciFinder-n avec les mots clés : (i) "cellulose", "mechanochemistry" et "esterification", et (ii) "cellulose nanocrystals" et "deep eutectic solvent".

  d'un diamètre d'environ 11 µm. De plus, l'organisation supramoléculaire de la cellulose a été modifiée comme en témoigne la perte de cristallinité de 73 à 17% après 3 heures de broyage à 30 Hz. Les chaînes cellulosiques sont également partiellement dépolymérisées avec une chute de degré de polymerisation de 659 à 465. Après 3 heures de traitement à 30 Hz, les nanocristaux de cellulose sont agglomérés et ne sont plus bien individualisés. Ces différents composés broyés ont servi de références dans la partie suivante.

Figure RF- 6 :

 6 Figure RF-6: Mise en évidence des principaux résultats et perspectives du chapitre III.

  Figure RF-7 met en évidence les principaux résultats et perspectives de ce chapitre.

Figure RF- 7 :

 7 Figure RF-7: Mise en évidence des principaux résultats et perspectives du chapitre IV.
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Figure

  Figure RF-7: Mise en évidence des principaux résultats et perspectives du chapitre IV......

Figure

  Figure II-SI-1: FT-IR spectra of NADES based on choline chloride and oxalic acid (1:1 molar) native and after 1 and 2 recycling.

  Figure II-SI-2 C.). The X-ray diffraction technique makes it possible to identify two crystalline compounds: sodium chloride (NaCl) and sodium hydrogenoxalate hydrate (HC2O4Na•H2O). Moreover, the proportions obtained for NaCl and sodium hydrogen oxalate hydrate are 96% and 4%, respectively (Figure II-SI-2 A.&B.).

Figure

  Figure II-SI-2: A. X-ray diffractograms of the precipitate; B. Enlargement of the curve. Black round marked peaks are NaCl contributions, the others are Sodium Hydrogen Oxalate Hydrate; C. Image of the precipitate.

Figure

  Figure II-SI-3: X-ray diffractogram of recrystallised oxalic acid dihydrate and comparison with the commercial one.

  

  

  

  

  

  

Table I -

 I 

	Company	Country	Yearly capacity	Production type
	Cellulose Nanofibrils/ Cellulose Microfibrils plants		
	Nippon Paper		530 t	TEMPO-CNF
	DKS		1 t	CNF
	Sugino Machine		365 t	CNF
	Oji Holdings		40 t	CNF phosphorylated
	Seiko PMC Daicel	Japan	24 t 200 t	Hydrophobic CNF MFC
	Tokushu Tokai paper		30 t	CNF
	Daio Paper Corporation		100 t	CNF
	Chuetsu Pulp and Paper		100 t	CNF
	Kyoto university		1 t	Ligno-CNF
	Greencore composites	Canada	40,000 t	MFC

4: Current producers for nanocelluloses, with their yearly production and type of nanocelluloses produced. Adapted and updated from "

Reverdy, 2017" and "Dhali et al., 2021". 

Table I -6: Overview of cellulose esterification with citric acid using non-conventional conditions. Feedstock Esterification conditions Comments and Results Reference Cellulosic fibres

 I 

		Dry milling	FTIR and 13 C, 1 H NMR spectra	Gan et al.,
		Cellulose:CA (1:1 molar ratio)	confirmed esterification	2017
		80 °C, 2 h, Ct: NaPO₂H2	→Platform for further	
		→COOH/COO -	reactions	
	MCC	Molten citric acid	DS =0.35	Romeo et al.,
		Cellulose:CA (1:1 molar ratio)	FTIR pic at 1736 cm -1	2020
		155°C, 3 h	→By-product ≈ 20-40wt%	
	CA: Citric Acid -MCC: microcrystalline cellulose -CNC: Cellulose nanocrystals -PhAA: phenylacetic
	acid			

Table I -7: Estimated cellulosic materials accessible hydroxyl groups (extracted from Espino Perez, 2014). Material SSA, m².g -1 Total hydroxyl group Surface hydroxyl group

 I 

	Fibre	<1	6 mmol/g	≈ 0.2 mmol/g (4 %)
	CNC	≈ 500	6 mmol/g	≈ 2 mmol/g (30 %)

Table I -

 I 9: Physicochemical characterizations of some choline chloride and organic acids based-DES.

DES components Molar ratio Water content, % Viscosity, Pa.s Density, g.cm -3 References

  

	FA:ChCl	2:1	n.d.	0.064 a	1.15 a	
	LA:ChCl	9:1	n.d.	0.270 a	1.19 a	S. Liu et al., 2021
	AA:ChCl	1:1	n.d.	3.464 a	1.21 a	
	Gl:ChCl	1:1	0.5 15	0.548 a 0.047 a	1.19 a 1.17 a	Florindo et al., 2014
		1:2	10	n.d.	1.22 a	Panić et al., 2019
	CA:ChCl	1:1	n.d. 0.2	140.0 a n.d.	1.33 a 1.30	S. Liu et al., 2021 Craveiro et al.,
						2016
	Le:ChCl	2:1	0.2 9.9	1.389 a 0.056 a	1.20 a 1.20 a	Florindo et al., 2014
	MA:ChCl	1:1	0.5 16	1.389 a 0.056 a	1.23 a 1.20 a	Florindo et al., 2014
		2:1	n.d.	0.185 a	1.10 a	S. Liu et al., 2021
			n.d.	0.464 b	n.d.	Abbott et al., 2004
	Ma:ChCl	1:1	10 30	0.55 a n.d.	1.25 a 1.20 a	Panić et al., 2019
			n.d.	1.881 c	n.d.	Abbott et al., 2004
	OA:ChCl	1:1	0.3 19	8.953 a 0.028 c 0.057 a 2.142 c	1.26 a 1.25 c 1.20 a 1.19 c	Florindo et al., 2014
			n.d.	0.478 a	1.23 a	S. Liu et al., 2021
	ChCl: Choline Chloride -FA: Formic Acid -AA: Acetic acid -MA: Malonic Acid -CA: Citric acid -OA:
	Oxalic Acid --LA: Lactic Acid -Ma: Malic acid -Gl: Glycolic acid -Le: Levulinic -n.d. non-determined
	Experience realized at: a 25°C; b 30°C; c 40°C			

Table I -

 I 10: Deep eutectic solvents recyclability and reusability.

	DES	Recycling cycles	Applications	Evaluated parameter References
	OAD:CC	3	CNC extraction	CNC yield	X. Yang et al., 2019
		5		Cellulose DP	

H.

Wang et al., 

Table I -

 I 11: Choline chloride-based DES used for cellulose nanofibrils pre-treatment.

	Feedstock	DES	Temperature / Time	Mechanical treatment	References
	Wood Bleached Pulp	Urea:CC 2:1	100°C / 2h	Microfluidizer	Sirviö et al., 2015
	Board pulp	Urea:CC 2:1	100°C / 2h	Ultrafine Grinder	Suopajärvi et al., 2017
	Bamboo	LA:ChCl 9:1	120°C / 3h	Microfluidizer	Qian Liu et al., 2019
	Recycle pulp	Urea:CC 1:2	100°C / 2h	Ultrafine Grinder	Laitinen, Suopajärvi, et al., 2017
	Ramie Fibres	OAD:CC 1:1 Urea:CC 1:2	25°C / 7h 100°C / 2h	Ball milling	Yu et al., 2019
		OAD:CC			
	Okara	Urea:CC	100°C / 2h	Homogenizer	Peiyi Li et al., 2020
		G:CC			
	Wood				
	Bleached				
	Pulp				

Table I -

 I 12: Devices that could be used for mechanochemical reactions.

	Category	Alias	Action	Schematic
				representation
	Rotation mill	Drum mill, tumbling mill	Impact, shear	

Table I -

 I 13: Cellulose esterification by milling processes.

	Grinding Process Reactants (state)	Conditions	Results	References
	Ball mill, 250 rpm	Maleated polyethylene(s)	24 h	Yield= 19.3 wt%	F. Zhang et al., 2002
	Ball mill, 200 rpm	Maleated Polypropylene(s)	10 h	Yield= 3.86 wt% Qiu et al., 2004
			1.0 h	DS= 0.43	
	Ball mill, 300 rpm, TRoom	Super acid catalyst (s), AA(l)	2.5 h 5.0 h	DS= 1.19 DS= 1.65	Yan et al., 2007
			7.5 h	DS= 1.8	
	Pan-mill, TRoom	SAA(s)	30 cycles	2.70 mmol/g	W. Zhang et al., 2010
	Ball mill, 500 rpm	DMF(l), acetyl chloride(l)	8 h	-	Qi et al., 2014
	Pan-mill, TRoom, 30 rpm	Polyvinyl alcohol (s), SAA (s)	20 cycles	CRSAA=61.6%	Niu et al., 2015
	Attritor, 80°C, 375 rpm	Fatty acids, AA (l), H 2 SO 4 (l)	LA, 2h PA, 2h	DSf= 0.23 DSf= 0.17	Hu et al., 2015
	Planetary Ball	OlA(s), AA(l),	1.5 h	DSf= 0.02	L. Huang et al.,
	mill, 500 rpm	NaH2PO2(s)	4 h	DSf= 0.03	2019
	Vibratory mill, 25 Hz, 30 min	NAI(s) Imidazole(s)	12 h	DS= 0.49	Beaumont et al., 2021
	Planetary Ball mill, 500 rpm	OlA(s) EDC-HCl(s)	2h 4h	DS= 2.12 DS= 2.	Hou et al., 2021

Table I -

 I 14: Nanocelluloses obtained and modified using mechanochemical processes, the reactants state (l: liquid, s: solid) are specified.

	Nano-materials	Grinding Process	Reactant (state) Conditions	Results	References
	CNF	Ball milling	Hexanoyl Chloride(l), DMF(l)	2 h 16 h 24 h	DS= 0.1 DS= 0.55 DS= 0.6	P. Huang et al., 2012
	CNC	Planetary ball mill 500 rpm	Maleic anhydride(s), H2SO4(l)	0.5 h 1.0 h 1.5 h 2 h	DS= 0.28 DS= 0.33 DS= 0.31 DS= 0.29	L. Tang et al., 2013
	CNC*	Planetary Ball Mill, 500 rpm	Acetic acid(s), DMAP(s)	1 h 2 h	DS= 0.16 DS= 0.22	Lu et al., 2015
		Ball mill,	PFBC(l),	Toluene, 12h DS= 0.20	
	CNF	TRoom, 200 rpm	Pyridine(l), solvent(l)	DMF, 12h	DS= 0.57	Rao et al., 2015
	Particles	Planetary ball mill, 850 rpm	No reactant	Water, 3h	Unmodified Baheti et al., 2012
		Ball milling,	Hexanoyl	2 h	DS= 0.15	
	CNF	200 rpm,	Chloride(l),	12 h	DS= 0.85	Kang et al., 2017
		TRoom	DMF(l)	24 h	DS= 0.96	

*first step of CNC preparation -DMF: N,N-Dimethylformamide -DMAP: 4-dimethyl aminopyridine.

  I -31: Schematic representation of the most common mechanoradicals futures: A. Crosslinking; B. Recombination; C. Oxygenation. With G: AGU unit and O: Oxygen atom. ........................................................................................................................................... 90 Figure I -32: A-SEM image of CNF (extracted from Sofla et al., 2016); B-TEM image of CNC (extracted from Lu et al., 2015); C-SEM image of CNC (extracted from L. Tang et al., 2013); D-AFM image of CNF (extracted from Kang et al., 2017); E-TEM image from CNF (P. Huang et al., 2012) ........................................................................................................................ 93
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Table II -

 II 1: Reaction parameters and their values.Using the CCD model, the nanocrystal yield and crystallinity can be modelled by two functions (Yy and Yc, respectively) of the three parameters; the equation can be written as follows (Equation II-1).𝑌 𝑦 𝑜𝑟 𝑌 𝑐 = 𝑏 0 + 𝑏 1 𝑋 1 + 𝑏 2 𝑋 2 + 𝑏 3 𝑋 3 + 𝑏 12 𝑋 1 𝑋 2 + 𝑏 13 𝑋 1 𝑋 3 + 𝑏 23 𝑋 2 𝑋 3 + 𝑏 11 𝑋 1 𝑋 1 + 𝑏 22 𝑋 2 𝑋 2 + 𝑏 33 𝑋 3 𝑋 3

	Factor Name	Range of actual and coded variables Unit -1 0	1
	X1	Reaction time h	2	9	16
	X2	Temperature	°C	60	75.5	95
	X3	Concentration %	1	1.5	2
	Equation II-1					

Table II -

 II 2: List of experimental parameters and obtained yields.

	Experiment Name	Concentration Time	Temperature	CNC Yield	Cox-Box transformation
		%	H	°C	%	λ = 1/3
	A	1.5	9	77.5	17.6	2.60
	A'	1.5	9	77.5	22.8	2.83
	A''	1.5	9	77.5	18.4	2.64
	B	1	2	60	0.3	0.65
	C	2	16	60	4.9	1.70
	D	2	2	95	18.3	2.63
	E	1	16	60	10.2	2.17
	F	1	2	95	30.7	3.13
	G	2	2	60	0.7	0.88
	H	2	16	95	24.5	2.90
	I	1	16	95	21.7	2.79
	J	1.5	9	60	1.7	1.20
	K	1.5	16	77.5	5.0	3.09
	L	1.5	9	95	29.7	2.95
	M	2	9	77.5	25.6	1.95
	N	1.5	2	77.5	7.4	1.71
	O	1	9	77.5	14.5	2.44

Table II -

 II 3: Overview of the different pre-treatment conditions using ChCl:OAD NADES for obtaining cellulose nanocrystals -adapted from (Le

Table II -

 II 

4: Morphology of residual fibres.

Table II -

 II 5: List of experimental parameters and the obtained CNC crystallinity.

	Experiment Name	Concentration %	Time h	Temperature °C	CI %
	Ref	-	-	-	79
	A	1.5	9	77.5	79
	A'	1.5	9	77.5	79
	A''	1.5	9	77.5	77
	B	1	2	60	61
	C	2	16	60	73
	D	2	2	95	78
	E	1	16	60	71
	F	1	2	95	78
	G	2	2	60	65
	H	2	16	95	80
	I	1	16	95	80
	J	1.5	9	60	66
	K	1.5	16	77.5	80
	L	1.5	9	95	81
	M	2	9	77.5	80
	N	1.5	2	77.5	72
	O	1	9	77.5	78
	Equation II-6				

Table II -

 II 6: Effect of the treatment time on CNC obtention and modification.

	Sample	Yield, wt%	Crystallinity Index, %	Length, nm	Zeta potential, mV	Charge content, µmol/g
	MCC	NA	89	NA	NA	181 ± 5
	A-2h-120-CNC	8.4	89	232 ± 44	-30.1 ± 0.7 a	246
	A-4h-120-CNC	11.6	91	220 ± 50	-47.1 ± 1.6 a	352
	A-6h-120-CNC	10.0 ± 1.4	88	149 ± 35	-48.1 ± 1.9 a	419 ± 58
	A-8h-120-CNC	8.3	91	162 ± 33	-53.5 ± 1.6 a	447
	A-16h-120-CNC 5.2 ± 2.9	88	176 ± 37	-45.7 ± 1.6 a	747 ± 101
	NA: Non-Applicable; a obtained by Zetasizer Nano ZS ; b obtained by Zetasizer PRO	

Table II -

 II 

7: Table of the C1s spectra decomposition for the MCC reference and A-16h-120-CNC sample.

Table II -

 II 

	Sample	Yield, %	Length, µm	Fine content, Million/g	DP	Charge content, µmol/g
	MCC	NA	145 ± 1	490 ± 6	229 ± 1	181 ± 5
	A-2h-120-SP	76	141 ± 1	3280 ± 77	215 ± 1	90
	A-4h-120-SP	73	140 ± 1	3355 ± 42	216 ± 0	114
	A-6h-120-SP	73 ± 3	140 ± 1	3232 ± 20	220 ± 1	168 ± 49
	A-8h-120-SP	77	141 ± 1	2699 ± 22	227 ± 1	186
	A-16h-120-SP 77 ± 2	140 ± 0	3093 ± 25	224 ± 1	227 ± 18

8: Effect of the treatment time on sedimented particles obtention and modification.

Table II -

 II 

	Sample	Yield,	Crystallinity Index, Length	Zeta potential Charge content
		%	%	nm	mV	µmol/g
	*MCC*	NA	89	NA	NA	181 ± 5
	A-6h-120-CNC	10.0 ± 1.4 88 ± 0	149 ± 35 -48.1 ± 1.9 a	419 ± 58
	A-8h-120-CNC	8.3	91	162 ± 33 -53.5 ± 1.6 a	447
	*Birch*	NA	79	NA	NA	268 ± 76
	B-6h-120-CNC	7.8 ± 0.1	80	179 ± 63 -51.5 ± 2.0 b	230 ± 37
	B-8h-120-CNC	7.6	80	169 ± 46 -39.7 ± 2.6 b	375
	*Cotton*	NA	93	NA	NA	142 ± 17
	C-6h-120-CNC	7.9 ± 0.2	93	188 ± 38 -39.1 ± 1.7 b	346
	C-8h-120-CNC	9.3	93	146 ± 29 -43.7 ± 3.3 a	323
	NA: Non-Applicable; a obtained by Zetasizer Nano ZS ; b obtained by Zetasizer PRO	

9: Effect of cellulose source on CNCs obtention and modification. The second observation concerns the CNC morphologies. CNCs lengths are measured from TEM images only on the individualised elements (Figure II-21). CNCs extracted from birch fibres are thinner and better individualised than CNC extracted from the other sources.

Table II -

 II 10: Cellulose nanocrystals characterisation

		Height, nm	Length, nm	CI, %	Zeta potential, mV
	CNC-NADES-R0	9.5 ± 3.1	227 ± 37	94	-23 ± 2
	CNC-NADES-R1	6.6 ± 2.6	205 ± 33	93	-25 ± 3
	CNC-NADES-R2	9.8 ± 4.2	225 ± 50	90	-28 ± 1

Table II -

 II 11: Characterisation of the sedimented particles obtained by NADES treatment.

		Length, µm	Fine content, Million/g	Degree of Polymerisation
	Fluffed cotton fibres	537 ± 8	158 ± 1	687 ± 0
	Sedimented particles	138 ± 1	5024 ± 53	167 ± 0

Table II -

 II 12: Comparison between Cellulose Nanofibrils obtained after enzymatic and NADES treatment.

	Pretreatment	Suspension Energy Net, MWh/t Turbidity, NTU	Film Casting Transparency, %
	NADES-NC	15.5	963 ± 87	28 ± 4
	Enzymatic-NFC	13.4	195 ± 12	32 ± 1
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Table III -

 III 1: Approximatively masses of materials added into the grinding jar for each experiment.

		Cellulosic materials,	OAD,	FAA,	CAM,
		Mw= 162 g/mol	Mw= 126 g/mol	Mw= 138 g/mol	Mw= 210 g/mol
	CNC-OAD		1.16 g (9.2 mmol)	
	CNC-FAA	1.50 g (9.2 mmol)		1.28 g (9.2 mmol)
	CNC-CAM				1.94 g (9.

Table III -

 III 2: Crystallinity index of obtained Cellulose Nanocrystals.

		Crystallinity Index, %
		After 1 hour	After 3 hours
	CNC	non-determined	21
	CNC-OAD	59	55
	CNC-FAA	59	63
	CNC-CAM	52	39

Table III -

 III 4: Decomposition in percentage on total area of CNC C1s spectra obtained by XPS.

			FTIR absorbance ratio	
	(			
			% On total area	
		CNC	CNC-FAA-1h CNC-CAM-1h
	(C1) C-C / C-H	20	37	31
	(C2) C-O	61	45	50
	(C3) C=O / O-C-O 17	11	10
	(C4) O-C=O	2	7	9
	Total carbon	100	100	100

intensity at 1745 cm -1 / intensity at 1030 cm -1 ) x 100

  

		0 h (reference)	1 h	3 h
	CNC-OAD		8.5	9.6
	CNC-FAA	1.8	16.4	13.1
	CNC-CAM		12.7	10.1

  ..................................................................................... Figure III -20: FTIR spectra of cellulosic materials obtained after 3 hours of milling with OAD, CAM and FAA at 30 Hz, all spectra are normalized at 1110 cm -1 . ................................... Figure III -21: A., C., E. & G.: TEM images of CNCs obtained after 3 hours of milling with or without organic acids. B., D., F. & H.: SEM-FEG images of the cellulosic aggregates formed during the milling process. .............................................................................................. Figure III -22: Comparison of CNC X-ray diffractograms before and after mechanical treatments with and without carboxylic acid presence. ................................................. Figure III -23: FTIR Spectra of CNC modified by mechanochemistry: A. using oxalic acid dihydrate; B. 3-(2-furyl)acrylic acid; C. citric acid monohydrate. .................................... Figure III -24: A . XPS spectra of CNC. C1s spectra decomposition obtained by XPS of: B. CNC ; C. CNC-FAA; D.CNC-CAM after one hours of treatment at 30Hz. ................................... Figure III -25: A. Carbon 13 solid NMR realized on neat CNC and CNC-FAA-3h sample; B. 3-(2furyl)acrylic acid molecules and the theoretical chemical shift associated at each carbon (ppm). ..............................................................................................................................
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  Huang et al. and Kang et al. succeeded in obtaining esterified nanofibrillated from corncob with hexanoyl chloride in DMF in one-step mechanical treatment. After 24 hours of treatment, modified CNF with a DS of 0.96 were extracted (P.Huang et al., 2012;[START_REF] Kang | Thin Cellulose Nanofiber from Corncob Cellulose and Its Performance in Transparent Nanopaper[END_REF]. In 2019, Yu et al. reported the use of ball milling treatment for the CNF production of pre-treated fibres with Deep Eutectic Solvent (DES

Table IV -

 IV 2: List of samples and their treatment conditions.

	Sample	Time, h	Fibre concentration, wt%*	Temperature	Mechanical activation	Chapter
		0.5				
	CNC-ChCl:OAD-MC	1 1.5	62	Not control	Yes	This study
	CNF-ChCl:CAM-MC 1.5	50			
	CNC-ChCl:OAD	6	2	95°C	No	Chapter II.3
	CNC-ChCl:CAM	6	1	120°C	No	Chapter II.2
	* Initial amount of fibres in Natural Deep Eutectic Solvent			

Table IV -

 IV 

	Sample	Yield, wt%	CI, %	Length, nm	Td, °C	ζ, mV
	Fluffed cotton	NA	92	NA	364	ND
	CNC-ChCl:OAD-MC a	65 ± 5	93	143 ± 28	337	-42.0 ± 3.3
	CNF-ChCl:CAM-MC a	27	87	> 400	335	-41.2 ± 1.6
	CNC-ChCl:OAD b	36 ± 2	94	228 ± 37	357	-23.2 ± 1.5
	CNC-ChCl:CAM c	8 ± 0	93	188 ± 38	ND	-39.1 ± 1.7

3: Comparison with others CNC obtained during this Ph.D. NA : Non-Applicable ; ND non-determined; a this study; b Chapter II.3; c Chapter II.2

Table IV -

 IV 4: Comparison with other CNC extraction processes in literature.

	Reference	Process	Fibres Conc.	Time, h	Temp., °C	Yield, % CNC RP	Energy, kJ/g
	This study	DES MC	62 wt%	1.5	not control 65	34	108 (BM)
	Douard et al., 2021	DES	2 wt%	6	95	44	18	ND
	Jia & Liu, 2019	OAD(l) US	8.5 wt% 1	110	71	0	1700 (US)
	Chen et al., 2016	Sol. OAD (70%)	12 %	1	100	25	73	ND
	Dong et al., 1997	Sol. H 2 SO 4 (64%) US	12.5%	1	45	44	0	>>105 (US)

DES: Deep Eutectic Solvent -MC: mechanochemistry -RP: residual particles -US: ultrasonication -BM: Ball milling -ND: Non-determined.
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 IV 3: Comparison with others CNC obtained during this Ph.D.................................... Table IV-4: Comparison with other CNC extraction processes in literature. ........................

  Cependant, les matériaux biosourcés peinent à concurrencer les plastiques dans certaines applications spécifiques. Pour améliorer les performances des matériaux biosourcés, en particulier leurs propriétés barrières, mécaniques et thermiques, une stratégie consiste à les utiliser à leur échelle nanométrique. En octobre 2011, l'Union européenne a adopté une définition des nanomatériaux comme « un matériau naturel, accidentel ou manufacturé contenant des particules, à l'état non lié ou sous forme d'agrégat ou d'agglomérat et où, pour 50 % ou plus des particules, une ou plusieurs dimensions externes se situent dans la plage de taille 1 nm -100 nm. » (2011/696/EU, 2011).

  Dans le Chapitre II.1, la méthode des plans d'expériences (DOE) a été utilisée pour suivre le rendement d'obtention des nanocristaux de cellulose et leur cristallinité en fonction de trois paramètres : (i) la température (60-95°C), (ii) le temps de réaction (2-16 h) et (iii) la concentration en fibres cellulosiques de coton(1-2%). La méthode DOE permet d'optimiser les procédés en réalisant un nombre minimum d'expériences. Le NADES utilisé est composé de chlorure de choline et d'acide oxalique dihydrate (ChCl:OAD) dans un rapport molaire de 1 pour 1. Cette étude visait, dans un premier temps, à trouver un modèle mathématique permettant de déterminer les meilleures conditions d'hydrolyse acide pour obtenir le rendement de CNC le plus élevé et, dans un second temps, de prédire la cristallinité des CNC. Pour construire ce plan d'expérience, un total de 14 combinaisons différentes de paramètres a été nécessaire ainsi qu'une répétition du centre du domaine. À partir de ces données expérimentales, deux modèles mathématiques théoriques ont été établis pour prédire le rendement de CNC et leur cristallinité. En utilisant les modèles mathématiques obtenus, nous avons validé la théorie en effectuant une nouvelle expérience dans le domaine. Un graphique à deux dimensions combinant les deux modèles, a permis de déterminer les meilleurs paramètres pour optimiser les deux réponses simultanément. Les meilleurs paramètres sont 6 heures de réaction à 95°C avec une concentration initiale en fibre de coton de 2%. Les CNC obtenus dans ces conditions ont des diamètres de 11,3 ± 2,6 nm, tandis que leurs longueurs sont d'environ 257 ± 54 nm. Ces résultats ont été valorisés par deux communications orales lors de la 6 th EPNOE International Polysaccharide Conference et du 4 th International EPNOE Junior Scientist Meeting et par la rédaction d'un article.(Douard et al., 2021).Dans le Chapitre II.2, un NADES acide à base d'acide citrique monohydraté (CAM) comme donneur de liaison hydrogène et de chlorure de choline (ChCl) comme accepteur de liaison hydrogène dans un rapport molaire de 1 pour 1 a été étudié et utilisé pour préparer in situ des nanocristaux de cellulose modifiés. Ainsi, ChCl:CAM a joué un double rôle dans l'obtention des nanocristaux modifiés : (i) le solvant acide a pu hydrolyser la partie amorphe de la cellulose et permettre l'extraction de CNC hautement cristallins sans modifications structurelles (Cellulose Iβ); (ii) et des molécules d'acide citrique ont pu être greffées sur la surface des CNC par estérification entre l'un des trois groupes carboxyliques de la molécule et un groupement hydroxyle de la cellulose. Les analyses FTIR et XPS ont montré que l'estérification entre les molécules d'acide citrique et les groupes hydroxyles de surface CNC avait bien eu lieu. Des CNC chargées négativement ont été obtenus à partir de trois sources de cellulose, et leurs charges de surface ont été analysées à l'aide du potentiel Zeta. En conclusion, les Solvants Eutectiques Profonds Acides Naturels montrent des performances prometteuses dans le cadre de l'extraction et de la modification de CNC dans des procédés en une seule étape (contrairement au procédé actuel), réduisant ainsi le nombre d'étapes chimiques et de lavage nécessaires. Ces résultats ont été valorisés par une communication orale lors de la Conférence Virtuelle TAPPI Nano 2021.Une approche de bioraffinerie a été étudiée dans le Chapitre II.3. Dans ce travail, des nanocristaux de cellulose ont été extraits efficacement avec un rendement de 36% en utilisant un NADES acide composé de chlorure de choline et d'acide oxalique dihydrate dans un rapport molaire de 1 pour 1. Les CNC obtenus montrent une cristallinité élevée de 94%. Leur hauteur et leur longueur sont respectivement de 9,5 nm et 227 nm. De plus, le solvant eutectique profond a pu être partiellement recyclé après chaque traitement et réutilisé. Après cela, les constituants individuels du NADES peuvent être récupérés. Un avantage du traitement NADES par rapport à l'hydrolyse acide classique pour l'extraction CNC est l'obtention de résidus cellulosiques. Ces résidus peuvent être considérés comme des sous-produits du procédé et valorisés de différentes manières. Dans ce travail, des nanofibrilles de cellulose ont été extraites de ces résidus. En valorisant les particules sédimentées (SP) obtenues après traitement NADES, le rendement global des nanomatériaux cellulosiques obtenus avec notre procédé atteint 98% (combinant le rendement de CNC et la conversion des SP en nanocelluloses). Après broyage ultrafin, les NADES-NC présentent une meilleure homogénéité de distribution que celles obtenues par le traitement enzymatique classique. Les films obtenus à partir de fibres de coton prétraitées avec du NADES ont une valeur de transmittance élevée.

[START_REF] Hamad | Structure-process-yield interrelations in nanocrystalline cellulose extraction[END_REF] Rol et al., 2018 Ahvenainen et al., 2016;[START_REF] Hamad | Structure-process-yield interrelations in nanocrystalline cellulose extraction[END_REF] EL : Longitudinal modulus -SSA: Specific Surface Area -DP: Degree of Polymerization -CI: Crystallinity Index

Figure III -1: Chapter III general organisation.
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