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In order to achieve a synergistic reinforcing and cross-linking effect across the interface between hydrophilic nanocellulose and a hydrophobic rubber matrix, active thiol groups (-SH) were introduced at the reducing end of CNF while retaining the hydroxyl (-OH) on the surface, thus forming a stable percolation network in the nanocomposites.

The nanocomposites were obtained by casting/evaporation a mixture of dispersed modified CNF and NR in latex form, in which covalent cross-links were formed between the thiol groups and double bonds of the NR matrix via photochemically initiated thiol-ene reaction. The strong interfacial interaction between the NR matrix and the end-modified CNF was characterized by Fourier-transform infrared (FTIR) spectroscopy. The structural and mechanical properties of the nanocomposites were evaluated by scanning electron microscopy (SEM), dynamic mechanical analysis (DMA) and mechanical tensile tests. Compared to neat NR, the nanocomposite reinforced with 10 wt% modified CNF showed significantly higher values of tensile strength (from 0.33 MPa to 5.83 MPa), Young's modulus (from 0.48 MPa to 45.25 MPa) and toughness (from 2.63 MJ m -3 to 22.24 MJ m -3 ). This highly efficient method is environmentally friendly and uses renewable materials. It can also be used for reinforcing other rubbers.
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General Introduction

Cellulose is the most widespread renewable polymer resource with an amphiphilic structure in the biosphere, with an annual production of about 7.5 x 10 10 tons. 1 Its main sources include the following: (i) agricultural residues (corn stalks, bagasse, coconut husks, rice straw, corn cobs, wheat husks, rice husks and palm oil residues); (ii) wood;

(iii) food waste; (iv) crops; and (v) wastepaper and cardboard boxes. [2][3][4] This virtually unlimited supply of sustainable cellulose provides a material with excellent physical and chemical properties that can be used in a wide range of applications. 5 In industry, cellulose is widely used in paper, textiles, explosives and dietary fibers. 6 Cellulose contains both crystalline and amorphous regions, and nanocellulose, the nanoscale form of cellulose, can be prepared by a mechanical or chemical process, that can be combined with enzymatic treatment. The repeating unit of the cellulose chain is a dimer of Dglucose. The end of each cellulose chain contains a hemiacetal group, which provides asymmetry in the direction of the cellulose chain.

Nanocellulose has many of the excellent properties of cellulose, including biocompatibility, low density, non-toxicity, and biodegradability. It also has some distinctive properties such as high reinforcing ability, mechanical strength and adjustable self-assembly properties in aqueous media, mainly attributed to the unique size, shape, surface chemistry, high aspect ratio and high crystallinity of these nanoparticles. 7 The term "nanocellulose" includes different cellulose-based nanomaterials whose chemical and physical properties often vary depending on their source, but especially on their extraction method: cellulose nanocrystal (CNC), cellulose nanofiber (CNF), and bacterial nanocellulose (BNC). CNC and CNF are obtained using top-down methods, involving chemical or mechanical treatment, respectively. Mechanical shearing or acid hydrolysis will first weaken and destroy the amorphous domains and smallest crystalline regions to produce the desired nanocellulose. CNC is a highly crystalline rod-like fragment obtained by acid hydrolysis down to the nanoscale. CNF can be obtained by mechanical shearing of cellulosic fibers, usually preceded by controlled acid hydrolysis, or chemical of enzymatic pretreatment, allowing the energy consumption associated with this treatment to be reduced. It has different structures and surface chemistry, depending on the production method, and is typically longer than CNC, at the micron scale. 7 BNC is obtained by a bottom-up method, using bacterial cultures to synthesize nanocellulose.

Other names for nanocellulose materials can be found in the literature, including nanofibrillated cellulose, microfibrillated cellulose, cellulose nanofibrils, cellulose nanowhiskers, cellulose whiskers, and nanocrystalline cellulose.

In the 21st century, the demand for food, water and energy is exploding due to the growing world population and rapid economic development. Society should rely more on renewable biomass resources to meet the growing demand. Sustainable development of society should focus more on products that are recyclable, easily degradable, friendly to the environment, and low health and safety risks. Based on its Young's modulus of 100-130 GPa, large specific surface area and high crystallinity, nanocellulose is expected to be used for manufacturing and developing various new valuable applications with low environmental and social impact. 8 Nanocellulose is derived from renewable and abundant biomass resources and is considered as a good alternative to petroleum as a source of biofuels and various chemicals. Nanocellulose can now be produced industrially, and its production can reach several tons per day. 9 Surface chemical modification is very important for the functionality and processability of the nanocomposites, so we focus on the large number of current surface modifications in Chapter 1. The surface properties of nanocellulose can be easily adjusted by physical and chemical modification methods. [10][11][12] Surface modified nanocellulose is an excellent platform that can be designed according to different objectives. The wide applications of nanocellulose are limited by its poor dispersibility in nonpolar solvents, incompatibility and poor interfacial adhesion to hydrophobic substrates. To solve this problem, researchers have attempted to modify the surface and the structure of nanocellulose, mainly targeting the physical and chemical modification of the pendant surface hydroxyl groups(-OH). Different strategies of physical and chemical modification of nanocellulose aim at improving the efficiency of the separation process and changing the surface hydrophilicity/hydrophobicity, thus improving the compatibility and dispersion of nanocellulose in specific media.

Nanocellulose has very diverse applications in many interdisciplinary fields. When nanocellulose is intertwined, nanocomposites with high mechanical properties and porosity can be formed, such as nanopaper, nanocellulose films, aerogels and hydrogels.

Its application can be extended to papermaking, environmental remediation, biology, medical, optoelectronics and engineering applications. [13][14][15][16] Nanocellulose can be used to reinforce nanocomposites due to the formation of a strong continuous network in the matrix with high tensile stiffness and strength. 17,18 The development and application of rigid nanocellulose reinforced polymer composites from renewable resources have attracted widespread attention in science and industry. With the growing public awareness for environmental friendliness and sustainability, nanocellulose is destined to play an important role in commercial applications. This PhD project entitled "Chemical modification and multi-function applications of nanocellulose" started from October 2018. This thesis manuscript is a summary of my research on nanocellulose over the last three years with four chapters.

In Chapter 1, a literature review on the general background of the research is presented, focusing on the modification of nanocellulose and its functional applications.

In Chapter 2, two different end-modification methods of CNF are proposed. The thiol group (-SH) has been successfully grafted at the reducing end of CNF, which acts as a cross-linking site to react with unsaturated carbon chains of a rubber matrix. We explored the synergistic enhancement of biobased nanoscale reinforcing CNF-SH nanoparticles, which also possessed cross-linking sites for covalent coupling.

In Chapter 3, a green and powerful strategy for preparing cellulose nanocrystal (CNC)/ graphene oxide (GO)/natural rubber (NR) nanocomposites hosting a 3D hierarchical conductive network was investigated.

In Chapter 4, a reliable aerogel system was prepared by integrating Tempo-oxidized cellulose nanofibrils (TCNF), cationic cellulose nanocrystals (CNC), and sodium alginate (SA), with carbon nanotubes (CNTs) at various concentrations. This aerogel was used as an electromagnetic interference (EMI) shielding biomaterial.

Structure-Properties Relationship at the Single Fibril Level. Nature communications 2015, 6 (1), 1-11.

(9) Reid, M. S.; Villalobos, M.; Cranston, E. D. Benchmarking Cellulose Nanocrystals: From the Laboratory to Industrial Production. Langmuir 2017, 33 (7), 1583-1598. 

Chapter 1. Literature Review

Nanocelluloses, including cellulose nanocrystals, cellulose nanofibrils and bacterial cellulose, have become fascinating building blocks for the design of new biomaterials.

Hundreds of scientific articles or patents have been published on nanocellulose research over the past twenty years, even if most studies focus on their basic physical and chemical properties as reinforcing phase and liquid crystalline self-ordering property.

Yet, owing to their hydrophilic nature, their applications are generally limited to hydrophilic or polar media or matrices, which restricts their development. With the presence of a large number of chemical functionalities, mainly hydroxyl groups, within the structure of nanocellulose, these novel nanoparticles provide a unique platform for significant surface modification with the purpose of changing surface properties. These chemical modifications are prerequisites, sometimes unavoidable, to adapt the interfacial properties of nanocellulose substrates or to adjust their hydrophilichydrophobic balance. In addition, surface modification can introduce functional groups to the surface of nanocellulose contributing to specific properties, further extending their use to highly sophisticated applications.

Brief Introduction to Nanocellulose

Cellulose Nanocrystals (CNC)

Cellulose microfibrils formed during cellulose biosynthesis are 2-20 nm in diameter, depending on the source, and can be several micrometers in length. Each microfibril consists of crystalline domains interspersed with disordered amorphous regions. The preparation of cellulose nanocrystals involves a chemical hydrolysis process to dissolve the amorphous chains and release crystalline domains from cellulose fibers. Although few examples of producing CNC through processes involving enzymatic hydrolysis were reported, 1,2 the main process for the isolation of CNC from cellulose fibers is based on strong acid hydrolysis, such as sulfuric acid(H2SO4), hydrochloric acid(HCl), phosphoric acid(H3PO4) etc. The first attempt to hydrolyze cellulose fibers with strong acids (HCl/H2SO4) appeared in 1947 as reported by Nikerson and Habrle. 3 Depending on the hydrolyzing agent, cellulose nanocrystals possessing different surface groups and surface chemistry can be prepared. Hydrolysis with hydrochloric acid preserves the hydroxyl groups of native cellulose but leads to less stable aqueous suspensions. 4 With the combination of TEMPO and hypochlorous sodium, surface hydroxyl groups of cellulose nanocrystals can be selectively transformed into carboxyl groups, which may be useful for subsequent modification. 5 The resulting CNC exhibits a crystalline structure similar to the original cellulose fibers. Typical procedures currently employed for the extraction of CNC consist of subjecting pure cellulosic materials to strong acid hydrolysis under strictly controlled conditions of temperature, agitation, and time. The nature of the acid and source of cellulose are extremely important for the properties of the prepared CNC (as shown in Figure 1.1). Due to the hydrophilic character of cellulose nanocrystals, water is the preferred processing medium for solution blending because of their good dispersion and high stability in water, especially for cellulose nanocrystals prepared using sulfuric acid. 10 Consequently, cellulose nanocrystals can easily be used as filler to reinforce hydrophilic polymers; however, when organic solvents are used as the blending medium and the matrix is a hydrophobic polymer the use of cellulose nanocrystals is greatly restricted. Furthermore, the sulfate half-ester groups on the surface of cellulose nanocrystals, derived from hydrolysis with sulfuric acid, usually result in a mismatch between the thermal stability of cellulose nanocrystals and the thermoprocessing temperature. At this time, physical and chemical modifications are considered to regulate the chemical structure and hydrophilic/hydrophobic properties of the surface of cellulose nanocrystals.

Cellulose Nanofibrils (CNF)

As introduced by Turbak and co-workers in the 1980s, 11 the process for isolating cellulose nanofibrils (CNF) consists in the disintegration of cellulose fibers along their long axis. Simple mechanical methods in combination with enzymatic or chemical pretreatments are included in the preparation of CNF. Cellulosic fibers are disintegrated into their sub-structural fibrils having lengths in the micron scale and widths ranging from 10 to a few hundred nanometers depending on the nature of the native cellulose, pretreatment and disintegration conditions. The resulting aqueous suspensions exhibit gel-like characteristics in water with pseudoplastic and thixotropic properties even at low solid content. Three main technologies, namely homogenization, microfluidization and microgrinding, are widely used for the mechanical treatment. Other methods were also developed but they are not widely accepted and far from being amenable to scale up. It includes high-speed blending, cryocrushing, high-intensity ultrasonication, 12 and steam explosion. 13 Using the above-mentioned technologies, CNF were prepared from numerous cellulosic sources including soft and hard woods, 14 sugar beet pulp, 15 banana, 16 opuntia ficus-indica, 17 potato, 18 wheat straw, 19 bamboo, 20 luffa cylindrica, 21 and also from some seaweed. 22 The morphological characteristics of the resulting CNF depend mainly on those of the original fibers. Generally, CNF obtained from primary cell wall fibers are longer and thinner than those obtained from secondary cell wall fibers. Examples of CNF TEM images are given in Figure 1.2. 25 and from (d) Opuntia ficus-indica. 17

Bacterial Cellulose (BC)

Besides being a dominant component of cell walls in plants, cellulose also exists extracellularly as synthesized cellulose fibers by several bacterial species. 26 Bacterial cellulose is mainly produced by the bacteria of Acetobacter G. xylinus species by cultivation in aqueous culture medium containing carbon and nitrogen sources during a time period of days. The resulting cellulosic network structure is in the form of a pellicle of randomly assembled ribbon shaped fibrils less than 100 nm wide that are in turn composed of a bundle of much finer nanofibrils (2-4 nm in diameter). These bundles are relatively straight, continuous and dimensionally uniform (Figure 1.3). 

Surface Chemistry and Colloidal Stability

The colloidal stability of nanocellulose is the result of electrostatic repulsions due to the presence of charged groups at the surface of the particle. Conductometric titration and Zeta potential are the two commonly used methods to determine the surface or 'bulk' charge density of nanocellulose. The surface charge density of CNC can be tuned by varying the hydrolysis conditions, but a more accurate control of the surface charge density is commonly achieved by surface desulfation or postsulfation techniques using e.g. sodium hydroxide and chlorosulfonic acid (ClSO3H), respectively. 28 In the case of CNF, the conductometric titration process can be challenging with the use of conventional titrants such as sodium hydroxide, due to their high surface area and ability to form a gel at high concentration and pH. 29 Further information on the surface charge and colloidal stability of nanocellulose can be obtained by measuring the zeta potential of the suspension. 30 CNC suspensions commonly feature zeta potential values between -20 and -50 mV, except for HCl hydrolyzed CNC, as these particles are not charged. 29 

Specific Surface Area

When decreasing the size of a material, the specific surface area is expected to increase.

The determination of the specific surface area from gas adsorption isotherms is often incorrect because of the irreversible aggregation of the nanoparticles upon drying. It can be estimated from the average geometrical dimensions of the nanoparticles, assuming a rod-like geometry and a density of 1.5 or 1.6 g•cm -3 for CNC. The values of the specific surface area were 51 and 533 m 2 •g -1 for CNF and CNC, respectively, extracted from sisal fibers. 31 A sharp increase is observed when the diameter drops below a value of 20 nm, which corresponds to the diameter range of CNC. 32 This high specific area, coupled with the low concentration of the suspensions, allows the preparation of aerogels which can be used as porous templates, potentially useful in various nano-applications. The aerogel network can be chemically modified to tune its wetting properties towards nonpolar liquids/oils. It can also be impregnated with different precursors, which can readily be transformed into functional nanoparticles along the CNF.

Aspect Ratio

An important parameter for cellulosic nanomaterials is the aspect ratio, which is defined as the ratio of the length to the width. It determines the anisotropic phase formation and reinforcing properties. It is indeed well-known that the mechanical percolation approach is highly relevant to describe the mechanical behavior of nanocellulose-based nanocomposites when prepared by casting/evaporation. 32,33 This mechanism suggests the formation of a stiff continuous network of nanoparticles linked through hydrogen bonding, which leads to an unusual and outstanding reinforcing effect. Furthermore, this phenomenon is expected to occur only above a critical volume fraction of filler phase, defined as the percolation threshold, which in turn depends on the aspect ratio of the nanoparticle. In addition, it was shown by tensile tests performed on films prepared by water evaporation of a series of CNC suspensions that their tensile modulus increases when increasing the aspect ratio of the nanoparticles. 34 Films can also be prepared by dewatering process to analyze the tensile index. However, CNC and CNF cannot be utilized to make films by dewatering process due to the small size of the particles. Difficulties associated with the determination of the length make it challenging to assess its value for CNF. It is considered to be very high but strongly decreases when increasing the strength of oxidation for TEMPO-pretreated fibers. 35 For CNC, the aspect ratio is easier to determine and it is found to depend on both the source of cellulose and hydrolysis conditions. The aspect ratio varies between 10 for cotton and 67 for tunicin 32 and can be higher than 100 for soy hulls 33 .

Mechanical Properties

The mechanical modulus of nanocellulose is probably its main asset. Indeed, cellulose is a ubiquitous structural polymer that confers its mechanical properties to higher plant cells. The tensile modulus of single cellulose I (native cellulose) crystal has been estimated both experimentally and theoretically. A broad range of values ranging between 56 and 220 GPa was reported with an average value of 130 GPa, with a tensile strength around 10 GPa. 36 As expected, the lower crystallinity of CNF results in a lower modulus, with an average value around 100 GPa. 36 Moreover, crystalline cellulose with a density around 1.5-1.6 g.cm -3 can be considered as a lightweight material. The specific tensile modulus, which is the ratio between the tensile modulus and the density, was estimated around 85 and 65 J.g -1 for CNC and CNF, respectively, whereas it is around 25 J.g -1 for steel. 37 

Rheological Properties

The aqueous nanocellulose suspensions show a rheological behavior that can be described in terms of pseudoplastic and shear-thinning behavior. 23,38 A rotational rheometer is the most commonly method for analyzing the rheology of nanocellulose.

The nanocellulose suspensions are sheared between two plates to measure their viscosity and their viscoelastic response at low shear rates (commonly 0.001-100 s -1 ).

The rheological behavior of nanocellulose suspensions is influenced by the nanocellulose microstructure, the density of surface hydroxyl groups, the degree of dispersion and the interaction of the particles with the surrounding medium. Rheology can also be used as a complementary tool to determine the aspect ratio of nanocellulose 39 and to assess the quality of the nanocellulose dispersion. Typically, a poorly dispersed nanocellulose suspension would result in a decrease in viscosity due to limited particle-particle interaction at low shear rates. 40 

Thermal Properties

When nanocellulose suspensions are dried, a film forms, which thermal expansion coefficient (TEC) is very low because of both its high crystallinity and strength of the nanocellulose network interactions. 41 This low TEC of cellulose nanoparticles can be used to reduce the TEC of polymer nanocomposite sheets if the strength of the network is strong enough to restrict the thermal expansion of the matrix. However, the low thermal stability of nanocellulose may limit their use and manufacturing conditions of its nanocomposites at high temperatures. This issue is particularly important for sulfuric acid-hydrolyzed CNC that exhibits a significantly reduced thermal stability compared with the raw starting material or other forms of nanocellulose. It is attributed to the sulfate ester groups that are introduced on the surface of the nanoparticles during the hydrolysis reaction. 28 

Optical Properties

The optical properties of nanocellulose films can be measured by determining the light transmittance with a UV visible spectrometer in the wavelength range 200-1000 nm.

CNF films can be optically transparent if the fibrils are small enough to densely packed, thus reducing the interstices between the fibrils to avoid light scattering. 42 , TEMPOoxidized CNFs with diameters of 3-4 nm usually result in highly transparent films with transmittance values above 80%. 43 Films prepared by slow filtration, drying and compression are usually not optically transparent, but translucent due to a dense packing of the fibrils. 42 CNCs display a lyotropic liquid crystalline behavior in water, caused by electrostatic repulsion forces between the negatively charged particles, which are indirectly characterized by a cholesteric pitch. 44 From a certain concentration threshold, a phase transition from an isotropic liquid phase to a chiral nematic phase is observed. The CNC self-organization is preserved by simple water evaporation, resulting in Bragg reflection of visible light if the pitch in the solid films approximates the wavelength of visible light. 45 Iridescent CNC films of different colors can be obtained by modifying the pitch by adding electrolytes to the CNC suspension, or varying the energy of the ultrasound/sonication treatment to disperse the particles in water.

Barrier Properties

In addition to excellent mechanical and optical properties, nanocellulose films feature good gas and liquid barrier properties due to their high crystallinity, their ability to form a dense percolating network and their high aspect ratio. 37 Generally, the addition of nanoparticles as filler or coating can significantly reduce the gas permeability of the substrate by increasing the tortuosity. 46 Very low oxygen transmission rates (OTR) can be achieved with neat nanocellulose films, with values as good as or even lower than OTR values for petroleum and bio-based polymers. 47 While nanocellulose films show reduced gas permeability in dry atmospheres, this property is often lost in moist atmosphere, 46 due to the plasticization and swelling of the fibrils through the adsorption of water molecules at high relative humidity. Strategies to improve the oxygen barrier of the films at high relative humidity can then involve the chemical surface modification of cellulose 48 or the preparation of composites, multilayer 49 or hybrid nanocellulose films. 50 However, it is worth noting that, although cellulose is a hydrophilic polymer, nanocellulose films still feature lower water vapor permeability than their macroscale counterpart.

Surface Modification of Nanocellulose

Physical Adsorption of Surfactants

Non-covalent surface modifications of nanocelluloses are typically achieved via adsorption of surfactants, oppositely charged entities or polyelectrolytes. Thus, these interactions with the nanocellulose substrate are ensured through hydrophilic affinity, electrostatic attractions, hydrogen bonds or van der Waals forces.

In order to obtain non-flocculated dispersion of CNC in non-polar solvents, the easiest approach is to cover the surface of the nanocrystals with surfactants bearing a polar head and long hydrophobic tail. With the simple mixing in solvent, non-covalent physical absorption of the surfactant molecules on the surface of nanocellulose will be a much more controllable and easy-operated process than delicate chemical modification. Surfactants are usually amphiphilic organic compounds, containing both water-insoluble (oil-soluble) component as hydrophobic group (so-called tail) and water-soluble component as hydrophilic group (so-called head). The hydrophilic end of the surfactant molecule may adhere on the surface of nanocellulose, whereas the hydrophobic end may extend out providing a non-polar surface and lowering the surface tension of the nanoparticles. With this process, the ensuing surfactant-coated nanoparticles display reduced surface energy and improved dispersibility or compatibility with non-polar organic media.

Since the first report on the use of surfactant Beycostat NA (BNA) as stabilizing agent to prepare stable suspensions of CNC in nonpolar solvents, 51 there were more studies focusing on the influence and property of BNA-modified CNC. BNA is a commercial anionic surfactant, and its chemical structure involves a phosphoric ester of polyoxyethylene nonylphenyl ether. The mixing ratio of surfactant and CNC should be cautiously controlled. A low amount of surfactant is not sufficient to obtain a good dispersion in organic solvents, whereas a too high amount of surfactant may induce self-aggregation of the nanoparticles during the mixing process (as shown in Table 1.1).

Meanwhile, using small angle neutron scattering, it was observed that a surfactant layer 15 Å thick coated the surface of CNC, which indicated the effective adsorption of BNA and folded conformation of the surfactant molecule on the surface of the nanocrystals. 52 In further studies, the properties of BNA-adsorbed CNC, such as morphology, selfassembling and chiral nematic property, were investigated with various techniques including AFM, TEM, and FESEM. 53 Particularly, the chiral nematic ordering of BNAadsorbed CNC suspensions in cyclohexane with different concentrations was observed and discussed. 54 When using these surfactant-modified CNC as nanofiller to reinforce a polymeric matrix (such as PLA or PP), the presence of the surfactant on the surface of the nanocrystals was found to facilitate the dispersion of the nanofiller in the matrix and improve the nucleation effect towards crystallization of the matrix for ensuing materials. [55][56][57] Different from the hydrophilic-hydrophobic mechanism for the absorption of common surfactants, cationic surfactants (such as DODA-Br) can be adsorbed on the surface of CNC through strong electrostatic interactions between the negative charge of the sulfate groups on H2SO4-hydrolyzed nanocrystals and the cationic charge of the surfactant.

DODA is a cationic surfactant that has been widely used in films to investigate the adsorption and binding processes involving anionic polyelectrolytes at the air/water interface. Rojas et al. applied cationic surfactant DODA to modify the surface of CNC, and used this surfactant as the carrier to crosslink cellulose nanoparticles. 58 With Langmuir-Schaeffer (LS) technique, the precursor CNC-DODA complex was subsequently used to prepare monolayer films.

A nonionic surfactant, such as sorbitan monostearate, was also used to improve the dispersion of CNCs in organic solvents and to prevent their self-aggregation. 59 From the results of turbidity experiments performed on 0.3 and 0.6 wt% nanocrystal suspensions in THF, the surfactant concentration determined the stability of modified CNC in solvent. With high surfactant concentrations, the surfactant molecules self-aggregate and probably did not adhere to the surface of nanocrystals, which probably caused the weak stress transfer effect when using CNC as reinforcing filler. In another study, as a small surfactant molecule, tert-butanol, was used to modify the surface of CNC. 60 It was reported that tert-butanol was able to limit the aggregation of the nanocrystals during the freeze-drying process, and promoted more loose condition and homogeneous dispersion in poly(lactic acid) (PLA) matrix. The procedure for modification of CNC is carried out from the TEMPO/NaClO/NaBr system, with the control of the pH at a value of 10 to preserve the high oxidation efficiency. TEMPO-mediated oxidation of CNC obtained by HCl hydrolysis of cellulose fibers was first reported by Araki et al. 62,63 The authors demonstrated that after TEMPO-mediated oxidation, the CNC maintained their initial morphological integrity and formed a homogeneous suspension when dispersed in water. The presence of carboxyl groups imparted negative charges to the CNC surface and thus induced electrostatic stabilization. Montanari et al. 64 systematically investigated the degree of oxidation and size of surface carboxylated CNC prepared by TEMPO-mediated oxidation of cotton linters. The degree of oxidation (DO) was determined by conductometric titration as 0.24. During TEMPO-mediated oxidation, a decrease of the crystal size occurred, and the introduction of negative charges on the surface of the crystalline domains induced a better individualization and dispersion of the crystallites. Habibi et al. 65 performed TEMPO-mediated oxidation of CNC obtained from HCl hydrolysis of tunicate cellulose fibers and showed that TEMPO-mediated oxidation did not compromise the morphological integrity of CNC nor their native crystallinity. Based on the supramolecular structure, morphological attributes and crystallographic parameters of the oxidized CNC, these studies demonstrated that various degrees of oxidation could be predicted and achieved by using specific amounts of the primary oxidizing agent ratios.

In the case of CNF, TEMPO-mediated oxidation is mostly used as a cost-effective chemical treatment prior to the mechanical processing in order to facilitate the individualization of the nanofibrils. Indeed, after impairing their structural potential and softening their rigid structure by breaking the strong intra-fiber hydrogen bond networks, the TEMPO-oxidized cellulose fibers can be converted very easily, utilizing mechanical shearing discussed before (high speed blending, ultrasonication, high mechanical shearing, etc.), into highly crystalline individual nanofibers. This method has been reported for a variety of cellulosic fibers. 66 Isogai's group carried out pioneering work in this area as reported recently in a concise review. [START_REF] Kuang | Facile Preparation of Lightweight High-Strength Biodegradable Polymer/Multi-Walled Carbon Nanotubes Nanocomposite Foams for Electromagnetic Interference Shielding[END_REF] With the most common TEMPO derivative, the optimal conditions reported are a pH of 10 and temperature ranging between 0 and 10 °C . These operating conditions usually yield cellulose nanofibers having 3-20 nm in width and a few microns in length depending on the cellulosic raw material used.

Esterification

Owing to its ease and straightforwardness, the modification of hydroxyl groups present at the surface of nanocellulose through esterification is widely used. Among esterification reactions, acetylation of nanocellulose is the most widely studied. The use of pyridine as a solvent diluent in the heterogeneous acetylation of nanocellulose, using acetic anhydride and sulfuric acid as catalyst, seems to impact only slightly its morphological and crystalline structure even at 80 °C for 5 h. 68 The simultaneous occurrence of cellulose hydrolysis and acetylation of hydroxyl groups has also been reported. Fischer esterification of hydroxyl groups simultaneously with the hydrolysis of amorphous cellulose chains has been introduced as a viable one-pot reaction methodology that allows isolation of acetylated CNC in a single-step process. [START_REF] Braun | Single-Step Method for the Isolation and Surface Functionalization of Cellulosic Nanowhiskers[END_REF] However, a strict control of the degree of esterification using this method is quite tough.

In a similar approach, Herrick et al. [START_REF] Herrick | Microfibrillated Cellulose: Morphology and Accessibility[END_REF] have proposed in the early development of nanocellulose, the simultaneous acetylation of CNF during the mechanical shearing using as processing medium a mixture of acetic acid and acetic anhydride with sulfuric acid as catalyst. A similar one-step procedure aiming to esterify and defibrillate cellulose fibers was recently developed by Huang et al. [START_REF] Huang | One-step Dispersion of Cellulose Nanofibers by Mechanochemical Esterification in an Organic Solvent[END_REF] The procedure involves ball milling of the fibers in organic solvents such as DMF or THF containing esterifying agents like chloride or anhydride derivatives leading to CNF with tunable properties. It is worth mentioning that acetylation was also suggested as a chemical pretreatment step prior to the mechanical processing to access CNF. [START_REF] Jonoobi | Preparation of Cellulose Nanofibers with Hydrophobic Surface Characteristics[END_REF] A novel and straightforward method for the surface acetylation of CNC by transesterification of vinyl acetate was proposed by Cetin et al. [START_REF] Cetin | Acetylation of Cellulose Nanowhiskers with Vinyl Acetate under Moderate Conditions[END_REF] The reaction was conducted in DMF at 95 °C using potassium carbonate as catalyst. The results analysis indicated that during the first stage of the reaction, only the surface of CNC was modified, while their dimensions and crystallinity remained intact. With increasing reaction duration, diffusion mechanisms controlled the rate, leading to higher levels of acetylation, smaller dimensions, and lower crystallinity of modified CNC. In another study, the similar transesterification of CNF obtained through carboxymethylation to substitute carboxymethyl groups by hexyl moieties was reported using 1-hexanol as reactant and reaction medium, as well as in combination with sulfuric acid as catalyst. [START_REF] Eyholzer | Dispersion and Reinforcing Potential of Carboxymethylated Nanofibrillated Cellulose Powders Modified with 1-Hexanol in Extruded Poly (Lactic Acid)(PLA) Composites[END_REF] The reaction was carried out at 105 °C for 72 h but did not show any regioselectivity because all hydroxyl groups were modified (Figure 1.5). An environmentally friendly esterification modification route imparting high hydrophobicity to CNC was developed by Yuan et al. [START_REF] Yuan | Surface Acylation of Cellulose Whiskers by Drying Aqueous Emulsion[END_REF] . The method used alkenyl succinic anhydride aqueous emulsions as a template, which were simply mixed with CNC aqueous suspensions, freeze dried, and the resulting solid was heated to 105 °C .

With low reagent consumption and simple treatment procedures, highly hydrophobic modified CNC can be obtained. The acylated CNC can be dispersed in low-polarity solvents, i.e., DMSO (Ɛ=46.45) and 1,4-dioxane (Ɛ=2.209).

Menezes et al. [START_REF] De Menezes | Extrusion and Characterization of Functionalized Cellulose Whiskers Reinforced Polyethylene Nanocomposites[END_REF] have reported the esterification of CNC by grafting organic acid chlorides presenting different lengths of the aliphatic chain. The reaction was conducted under reflux for 4 h using triethylamine (TEA) as catalyst and neutralizing agent for the in situ formed hydrochloric acid. The crystallinity of the particles was not altered by the chain grafting, but it was shown that covalently grafted chains were able to crystallize at the cellulose surface when using C18 agent. Berlioz et al. [START_REF] Berlioz | Gas-Phase Surface Esterification of Cellulose Microfibrils and Whiskers[END_REF] have reported a highly efficient solvent-free synthetic method allowing an almost complete surface esterification of CNC, extracted from tunicate, leading to highly substituted CNC-esters.

The reaction of fatty acids such as palmitoyl chloride was carried out at reduced pressure and temperature ranging from 160 to 190 °C on CNC substrates either freezedried or dried via the supercritical carbon dioxide process. It has been shown by SEM and X-ray diffraction analyses that the esterification proceeded from the surface of the substrate to the crystal core.

Silylation

Silylation is another commonly used reaction for conjugating small molecules on the nanocellulose surface, as shown in Figure 1 A mild silylation protocol was adapted to surface silylate CNF extracted from parenchymal cell cellulose with isopropyl dimethylchlorosilane. The silylated CNF maintained the same morphological features as that of the unmodified sample and were homogeneously dispersible in non-polar solvents providing stable suspensions that did not flocculate. 79 The rheological properties of their suspension in methyl oleate showed a marked shear thinning effect. Thus, by silylation, the CNF have acquired an inherent flexibility with the result that their suspensions present a rheological behavior equivalent to that of polymer solutions. Similarly, Anderson et al. 80 Silylation was also attempted in order to tune the wetting properties towards non-polar liquids of pre-formed CNF-based aerogels. Perfluorodecyltrichlorosilane 82 and octyltrichlorosilane 83 were grafted merely by a chemical vapor deposition method at elevated temperature. Owing to its simplicity silylation was also exploited as an intermediate step for further functionalization. Aminosilanes were first grafted onto CNC and served as reactive sites to covalently attach fluorescent moieties. 84 More recently, alkene thiol-functionalized silanes were also covalently grafted on CNF-based films and consequently clicked with appropriate moieties through thiol-ene click chemistry in Figure 1.7. 85 

Grafting onto

The "grafting onto'' method involves attachment of pre-synthesized polymer chains, carrying reactive end groups, onto (modified) hydroxyl groups of the cellulose surface.

Yet, steric hindrance can prevent optimal attachment during the grafting reaction because the polymer chains have to diffuse through the layer of already attached brushes to reach available reactive sites at the surface; hence, an unfavorable reduced surface grafting density is often obtained by using the ''grafting onto'' method. The case of poly(ethylene glycol) (PEG) or polyoxyethylene (PEO) grafted onto the surface of cellulose nanocrystals was widely studied because of the similar hydrophilic property and simple chemical structure of PEG. Three approaches were reported to combine PEG (or PEO) with CNC via the "grafting onto" strategy, as summarized in oxidized CNC suspensions by amine-terminated PEG grafting using a carbodiimidecatalyzed amidation procedure in water at room temperature. 86 By grafting PEG at a ratio of 0.2-0.3 g/g on CNC, the modified CNC showed drastically enhanced dispersion stability and ability to redisperse into either water or chloroform from the freeze-dried state. On the basis of the chemical reaction between the hydroxyl and isocyanate groups, the polymeric chains of PEG can also be grafted onto the surface of CNC (through the covalent linkage with the isocyanate modified PEG agent). Kloser et al. reported a novel method to graft high molecular weight PEO on the surface of CNC, involving the reaction between epoxy and hydroxyl groups under alkaline conditions. 87 Figure 1.9 depictes this approach involving a two-step reaction, i.e., desulfation and grafting of epoxy-terminated PEO under alkaline conditions for grafting PEO onto the CNC surface. The CNC prepared by sulfuric acid hydrolysis were desulfated with sodium hydroxide, and then nucleophilic attack by the surface hydroxyl groups under strongly alkaline reaction conditions opened the epoxide ring of epoxy-terminated PEO to form a covalent ether linkage between CNC and PEO chains.

The AFM images indicated that the whole process did not change the morphology or dimensions of CNC, and the grafted PEO chains successfully contributed to steric stabilization for good dispersion of CNC. The resultant PEO-grafted CNC suspension was stable for several months and no precipitation was observed. Besides hydrophilic PEG, several hydrophobic polymers were also reported to be grafted onto the surface of CNC, as summarized in Table 1.2. The "grafting onto" approach was used by Ljungberg et al. 88 to graft maleated polypropylene (PPgMA), bearing 7.5 wt% of maleic anhydride groups, onto the surface of CNC extracted from tunicate. This esterification was carried out in toluene at 100 °C for 5 min. The resulting grafted nanocrystals showed very good compatibility and high adhesion when dispersed in a polypropylene matrix. Harrisson et al. 89 and Azzam et al. 90 adopted the same approach using DMF as reaction medium to graft amine-terminated poly(styrene) (PS)

or poly(tert-butyl acrylate) (Poly(TBA)) and Jeffamine copolymers, respectively, and the grafting efficiency seemed to be greater than that in water. Isocyanation is the most popular method for termination and functionalization of endgroups in polymer chains, and hence it provides good precursors for surface "grafting onto". The grafting of polycaprolactone (PCL) with different molecular weights on the surface of CNC has been achieved by using isocyanate-mediated coupling, which involves a three-step process as shown in Figure 1.10. [START_REF] Wang | Eco-Mimetic Nanoarchitecture for Green EMI Shielding[END_REF] The first step requires the reaction of phenylisocyanate with one functionality of the polymer. The second step requires the reaction of the modified polymer, having thus one protected functionality, with one isocyanate functionality of 2,4-TDI. During the third step, the unreacted second isocyanate functionality of 2,4-TDI is then able to react with the surface hydroxyl groups of CNC to graft the polymer chain onto the nanoparticle. [START_REF] Fei | C@ Cellulose Nanofiber Aerogel Derived from Metal-Organic Frameworks for Highly Efficient Electromagnetic Interference Shielding[END_REF] The reached grafting density was high enough that the grafted PCL chains were able to crystallize at the surface of CNC. Nevertheless, to reach a high grafting density the reaction was conducted for 7 days at 80 °C with continuous addition of the coupling agent and of the catalyst, as well as by using a high volume of toluene to ensure good dispersion. The same approach was implemented by Cao et al., [START_REF] Wan | Graphene Oxide/Cellulose Aerogels Nanocomposite: Preparation, Pyrolysis, and Application for Electromagnetic Interference Shielding[END_REF] who reported isocyanate-catalyzed grafting of pre-synthesized water-borne polyurethane polymers via a one-pot process using DMF as reaction medium. These grafted-WPU chains were able to form a crystalline structure on the surface of CNC, and thus induce the crystallization of the matrix which created a co-continuous phase. The same approach was followed by Pei et al. 94 to prepare polyurethane-CNC nanocomposites with ultrahigh tensile strength and strain-to-failure with strongly improved modulus. 

Grafting from

The "grafting from'' approach can be implemented to increase the grafting density of the polymer brushes on the surface and to ensure their stability in different application conditions. In this method, polymer brushes can be grown in situ from nanocelluloses directly using the surface hydroxyl groups serving as initiating sites for ring opening polymerization (ROP) or the surface can be modified to introduce different initiator sites needed for controlled polymerization techniques such as atom transfer radical polymerization (ATRP) and other radical polymerization techniques.

Ring opening polymerization (ROP)

Ring opening polymerization (ROP), which was used to graft and polymerize cyclic monomers mainly lactones was first applied for the modification of CNC by Habibi et al. 8 PCL was grafted by ROP on the CNC surface using stannous octoate (Sn(Oct)2) as catalyst and the reaction was conducted at 95 °C in toluene. Under these conditions CNC kept its original crystalline structure and morphology as confirmed during the modification reaction. 95 With a similar strategy, Chen et al. 96 the reaction was performed in toluene where CNFs were previously dispersed. 105 The good reinforcing ability derived from the characteristic dimensions of CNF must be preserved during the grafting reaction. Great improvement in the dispersibility of CNF in organic solvents can be achieved after PCL grafting, and it was shown that longer graft lengths improved the stability of the suspensions.

Similar to the strategy followed in the case of PCL grafting at the surface of CNC, Goffin et al. 100 reported the grafting of poly( lactic acid) (PLA) chains from the surface of CNC by ROP. However, the grafted chains were suspected to be very short according to their crystallization behavior. Therefore, in order to achieve the molecular weight for grafted PLA chains, Braun et al. 101 suggested the use of partially acetylated CNC, obtained through the Fischer esterification pathway, to control the grafting density. This well-designed approach for producing the materials is used to balance competing effects; blocking a fraction of the surface hydroxyl groups available for ring-opening polymerization initiation leads to high-molecular-weight chains covalently attached to the CNC surface. Significant enhancement of the mechanical performances was also 

Living radical polymerization (LRP)

Living radical polymerization (LRP), such as atom transfer radical polymerization (ATRP) and single electron transfer-living radical polymerization (SET-LR) can also be used for the surface polymer grafting on nanocellulose. Commonly, a two-step reaction is involved, which is the initial formation of initiating sites for LRP with the initiator immobilized on CNC, and the reaction of the initiator-modified nanoparticles with a monomer to induce polymerization. It has been proved that LRP is a versatile technique to synthesize well-defined polymers with high surface grafting density and low polydispersity on the surface of CNC. Copper-mediated LRP is generally chosen for its versatility with respect to monomer choice and ease of synthesis. Generally, two steps are involved in the chemical modification of grafting polymeric chains on CNC with LRP techniques, as shown in Figure 1.12. The first step is the initial formation of initiating sites for LRP, in which an initiator is immobilized on the nanoparticles, and the macromolecular initiator (CNC-Br is commonly used) can be obtained. It should be pointed out that 2-bromoisobutyryl bromide (BriB) is always chosen for the esterification of nanocrystals and provides the initiating sites. To prevent the destruction of the crystalline structure of CNC, this reaction should be carefully performed at low temperature (sometimes in ice bath), which can dissipate superfluous heat. The second step involves the reaction of the initiator-modified nanoparticles with monomers (C=C alkene molecules) to induce the polymerization. Examples can be found in the literature reporting the grafting of polymer brushes, i.e.

poly(butyl acrylate) (PBA), from the surface of CNF through SI-ATRP. 112,113 SI-ATRP of butyl acrylate (BA) on CNF was conducted to create controllable hydrophobic chains on CNF. The macroinitiator, CNF-Br, was prepared by the esterification of hydroxyl groups on CNF with 2-bromoisobutyrylbromide (BiBB); followed by ATRP of BA using two catalyst systems, Cu(I)Br/2,2'-bipyridine (BPY) and Cu(I)Br/pentamethyldiethylenetriamine (PMDETA). The results indicated that the PMDETA system exhibited relatively poor control over ATRP; whereas the BPY system produced PBA with tailored chain lengths and relatively narrow polydispersity but experienced a rather slow polymerization process. To optimize the polymerization with the Cu(I)Br/PMDETA system, several influencing factors were investigated, including the type of solvent, reaction temperature and the use of co-catalyst Cu(II)Br2. Some studies exploited other approaches to graft polyolefin on the surface of CNC. Harrisson et al. 89 grafted PS and poly(t-butyl acrylate) (PtBA) chains on CNC via the carbodiimidemediated amidation reaction between the terminal amine groups from polyolefin polymers and carboxylic acid groups on the surface of oxidized CNC.

With the method of HCl hydrolysis or saponification, grafted polyolefin chains can be cleaved from the surface of CNC, and the properties of grafted polymers, such as molecular weight (Mn) and polydispersity, can be carefully investigated by gel permeation chromatography (GPC) or size exclusion chromatography (SEC). As shown in Table 1.4, diverse monomers, reactive conditions and properties of grafted polyolefin chains on CNC have been used. Despite the advantages of controllability and high grafting density of surface-initiated LRP, there are some shortcomings for this technique, which are the inconvenience of experimental operation (with three freezepump-thaw or vacuum-nitrogen cycles) and rigorous reactive conditions of anaerobic circumstance.

End Modification of Nanocellulose

It is well known that the unidirectional parallel orientation of cellulose chains within Before the end modification reaction on CNC, the crystallites were chemically activated via hydrazone linkages at the reducing ends. Macromolecules, carrying reactive end groups, were attached to the reactive cellulose crystallites by coupling reaction. Aminoterminated polyethylene glycol and polydimethylsiloxane can be coupled to CNC carrying phenyl carboxylic functions at their front face. The cellulose-blockpolydimethylsiloxane copolymer exhibits a pronounced tendency to form specific super-structures in slurries and films made from it. Alternatively, polyacrylamide was tethered from these hemiacetal units, after being modified with reactive azo initiators, by radical polymerization. Diverse reactive conditions and grafted molecules on the basis of the end hemiacetal of CNC were used and summarized in Table 1. mmol of reducing agent.day -1 for 3 days). After 3 days the reaction mixture was cooled to room temperature, followed by addition of 10 mL of 3 M HCl to neutralize the excess reducing agent. The neutralized reaction mixture was dialyzed against distilled water, followed by addition of appropriate amounts of KCl salt so that the final dispersion was Nanocellulose aerogels grafted with PEI (CNFs-PEI) have been manufactured as new drug carriers by freeze drying. 126 The drug loading and release properties of the aerogels were investigated using a model drug of water-soluble sodium salicylate (NaSA). The aerogels revealed an effective drug load capacity (287.39 mg g -1 ) (Figure 1 open porous structure with a low density (1.8 mg cm -3 ) and a high water uptake capacity (≈100 g g -1 ). It was proved to be an excellent culture scaffold for cells even in a critical environment, owing to the openness of pores and enhanced mechanical properties provided by covalent crosslinking. Furthermore, some antibacterial nanoparticles (e.g., silver) can be mixed into the nanocellulose matrix to enhance the resistance and tolerance of the aerogel to bacteria, which can be developed as self-supporting wound dressings. 128-130

Thermal Insulation

The thermal transfer of a solid material is mainly divided into thermal conduction, thermal convection, and thermal radiation. 131 When the pore size is larger than the average free path of the gas (70 nm), according to the Knudsen effect, the thermal conductivity of the nanocellulose aerogel will be affected as the porous structure can no longer restrict gas movement. 132 Accordingly, it is necessary to adjust the pore size of the aerogel based on actual demands. Several strategies have been employed to achieve effective thermal insulation properties.

Kobayashi et al. explored a novel type of aerogel from liquid-crystalline nanocellulose with higher-order frameworks (Figure 1.17a). 133 They studied the relationship between aerogel density and thermal conductivity. When the aerogel density was 17 mg cm -3 , the lowest thermal conductivity was 18 mW m -1 K -1 ). For CNF aerogel, the thermal conductivity remained 18 mW m -1 K -1 even when increasing the density and reducing the porosity by compression, when compared with the uncompressed aerogel with 14 mW m -1 K -1 , showing an excellent thermal insulation property. 134 

Optical Functions

Various optical functions can be achieved using nanocelluloses. Probably, the most widely reported deals with cholesteric liquid crystallinity of CNC, which causes tunable iridescence, such as structural colors, [165][166][167] and allows transferring such properties into other materials upon templating. [139][140][141][142] Some berries also show structural colors due to chiral twisting of native cellulosic components. 143 The formation of chiral nematic phases of CNC was also studied in spherical confinement in emulsions to follow tactoid formation 144 or in case of microfluidic droplets demonstrating radial symmetric orientation of the CNC layers with angle-independent photonic properties. 145,146 On the other hand, one of the main efforts related to nanocelluloses has been to achieve transparency in films. 

Adsorbents for heavy metal ions

Heavy metal ions, which are found in industrial effluents such as metal plating and paint manufacture, are considered as a serious threat to humans and the environment,. 153 Polysaccharides and their derivatives showed high efficiency for removal of heavy metal ions from wastewater. The higher adsorption efficiency of polysaccharides can be attributed to high functionality, hydrophilicity and the highly reactive properties of the functional groups. Various polysaccharide adsorbents for the removal of heavy metals have been investigated and are shown in Table 1.6. The adsorbents could be regenerated by using 0.5 M HNO3 after three adsorption cycles.

Succinic anhydride-modified CNC (SCNC) was used for the adsorption of Cd (II) and Pb (II). 156 CNC was modified with succinic anhydride to get SCNC, then treated with saturated NaHCO3 to obtain NaSCNC. The qmax value for SCNC and NaSCNC was 465.1 and 344.8 mg g -1 for Cd (II); 367.6 and 259.7 mg g -1 for Pb (II), respectively.

Carboxylated CNF extracted from pulp residue could be used as efficient adsorbent for the removal of Ni (II), Zn (II), Cu (II) and Cr (III) from aqueous solutions, while the qmax value was 0.74, 1.61, 1.90 and 2.06 mmol g -1 , respectively. 157,158 Negatively charged TEMPO-CNF was very effective to adsorb UO2 2+ from wastewater, while the qmax value was 0.62 mmol g -1 . 159 The high specific surface area, surface charge density and hydrophilicity of TEMPO-CNF contributed to the high UO2 2+ adsorption efficiency. Graft polymerization of CNC with monomeric acids introduced more negative carboxylate groups on the surface of CNC. 160,161 Amination of CNC with acryl amide was responsible for the incorporation of NH 3+ cationic ligands on the surface.

Esterification of CNC with succinic anhydride led to an increase in the binding sites with positively charged metal ions. The qmax value for Cr (VI) and Cr (III) was 0.053 and 0.0055 mmol g -1 , respectively. Aminopropyltriethoxysilane (AMEO)-modified CNF was prepared for removal of Cu (II), Ni (II) and Cd (II), while the qmax value was 3.15, 2.73 and 4.19 mmol g -1 , respectively. 162 The amino (-NH2) and hydroxyl (-OH) groups contributed to the higher adsorption efficiency due to the free electron doublets of the nitrogen and oxygen atoms. Carbonated hydroxyapatite modified CNF was reported to remove Cd (II) and Ni (II) from aqueous solution, while the qmax value was 1.22 and 2.02 mmol g -1 , respectively. 163 The adsorption mechanism was mainly attributed to ionic interactions between adsorbates and modified CNF. The adsorptiondesorption cycles proved that 0.01 M HNO3 was a highly effective regenerant for the adsorption. Cross-linked polyvinyl alcohol CNF (PVA-CNF) hybrid aerogels were used for the removal of Pb (II), Hg (II), Ag (I) and Cu (II) from aqueous solutions, while the qmax value was 0.53, 0.78, 1.06 and 2.38 mmol g -1 , respectively. 164 PVA-CNF aerogels were hydrophobic and oleophilic after being treated with methyltrichlorosilane.

Polyethylenimine (PEI)-modified TEMPO-CNF was reported for the removal of Cu (II), as shown in Figure 1.19. 165 The abundant carboxyl and amino functional groups were introduced onto CNF, which acted as active sites for the binding of Cu (II). Enzymatically phosphorylated CNC was reported to remove Cu (II), Ag (I) and Fe (III), while qmax value of 1.84, 1.26 and 2.06 mmol g -1 , respectively. 166 Phosphorylated CNC significantly improved the metal sorption capacity due to the high specific surface area.

Bisphosphonate CNC was also used to remove vanadium (V) from aqueous solution, while the qmax value was 1.98 mmol g -1 . 167 from aqueous solutions. 170,171 The adsorbents could be effectively reused more than five cycles with 0.1 M HCl.

Magnetic iron nanoparticle-modified CNF was used for the removal of As (V), while the qmax value was 2.46 mmol g -1 . 172 The adsorbents could be effectively regenerated more than 98% after three cycles by 1 M NaOH solution. Magnetic hydrogels of carboxylated CNF were reported for removal of Pb (II), while the adsorption capacity was much higher than that of non-carboxylated CNF over the entire pH range. 173,174 This could be attributed to the carboxyl groups on the carboxylated CNF surface, which significantly enhance the electrostatic interaction between the adsorbent and metal ions.

Additionally, desorption experiments proved that the magnetic hydrogels could be easily regenerated with 0.01 M HNO3 and the adsorption efficiency can be maintained more than 90% after four cycles.

Adsorbents for oil/water separation

Oil from petrochemical industries has become a serious concern, and absorbents based on organic and inorganic porous materials have been developed for oil/water separation.

Among these absorbents, polysaccharide absorbents have gained increasing attention due to their unique properties and sustainable character, as shown in Table 1.7. Hydrazine-carboxyl CNC aerogels were prepared and exhibited high elasticity and fast oil/water separation, with absorption capacity for water, dodecane, ethanol and toluene of 133, 54, 99 and 34 g g -1 , respectively. 175 Meanwhile, the results proved that the increased carboxyl groups contributed to the excellent mechanical properties and shape recovery ability. Chemically cross-linked CNC aerogels based on hydrazide and aldehyde-modified CNC were reported for oil/water separation. 176 The unique pore structure of the CNC aerogels contributed to the shape recovery ability. The absorption capacity of the CNC aerogels for water, dodecane, ethanol and dimethyl sulfoxide was 160, 72, 130 and 134 g g -1 , respectively. Cross-linked PVA-CNF hybrid aerogels were prepared for removing oil and organic solvents from wastewater. 173 The hydrophobic PVA-CNF aerogels exhibited excellent absorption capacity in the range of 44 -96 g g -1 for various types of organic solvents (hexane, toluene, gasoline, chloroform) and oils (pump oil, crude oil, diesel oil, corn oil,). Hydrophobic CNF aerogels were also prepared through vapor deposition with triethoxyl silane for oil/water separation. 177,178 The resulting aerogels exhibit ultra-light (1.7 -8.1 mg cm -3 ) and ultra-porous (99.5 -99.9%) features, which displayed excellent absorption capacity and good recyclability.

The absorption capacity for water, chloroform, non-polar liquids was 210, 375, 139 -356 g g -1 , respectively. Composite aerogels were fabricated from silylated tunicate CNC and red mud for oil/water separation. 179 The absorption capacity of these composite aerogels for oil and 2,4-dichlorophenol was 33 -36 g g -1 and 5.5 -6.0, respectively. A facile synthesis of hydrophobic and ultralight CNF aerogels was reported using a novel and efficient silylation process, as shown in Figure 1.21. 180 Compared with conventional inorganic porous materials, the shape recovery of silylated CNF aerogels was close to 96% after a compression strain of 50%, which displayed an excellent flexibility. On the basis of the hydrophobic properties, the aerogels were highly efficient in removing organic solvents from wastewater with an excellent selectivity and recyclability. The absorption capacity for oils (silicone oil, motor oil, mineral oil) and organic solvents (ethanol, acetone, dodecane, toluene) was 49 -102 g g -1 . Highly porous CNF aerogels coated with titanium dioxide showed a selective oil-absorbing capacity, with absorption capacities in the range of 20 -40 g g -1 for non-polar liquids and oils. Higher conductivity values for polyaniline films were obtained by oxidative polymerization of aniline using ammonium persulfate in the presence of CNF dispersed in water (Figure 1. 22). 184 This leads to relatively high conductivity of 1.8 S cm -1 for 80 wt% polyaniline loading and still moderate conductivity 2.9 × 10 -5 S cm -1 for 5 wt% loading, where the mechanical properties are essentially the same as for pristine CNF.

Reduced graphene oxide offers interaction sites that are compatible with CNF.

Subsequent chemical reduction transfers graphene into the conducting state.

Chapter 1. Literature Review on Nanocellulose
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EMI Shielding

With the development of miniaturized and multifunctional electronic packaging, EMI has become an increasingly critical and intractable task to avoid undesirable EM energy generated by electronic components. 185 Generally, the EMI shielding performance is gradually enhanced with increasing electrical conductivity. However, high electrical conductivity is not the only criterion for EMI. 

Introduction

Polymer nanocomposites consisting of a nanoscale reinforcing filler and polymer matrix have attracted researchers' great interest in the last few decades. [1][2][3][4][5][6] The nanofiller helps to achieve better properties at lower volume fractions due to their large specific surface area compared to micrometer size particles. By using nanofillers (such as silica, carbon nanotubes, clay and graphene), [7][8][9] stronger reinforcement effects have been achieved in natural rubber (NR) composites. Among the potential nanofillers, nanocellulose, consisting of nanosized cellulose-based particles, is an elongated nanomaterial with high aspect ratio and high crystallinity. It has been widely studied due to its excellent mechanical properties, biocompatibility, renewability, sustainability and abundance.

NR is one of the most important elastic materials in daily applications due to its excellent strength, resilience, flexibility and elasticity. [10][11][12][13][14][15] However, unfilled NR exhibits poor mechanical properties in terms of stiffness, so the incorporation of a nanofiller into NR matrix is often required. [16][17][18] Smyth 16 and Pasquini 17 et al. studied the reinforcing effect of cellulose nanocrystals (CNCs) on natural rubber and found that the performance of the obtained nanocomposites mainly depended on the properties of CNC, since the higher the aspect ratio, the better the reinforcing effect. Meanwhile, it was found that the formation of a rigid percolation network over a certain filler content greatly enhanced the reinforcement of the NR matrix. 19,20 However, the increase in the mechanical properties of the nanocomposites by adding nanocellulose was still not very obvious and far from expectation due to inadequate interfacial interaction between nanocellulose and NR matrix. The nanocellulose surface contains a large number of hydroxyl groups, so the interfacial compatibility between hydrophilic nanocellulose and hydrophobic rubber matrix is poor and leads to aggregation of nanocellulose in the NR matrix. This insufficient interfacial adhesion between both components does not effectively transfer the stress from the continuous phase to the filler under mechanical loading. In order to improve the compatibility and enhance the interfacial adhesion between nanocellulose and the NR matrix, Kanoth et al. introduced sulfhydryl groups (-SH) on the surface of CNC and achieved reinforcement and cross-linking between the NR matrix and modified CNC by thiolene reaction. 21 Goetz et al. 22,23 used poly(methyl vinyl ether-co-maleic acid)-polyethylene glycol as a matrix and nanocellulose as a cross-linking agent to prepare cross-linked nanocomposites via the esterification reaction. The nanocellulose is trapped in the cross-linking network which prevents its aggregation, and the nanocomposite shows excellent mechanical properties. Therefore, the dispersion of the nanofiller within the host polymer matrix and the interfacial interactions between the nanofiller and the matrix are key properties for improving the properties of the nanocomposite. However, these strategies consume surface hydroxyl groups which are the basis of the exceptional reinforcing effect of these nanoparticles via the establishment of a nanofiller percolating network.

Here, we chose high aspect ratio cellulose nanofibrils (CNFs) as reinforcing nanofiller but also as cross-linking agent after end modification. In order to achieve the synergistic effect of strengthening and cross-linking across the interface, active thiol groups (-SH)

were introduced at the reducing end of CNF, while retaining the hydroxyl (-OH) groups on the surface, giving CNFs the possibility to interact with each other and thus forming a stable percolating network in the nanocomposites. The nanocomposites were obtained by casting/evaporation a mixture of dispersed modified CNF and NR in latex form, in which covalent cross-links were formed between the thiol groups and double bonds of the NR matrix via photochemically initiated thiol-ene reaction. With this design, it was possible to achieve both the formation of a percolation network and strong interfacial interactions between the nanofiller and the NR matrix, which should improve the strength and modulus while retaining the high ductility of the nanocomposites. The strong interfacial interaction between the NR matrix and the end-modified CNF was characterized by Fourier-transform infrared (FTIR) spectroscopy. The structural and mechanical properties of the nanocomposites were evaluated by scanning electron microscopy (SEM), dynamic mechanical analysis (DMA) and mechanical tensile tests.

Experimental sections

Materials

The 

CNF end modification via aldimine condensation

The pH of CNF aqueous dispersions (10 mg/mL) was regulated to 9.2 with Na2CO3 buffer solution in oil bath at 70°C. NH2(CH2)6SH• HCl (0.3 mmol) and reducing agent Ac (45 mmol) were dissolved in distilled water and added into the CNF suspension by magnetic stirring under the protection of nitrogen for 3 days. After reaction, the dispersion was cooled to room temperature. Then 20 mL of 3 M HCl solution was added to neutralize the excess reducing agent (Ac), and the neutralized suspension was dialyzed against distilled water for 5 days. Then the KCl solution was added under magnetic stirring for 24h. After incubation treatment, the CNF-SH-a suspension was obtained by dialysis against distilled water to remove electrolytes.

CNF end modification via carboxyamine condensation

The end aldehyde groups of CNF were first converted into carboxyl groups (-COOH). 24 NaClO2 solution (250 mM) was added to the CNF aqueous suspension (10 mg mL -1 ) at room temperature for 20 h, the pH of the aqueous suspension was regulated were based on the total solid content.

Characterization

Elemental analysis (EA) was performed to trace the content of nitrogen (N %) and sulfur (S %) elements after modification with elemental analyzer (Elemental Analysis system, GmbH). X-ray photoelectron spectroscopy (XPS) experiments were carried out on a Thermo Fisher spectrometer.

The Zeta potential of CNF and CNF-SH suspensions was measured with Zetasizer Nano instrument (Malvern). Fourier-transform infrared spectroscopy (FTIR) measurements were performed on a Perkin Elmer Spectrum 65 spectrometer in the range 4000-600 cm -1 . Solid-state NMR analysis was performed on a Bruker AVANCE 400 NMR spectrometer with a 4 mm CP-MAS probe at 12 000 Hz spinning speed and 6 s relaxation delays. Thermogravimetric analysis (TGA) curves were recorded from 25°C to 600°C (10°C/min) under nitrogen atmosphere. X-ray diffraction (XRD) (Bruker, Germany) was performed by Cu Kα radiation at 40 KV. The diffraction angle (2θ) was varied from 5 to 45° with a rate of 0.02°/s. The Segal method was used to calculate the crystallinity index from XRD data. 25 The CNF suspension was negatively stained with a 2 wt% uranyl acetate solution, and samples were observed with a transmission electron microscope (JEOL JEM 2100-Plus) at 200 kV. For the CNF-SH suspension, a silver-staining technique was used to identify the reducing end modification by in situ growth method. The silver nitrate solution (1 mL, 1 mM) was added to the CNF-SH suspension (10 mL, 1 mg mL -1 ) under magnetic stirring for 30 min. Then sodium borohydride solution (10 mL, 5 mM) was added under magnetic stirring for 24h. The resulting suspension was prepared for TEM.

The cross-linking density was determined as follows. Five weighed samples (m0) were each immersed in an airtight container of toluene at room temperature. The swollen samples were then periodically taken out and immediately weighed on an analytical balance (m1) after wiping up with filter paper until a constant weight was obtained. The cross-linking density (𝜈) was calculated by the Flory-Rehner equation. (2) where x and Vt are the interaction parameter and molar volume of toluene (x = 0.39, Vt = 106.2 cm 3 /mol), respectively. mnr and 𝜌nr are the weight and density of natural rubber (𝜌nr = 0.93 g/cm 3 ), respectively. mt and 𝜌t are the weight and density of toluene (𝜌s = 0.865 g/cm 3 ), respectively.

The network structure constructed with CNF in the NR nanocomposites was identified by scanning electron microscopy (SEM) (Quanta 200 FEI). The NR/CNF nanocomposites were put in liquid nitrogen for a few minutes and fractured.

The mechanical properties of NR/CNF and NR/CNF-SH nanocomposites were measured in tensile mode (Instron 5567, USA) with a 100 N load cell. The measurements were performed at a strain rate of 100 mm/min. The sample dimensions were 18 × 6 × 0.6 mm 3 , and the results were averaged on five measurements. The toughness of the nanocomposites was calculated from the area under the stress-strain curve before rupture.

Successive tensile tests were carried out to investigate the energy dissipation of nanocomposites using Instron 5567. At the beginning of each experiment, the sample was first stretched under a load of 0.5 N. Then, the experiment consisted in stretching the sample up to a given elongation ∆𝐿 1 = 10 mm (cycle 1), then releasing the force down to 0.5 N, and stretching again up to ∆𝐿 2 = 2∆𝐿 1 (cycle 2). This procedure was repeated with increasing elongation ∆𝐿 𝑖 = 𝑖∆𝐿 1 until the rupture of the sample. The tensile modulus 𝐸 𝑖 and the shrinkage 𝑟 𝑖 were determined for each successive cycle.

Dynamic mechanical analysis (DMA, TA, USA) was carried out from -100 to 100 °C at 5 °C min -1 in tensile mode. The strain amplitude and frequency were 0.05% and 1 Hz, respectively. 

Results and discussion

The main objectives of this work were the preparation of reducing end modified CNF and the development of nanocomposites by reactive compounding between reducing end modified CNF and NR matrix. As shown in Scheme 1, the aim of the reducing end modification was to introduce active thiol groups (-SH) at the reducing ends of CNF, while being able to retain the surface hydroxyl groups (-OH). Subsequently, covalently cross-linked nanocomposites were prepared by click reaction between the -SH groups on the end modified CNF-SH and unsaturated bonds (-C=C-) of the NR matrix via UV radiation.

Scheme 1 Reducing end modification of CNF and preparation of nanocomposites.

Analysis of reducing end modification of CNF

In this study, two strategies were designed to achieve end modification of CNF, (164 eV) were observed in the end-modified CNF-SH spectrum, which is consistent with the results of elemental analysis (Table 2.1), which proved that the thiol group (-SH) was successfully grafted to the reducing end of CNF. It is worth noting that elemental analysis results show that the nitrogen and sulfur content in CNF-SH-a was higher than that of CNF-SH-b; the peak intensity for N1s and S2p for CNF-SH-a in the XPS characteristic element spectrum was also stronger than that of CNF-SH-b (Figure 2.1B, C), indicating that CNF-SH-a has a higher grafting efficiency than CNF-SH-b. The crystalline properties and zeta potential value for CNF before and after end modification were investigated. As shown in Figure 2.2A, the XRD pattern for pristine CNF and modified CNF (CNF-SH-a and CNF-SH-b) showed typical cellulose I crystalline characteristic peaks. According to Segal formula, 28 the crystalline index for pristine CNF, CNF-SH-a and CNF-SH-b was 72.8%, 66.8% and 65.7%, respectively, which indicates that the end modification process did not significantly impair the original crystalline structure of CNF. Zeta potential measurements were used to prove the stability of the suspension before and after modification. It is considered that a zeta potential value lower than -30 or over 30 mV provides adequate repulsive force to achieve colloidal physical stability. 29 As shown in Figure 2.2B, end-modified CNF-SHa and CNF-SH-b maintained a high zeta potential absolute value (-39.8 mV and -36.9 mV, respectively), which shows its good dispersibility ability. After end modification, sulfur atoms were successfully grafted on the reducing end of CNF. According to the well-known spontaneous reaction between silver nanoparticles and sulfur, the regioselective labeling of CNF-SH with silver nanoparticles via a σ-π coordinate bond 30,31 could prove the reducing end modification. From Figure 2.2C-E, CNF, CNF-SH-a and CNF-SH-b maintained a fibrous morphology and good dispersibility, as expected from zeta potential measurements. Furthermore, most of CNF-SH were labeled with several silver nanoparticles located on one end of CNF-SH by the in-situ growth strategy. These results provide visual evidence of the successful modification of the reducing end of CNF. In agreement with XPS and EA results, it was observed that the amount of silver nanoparticles labeling on CNF-SH-a is significantly higher than for CNF-SH-b, indicating that the grafting efficiency of the former is higher than the latter.

including

Click reaction between CNF-SH-a and NR

End-modified CNF-SH-a with -SH groups could react with the unsaturated double bond (-C=C-) of NR matrix under UV radiation to achieve a reactive compound. To demonstrate the chemical reaction between CNF-SH-a and NR matrix, the reaction mixture consisting of NR matrix and CNF-SH-a (2:1 w/w) was purified after 30 min of UV radiation under stirring. The mixture was prepared by continuous centrifugation and washing with acetone to completely remove unreacted NR component and the purified product was conditioned at 40°C in an oven overnight. For comparison, purified NR/CNF was also subjected to the same treatment.

As shown in Figure 2.3A, compared to the FTIR spectra of pristine NR and CNF, the purified NR/CNF-SH-a mixture exhibits an out-of-plane bending vibrational peak assigned to =C-H for the alkene group on NR matrix at 836 cm -1 . 32 However, the FTIR spectrum for the purified NR/CNF mixture was essentially identical to pristine CNF with no new peak appearing. Furthermore, the characteristic peaks were observed in the solid-state NMR spectrum of purified NR/CNF-SH-a mixture, corresponding to C1' (33ppm), C4' (27ppm) and C5' (23ppm) in the chemical structure of isoprene. 33 Combining FTIR and 13 C ssNMR results, it is shown that the covalent bond formed by the click reaction between the end-modified CNF-SH-a and NR corresponds to a strong interaction, so that successive centrifugation and washing steps cannot remove the NR component covalently bonded to CNF-SH-a, and the characteristic peaks belonging to NR were observed in the FTIR and ssNMR spectra of the purified NR/CNF-SH-a mixture. The interaction between NR and unmodified CNF is weak in the NR/CNF mixture and therefore the free NR component can be easily removed during the purification process. The interfacial interaction between CNF-SH-a and NR matrix in the nanocomposites was investigated by FTIR, as shown in Figure 2.3C. The peak at 836 cm -1 was assigned to the =C-H out-of-plane bending vibration of the alkene group. Compared to neat NR, the intensity of the peak at 836 cm -1 for the nanocomposites decreased when increasing the CNF-SH-a content, attributed to the click reaction between the double bond in the NR chain and the -SH group of CNF-SH-a. To further explore the chemical reaction between CNF-SH-a and NR matrix, the C-H bending vibration of the methyl group at 1447 cm -1 was chosen as a comparison to normalize the intensity of the =C-H peak at 836 cm -1 by integrating the area of the two peaks in the spectra of the nanocomposites (I836/I1447). The I836/I1447 value decreased from 1.14 to 0.55, when increasing the CNF-SH-a content from 0 to 15 wt%, as shown in Figure 2.3D. These results demonstrate that covalent bonds are formed and controlled between the thiol group of CNF-SH-a and the unsaturated double bond in the NR matrix. (0.11 mmol/cm 3 ), NR/CNF-SH-a-15 nanocomposite exhibits a higher cross-linking density (0.21 mmol/cm 3 ). The results indicate that the improvement of interfacial interaction in the nanocomposites may contribute to increase the cross-linking density.

The strong interfacial interaction between CNF-SH-a and NR matrix through click chemistry resulted in a tight bond between the filler and the matrix, effectively binding the polymer chains together. The greatly increased proportion of rigid phase in the matrix 34 slows down the penetration of the solvent into the matrix, thereby reducing the solvent adsorption and swelling of the NR/CNF-SH-a nanocomposites.

Morphology of the nanocomposites

The fractured surface for neat NR and nanocomposites reinforced with 5 wt% CNF-SH-a or CNF were observed by SEM to evaluate the compatibility between the filler and NR matrix. As shown in 

Mechanical properties of the nanocomposites

The mechanical properties of NR/CNF and NR/CNF-SH-a nanocomposites were characterized by tensile tests. Typical stress-strain curves for the nanocomposites and pure NR are shown in Figure 2.6, and the tensile properties are collected in Table 2.2.

Compared to neat NR, the modulus and tensile strength of the nanocomposites increased significantly with the addition of CNF and CNF-SH-a. The tensile strength for NR/CNF-SH-a-10 (5.83 MPa) was 17.6 times higher than that of neat NR (0.33 MPa) and 1.67 times higher than that of NR/CNF-SH-10 (3.48 MPa). Meanwhile, the Young's modulus for NR/CNF-SH-a-10 (45.25 MPa) was 94.3 times higher than that of neat NR (0.48 MPa) and 1.27 times higher than that of NR/CNF-SH-10 (35.55 MPa).

The elongation at break of the nanocomposites decreased when increasing the CNF and CNF-SH content, in line with previous studies. 36,37 This is mainly attributed to the fact that the entangled CNF network expected to form within the NR matrix provides higher stiffness at the expense of ductility. Meanwhile, the strong interfacial interaction between NR and CNF-SH via click reaction held the matrix and filler more tightly and restricted the movement of NR chain segments. The toughness of the nanocomposites increased when increasing CNF and CNF-SH-a content. For 15% CNF content, the toughness decreased due to the aggregation of CNF in the NR matrix, which is consistent with SEM observations. The toughness of NR/CNF-SH-a-10 (22.24 MJ m -3 ) was 8.45 times higher than that of neat NR (2.63 MJ m -3 ) and 1.78 times higher than that of NR/CNF-SH-10 (12.51 MJ m -3 ). Therefore, for a given CNF content, a lower degradation of the ductility of the material is observed for CNF-SH-a based nanocomposites. These results indicate the synergistic effect of the rigid CNF-SH-a reinforcement together with cross-linking at the filler-matrix interface. 

Successive tensile tests

The stress-strain curves obtained from the successive tensile tests applied to the nanocomposites are shown in Figure 2.7A,B. During the successive tensile tests, the positive stretch curve and the negative recovery curve were not superimposed.

Meanwhile, a residual elongation was induced for each cycle, which is due to the entropic nature of the strain and the involvement of the viscoelastic component to the total compliance. It is worth noting that it is mainly influenced by the experimental stretching rate and temperature, and it is strongly time-dependent. 38,39 For subsequent cycles, the nanocomposites could be stretched to an elongation above their elastic limit, since the rubber was unvulcanized. The shrinkage ri of the nanocomposites was determined by the difference between the elongation and the residual elongation retained at the end of each cycle. The evolution of the tensile modulus Ei and shrinkage ri during the successive cycles is plotted in three-dimensional diagram (Fig. 7C,D, respectively). For all samples, the tensile modulus showed a continuous decreasing trend during successive cycles, where the higher the nanocellulose contents was, the stronger the modulus drop was, as shown in Table 2.3. During the first successive tensile tests, the decrease in modulus of the nanocomposites could be attributed to the gradual breakdown of the continuous nanocellulose network. We also observed that the tensile modulus of the nanocomposites was higher than that of neat NR for a given cycle, while the modulus increased with increasing nanocellulose content, which is consistent with tensile test results, as well as DMA experiments that will be reported latter.

Regardless of the sample, residual elongation was observed from the first stretching cycle, while shrinkage increases during successive tensile tests. These data suggest that the viscous flow in the samples decreases for each successive stretching cycle, while the elastic recovery component increases. For a given cycle, the shrinkage of the nanocomposites was lower than that of the neat NR matrix. In addition, the nanocomposites reinforced with CNF-SH-a exhibit higher shrinkage than that of CNF in a given cycle. This indicated that CNF-SH-a induces a more elastic behavior of the nanocomposite while reducing its viscoelasticity, demonstrating the interaction between CNF-SH-a and NR matrix. 

Dynamic mechanical analysis

Typical dynamic mechanical curves for the isochronal evolution of the tensile storage modulus (E') and loss factor (tan δ) as a function of temperature for pure NR, NR/CNF-5, NR/CNF-10, NR/CNF-SH-a-5 and NR/CNF-SH-a-10 nanocomposites are shown in Compared to neat NR, the Tg of both nanocomposite materials showed a slight shift towards higher temperatures, as shown in Figure 2.8B. Tan δ for neat NR exhibits a maximum at -56.4 °C, while it is -54.3 °C and -51.5 °C for NR/CNF-10 and NR/CNF-SH-a-10 nanocomposites, respectively. This is mainly attributed to the restricted segmental movement due to strong interaction between the filler and the matrix.

Meanwhile, the increased cross-linking density also led to an increase of Tg. As the filler content increased, the magnitude of the damping peak associated to the glass transition for both nanocomposites decreased, probably due to the covalent bonds formed between the filler and the NR chain segment molecules, which greatly restricted the movement of the NR chains. These results suggest that strong covalent links exist at the composite interface for NR/CNF-SH-a nanocomposites, while a denser crosslinked NR network would give a stronger reinforcement effect of CNF-SH-a in the rubbery state. This high reinforcement effect could be attributed to the formation of a continuous rigid three-dimensional percolation network structure by hydrogen bonds, which has been extensively discussed in the literature and is well predicted by the percolation approach adapted to the Takayanagi model. 40,41 𝐸′ =

(1-2𝜓+𝜓𝑋 𝑟 )E 𝑟 ′ 𝐸 𝑠 ′ +(1-𝜓𝑋 𝑟 )𝜓𝐸 𝑟 ′ 2 (1-𝑋 𝑟 )E 𝑟 ′ +(𝑋 𝑟 -𝜓)𝐸 𝑠 ′ (3) 
𝜓 = 𝑋 𝑟 ( 𝑋 𝑟 -𝑋 𝑐 1-𝑋 𝑐 ) 0.4 (4) 
𝑋 𝑐 = 0.7 𝑓 (5) where 𝐸 r ′ is the storage modulus of the rigid filler network; 𝐸 𝑠 ′ is the storage modulus of neat NR; 𝑋 𝑟 is the volume fraction of CNF-SH-a in the nanocomposite; 𝑋 𝑐 is the volume fraction of CNF-SH-a at the percolation threshold;  is the volume fraction of CNF-SH-a contributing to the percolation network; 𝑓 is the aspect ratio of CNF-SH-a, which was estimated to 34.8 according to TEM observations by software of NanoScope Analysis 1.5. The density of NR and CNF-SH-a was 0.96 and 1.5 g cm -3 , respectively.

The comparison between predicted and experimental modulus it classically used to evaluate the dispersion state of the filler within the polymer matrix and the formation of a percolating network in the nanocomposite. At sufficiently high temperatures, i.e.

above Tg of the NR matrix, the modulus of CNF-SH-a (0.65 GPa 42,43 ) is much higher than that of the NR matrix (1.02 MPa, according to DMA results). Thus, Eq. 3 can be simplified and the storage modulus of the nanocomposite is just the product of the volume fraction of CNF-SH-a contributing to the percolation network () and modulus of the percolation rigid CNF-SH-a network. 44,45 𝐸′ = 𝜓 * 𝐸 𝑟 ′ (6)

Based on the above equation, the calculated percolation threshold of CNF-SH-a was 2.01 vol%, which is around 3.1 wt%. From Figure 2.8C and Table 2.4, it is obvious that for the nanocomposite reinforced with 5 wt% CNF-SH-a percolating network effectively formed. The end-modification allows CNFs to not only retain the original crystal structure and size, but also preserves the surface hydroxyl group, which serve as the driving force for hydrogen bonding and are the basis for rigid network formation. 46 It significantly improved the dispersion and storage modulus of the nanocomposite.

Conclusions

We have demonstrated a novel concept for the development of rubbery nanocomposites based on the synergistic effect of cellulose nanofibrils used as a biobased reinforcement, which also possess cross-linking sites for covalent coupling to the natural rubber elastomer matrix. Reducing end-modified CNFs bearing -SH groups (CNF-SH-a) were successfully prepared by aldimine condensation at one end of CNF with 6-Amino-1hexanethiol hydrochloride. CNF-SH-a showed improved hydrophobicity and good dispersibility in hydrophobic medium. Nanocomposite films with homogeneous dispersion of CNF-SH-a in NR matrix were prepared by a casting/evaporation method.

The cross-link density of the NR/CNF-SH-a sample was confirmed to significantly increase when increasing CNF-SH-a content. This is due to the covalent cross-links formed at the filler-matrix interface photochemically initiated by thiol-ene reaction. The NR nanocomposite reinforced with 10 wt%/CNF-SH-a showed significantly higher values of tensile strength (from 0. 

Introduction

Rubber-based conductive polymer composites are important materials for applications such as electromagnetic shielding, antistatic materials, pressure-sensitive sensors, overcurrent devices, etc. Conductive composites are commonly prepared by adding a conductive filler, such as carbon nanotubes, 1 carbon black, 2 graphene, 3 or metal nanoparticles 4 or an intrinsically conductive polymer [5][6][7][8][9][10] to a polymer matrix. Solution mixing, melt blending and in-situ polymerization are generally used to fabricate conductive composites. 11 However, it requires high conductive filler contents to form a continuous conductive network, which result in the deterioration of the mechanical properties, processing difficulty and high production cost. [12][13][14][15] Hence, the development of highly conductive composites having a low percolation threshold, good processability and adequate mechanical properties, has become a critical issue.

Graphene oxide (GO) consists of a monolayered carbon material with a hexagonal lattice structure. It is recognized as an attractive component due to its excellent thermal conductivity, electronic properties, high surface area, strength and Young's modulus. 16- 18 Graphene oxide-based conductive composites have many potential applications in different sectors, such as antistatic sealing rings, stretchable conductors, electromagnetic shielding devices, etc. Nevertheless, graphene oxide readily forms irreversible aggregates in water attributed to intermolecular 𝜋 -𝜋 stacking attraction forces. [19][20][21][22] The poor dispersion of GO in aqueous suspension is always a negative factor to reach optimal properties. Therefore, obtaining a well-dispersed GO suspension is a necessary condition for the development of highly electrically conductive GO composites with good mechanical properties.

Cellulose nanocrystals (CNCs) consist of elongated rod-like nanomaterials that can be extracted from natural cellulosic fibers by acid hydrolysis. They have been particularly considered for a wide range of applications owing to attractive properties such as tunable surface chemistry, high aspect ratio, stiffness, environmental sustainability, etc.

Because of these attractive properties, CNC can be used as stabilizer and template for conductive fillers, enabling the formation of a 3D hierarchical conductive structure in a latex polymer matrix, such as natural rubber (NR), by a self-assembly method in liquid medium. [23][24][25] By combining a low percolation threshold due to the elongated structure of these nanomaterials and the high mechanical strength intrinsic to crystallized cellulose, composites with a 3D hierarchical network structure can be obtained. [26][27][28][29][30] Several authors 8,23 reported that CNC can be decorated with a thin conductive polymer layer and ensuing modified nanoparticles can be used to decrease the percolation threshold of conductive composites.

In this article, we report an easily implementable and efficient strategy to prepare NR/CNC/GO nanocomposites hosting a 3D hierarchical multiscale conductive network based on a CNC-assisted latex assembly approach. CNC can significantly improve the dispersion of GO in aqueous medium through the formation of CNC/GO nanohybrids.

The prepared CNC/GO nanohybrids can be associated with NR latex by a simple casting/evaporation method. The latex microspheres act as impenetrable domains during the film formation due to their high viscosity and condition the formation of a continuous 3D connected CNC/GO network. A self-organized NR/CNC/GO nanocomposite exhibiting low electrical percolation thresholds, high electrical conductivity and good mechanical properties was successfully constructed following this approach. These highly attractive properties can find applications in stretchable electronics, wearable sensors, energy storage, etc.

Experimental

Materials

Whatman filter paper was used as the source of native cotton fibers for the preparation of CNC. Sulfuric acid (H2SO4, 98%), graphene oxide (GO), sodium hydroxide (NaOH) and uranyl acetate were purchased from Sigma-Aldrich and used without further treatment. The natural rubber (NR) latex with a solid content of 60 wt% was kindly provided by Corrie MacColl Deutschland GmbH (Germany).

Preparation of CNC/GO nanohybrids.

Firstly, the Whatman filter paper was purified with NaOH solution (2 wt%) for 12 h.

Cellulose nanocrystals (CNC) were classically prepared by selective acid hydrolysis with H2SO4 from purified Whatman filter paper, according to a well-known protocol. 31 Acid hydrolysis was performed using 65 wt% H2SO4 and conducted at 45°C for 45 min under mechanical stirring (IKA, EUROSTAR 20 digital). The suspension was then washed by successive centrifugations (Sigma, 6-16KS) at 8,000 rpm for 5 min, allowing the removal of part of the excess acid and water-soluble fragments. Dialysis against distilled water was subsequently carried out for 5 days to remove any free acid molecule from the dispersion. The ensuing aqueous suspension contained homogeneously dispersed CNC, and its average solid content was 0.98 wt% as measured in triplicate.

An ultrasonically assisted mixing process was implemented to prepare the CNC/GO nanohybrids. For this, a desired amount of GO was added to the well-dispersed CNC aqueous suspension, and the mixture was dispersed with ultrasonic energy of 5 kJ/g CNC with 250 Watt sonication probe (Sonifier 250, Branson, USA) at 50% of maximum energy during 15 min resulting in a uniform CNC/GO nanohybrid suspension.

Preparation of NR/CNC/GO and NR/GO Composites.

For preparing the NR/CNC/GO nanocomposites, a given amount of CNC/GO nanohybrid suspended in water was added to the NR latex under magnetic stirring (IKA, C-MAG HS 7) for 1h until a uniform mixture was formed. Then, this mixture was degassed at room temperature and under vacuum for 30 min to remove bubbles, and finally cast in PTFE molds before evaporation at 45°C overnight to obtain solid composite films. A similar procedure was used to prepare CNC-free NR/GO nanocomposites. Both sets of composites were labeled as NR/CNC/GO-x and NR/GOx with x corresponding to the GO content (0, 1, 2, 4, 6, 8, 10, 15 wt%), which was based on the total solid content. It was varied from 0 to 15 wt%. For all composites containing CNC, the CNC content was fixed at 5 wt% based on the total solid content, and this information was therefore not recorded for the sample codification.

Characterization

Both the morphology and dimensions of CNC were characterized by atomic force microscopy (AFM) (O-TESPA tip, Bruker, USA). The CNC suspension (∼0.01 wt. %) was ultrasonically dispersed for 10 min before being deposited on a mica substrate. The nanoparticle-loaded substrate was imaged in tapping mode with a Nanoscope IIIa microscope. The morphology of GO and CNC/GO nanohybrids was observed by transmission electronic microscopy (TEM) (JEOL, JEM 2100-Plus). Diluted GO and CNC/GO nanohybrid aqueous suspensions were submitted to a sonication treatment for 30 min to disperse the aggregates. The well-dispersed GO and CNC/GO nanohybrids were directly deposited on a copper grid for further TEM observation.

Zeta potential of CNC, neat GO and CNC/GO nanohybrid suspensions was quantified with Zetasizer Nano instrument (Nano ZS, Malvern). Fourier-transform infrared (FTIR) spectroscopy spectra were recorded on a Nicolet 6700 spectrophotometer (USA) in the range 4000-600 cm -1 by the transmission method. KBr pellets were prepared by mixing and milling KBr and the sample (99: 1 wt%), then sintered under a pressure of 10 t/m 2 for 1 min. Both pure KBr and KBr pellets with the samples were dried in an oven (1 h, 105°C ). For thermogravimetric analysis (TGA) (Perkin Elmer) a heating scan was performed from 25°C to 600°C using a heating rate of 10°C/min under nitrogen atmosphere. X-ray diffraction (XRD) analysis (Bruker, Germany) was carried out with Cu Kα radiation (λ = 0.154 nm). Voltage/intensity conditions were 40 kV/60 mA and the diffraction angle (2θ) was varied from 5 to 45° with a scan rate of 0.02°/s. For calculating the crystallinity index of the nanocrystals from XRD data the Segal method was implemented. 32 Scanning electron microscopy (SEM) observations were performed on a Quanta 200 FEI device (Everhart-Thornley detector) with an accelerating voltage of 1.0 kV.

Coating of the sample with gold using a sputter coater was carried out before observing its cross-section. The electrical conductivity for all samples (18 × 6 × 0.5 mm 3 ) was measured using a CYL-RM300 four-probe resistivity instrument (JANDEL, UK) with 2 mm distance between two copper electrodes. All the electrical resistivity measurements were performed five times at different positions on the sample to obtain accurate results. The mechanical properties of the composites were measured in tensile mode using a testing machine (Instron 5567, USA). The load cell had a 0.5 N capacity and the strain rate was 100 mm/min. The sample dimensions were 18 × 6 × 0.5 mm 3 , and the results were averaged on five measurements.

Results and Discussion

The preparation strategy for NR/CNC/GO and NR/GO nanocomposites developed in this study is illustrated in Figure 3.1. The CNC suspension was stabilized by electrostatic repulsion interactions due to the partially charged sulfate ester groups introduced during the sulfuric acid hydrolysis step. 33 However, irreversible aggregation and poor dispersion of graphene oxide in water was observed, which are attributed to intermolecular 𝜋 -𝜋 stacking attractive forces. 19,34 When GO and CNC suspensions were mixed uniformly under magnetic stirring and sonication, amphiphilic CNCs selfassembled onto the surface of GO nanosheets to form a well-dispersed CNC/GO nanohybrid. It can be attributed to enhanced stability of the CNC/GO nanohybrids, which results from expected hydrogen bonding interaction between hydroxyl groups from CNC surface and oxygen-containing groups borne by GO. Then, the CNC/GO nanohybrids were mixed with the NR latex under magnetic stirring and the mixture was finally cast and evaporated to obtain solid nanocomposite films. The CNC/GO selfassembled nanohybrids can disperse in a controlled manner in the space formed between NR latex microspheres, which lead to the formation of NR/CNC/GO nanocomposites with a 3D hierarchical conducting network structure. 

Morphology and Thermal Stability

The morphology and dimensions of CNC were characterized by AFM at different observation scales. As shown in Figure 3.2A,B, the CNC exhibits a typical rod-like morphology with nanoparticles 100-300 nm long and 10-20 nm wide. Electrostatic repulsion interactions among the nanoparticles promoted the dispersion of CNC in the aqueous suspension and well-individualized nanoparticles are observed. 35 The sheetlike morphology of GO was observed by TEM observation (Figure 3.2C). When comparing the aspect of GO nanosheets in CNC/GO nanohybrids (Figure 3.2D) with the aspect of neat GO (Figure 3.2C), weaker dispersion and stronger aggregation is observed for the latter. 

Zeta potential

Zeta (𝜉) potential is a crucial parameter to evaluate the stability of nanoparticles suspended in a liquid medium. A high Zeta potential in absolute value is an indication of a good dispersibility of the suspension. Typically, a suspension with a 𝜉 potential absolute value higher than 30 mV is solely stabilized by electrostatic repulsions. 36,37 Figure 3.4A shows the Zeta potential values for CNC, GO and CNC/GO nanohybrid suspensions. The aspect of the suspensions before and after standing for 24 h, which can be correlated with their Zeta potential value, is also reported in Figure 3.4B,C. The Zeta potential for the CNC suspension was -49.3 mV and it exhibited excellent stability even after standing for 24 h. The Zeta-potential for neat GO aqueous suspension was -6.3 mV. The GO nanosheets can therefore easily aggregate resulting in their precipitation to the bottom of the flask, leaving a transparent solution on top. When adding CNC to the GO dispersion, the Zeta potential of the CNC/GO nanohybrid suspension was -44.7 mV and a well-dispersed suspension was observed even after standing for 24 h. These results clearly demonstrated that CNC can effectively stabilize the GO suspension. is representative of the H-O-H bending of absorbed water. 38,39 The strong bands at 1058-1160 cm -1 are attributed to the C-O-C pyranose ring skeletal vibration. 40 For the GO spectrum, the band at 3445 corresponds to the stretching of OH bonds from hydroxyl groups. The band at 1716 cm -1 is associated to the C=O carbonyl stretching. 41- 43 For the CNC/GO hybrids, the magnitude of the band at 3332 cm -1 drastically decreased, and it shifted to lower wavenumbers compared to CNC (3358 cm -1 ) and GO (3445 cm -1 ). These results confirmed that strong interfacial interactions occurred in the CNC/GO hybrids. 37 It can be ascribed to hydrogen bonding interaction between the hydroxyl surface groups from CNC and oxygen-containing groups borne by GO. 44 

SEM

In order to observe and verify the hypothesis of the formation of a 3D conductive structure induced by the CNC/GO nanohybrids within the NR matrix, the surface of the fractured NR/CNC/GO nanocomposite films was characterized by SEM, as shown in 

Electrical Conductivity

The value of the electrical conductivity for NR/GO and NR/CNC/GO nanocomposites according to their GO content is shown in Figure 3.7. NR/CNC/GO nanocomposites exhibit a much higher electrical conductivity compared to NR/GO nanocomposites, regardless of the GO content. Moreover, for a critical content of conductive charge, a transition from and insulator to a conductor state is observed, which corresponds to the well-known electrical percolation threshold. This electrical percolation threshold is much lower for NR/CNC/GO nanocomposites (1.8 wt%) compared to NR/GO nanocomposites (5.6 wt%). It is approximately 3-fold lower for the formers. The value of the electrical conductivity for the NR/CNC/GO-4 nanocomposite (the material composed of 5 wt% CNC and 4 wt% GO) was 3.24×10 -4 S/m. It is 9 orders of magnitude higher than that for the NR/GO-4 nanocomposite (3.15×10 -13 S/m) (the CNC-free material load with 4 wt% GO). This improvement in electrical conductivity can be attributed to the CNC/GO self-assembly and to the formation of the 3D conductive structure within the NR matrix. 

Mechanical property

Conclusions

In this work, we report a simple, effective, easily implementable and environmentally friendly water-based approach for preparing NR/CNC/GO nanocomposites. This approach is based on the formation of a 3D hierarchical conductive network structure through CNC-assisted self-assembly of graphene oxide in NR latex. The formation of this conductive network structure significantly enhanced the electrical conductivity and lowers the electrical percolation threshold of the composites. The electrical conductivity percolation threshold for NR/CNC/GO nanocomposites was 3-fold lower than that of NR/GO nanocomposites. Moreover, the electrical conductivity for NR/CNC/GO-4 nanocomposite (sample with 4 wt% GO) was 9 orders of magnitude higher than that of NR/GO-4 nanocomposite (CNC-free sample with 4 wt% GO). CNC played a critical role in assisting the formation of a 3D assembled conductive structure and enhancing the structure robustness as a rigid template as shown by the improvement in the tensile strength and Young's modulus. This unique combination of high electrical conductivity and mechanical properties makes the developed NR/CNC/GO CHAPTER 4.

"Multifunctional Nanocellulose/Carbon Nanotubes Composite

Aerogels for High-efficiency Electromagnetic Interference Shielding"

Introduction

Lignocellulosic biomass is a byproduct derived from the agriculture and forestry industries, characterized by its renewability, bifodegradability, availability, and elevated generation. 1 Thereby, it is the most abundant organic resource worldwide, with a yield around 200 billion annually. 2 According to its great potential, accessibility, carbon-neutral character and versatility, biomass can be processed to generate green energy, chemicals, and materials within a biorefinery scheme, 3 offsetting the use of fossil-based components. Biomass has a complex structure, composed of cellulose (33-51 wt%), enclosed in a compact frame formed by hemicellulose (19-34 wt%), and lignin (20-30 wt%). 4 The composition of the heteromatrix differs according to the biomass source, though, cellulose is its major constituent, referred to as the most abundant natural polymer on Earth. 5 In general, cellulose is the integral module of natural fibers, consisting of cellulose set into larger units, known as microfibrils. 6 These are composed of a string of nano-sized cellulose fragments, nanocellulose. Hence, nanocellulose integrates the relevant features of native cellulose with high crystallinity, hydrophilicity, high specific surface area, thermal stability, and remarkable mechanical properties. 7 Notably, the tendency of developing a material scheme based on renewable and organic sources restricts the reliability on petroleum derivatives and sets new perspectives regarding sustainable specialized applications. 8 For instance, biosourced nanostructured components have evolved to improve the performance of a material with multifunctional properties and green attributes. 8 Advancements in electronics information, communication networks, power systems, and biomedical devices, 9 condition the propagation of magnetic and electronic fields. The diffusion of electromagnetic waves can lead to disruptions in high precision circuits by electromagnetic induction, coupling, or conduction. 10 This can limit operative accuracy and cause malfunctioning of essential appliances, like communications, radars, military protection, navigation systems, hospital instruments, and energy transmission lines, 11 which also restricts the progress of the electronic industry.

Additionally, electromagnetic radiation has been presumably related; although not scientifically proven, to negative health effects, such as nervous system affectations in children, 12 headaches, anxiety, suicide and depression, nausea, fatigue, cataracts, and cancer. 13 Thereupon, due to the harmful character of electromagnetic radiations, the introduction of electromagnetic interference (EMI) shielding materials in electronic devices is decisive to minimize microwave release into the environment and its receptivity from other devices. 11 Thus, EMI shielding modules require a high porosity and elevated specific surface area to interact with radiation, while demonstrating a low density, cost-effective manufacture, and conformed by a non-conductive matrix receptive to be coupled with a conductive nanofiller. 14,15 Accordingly, nanocellulose-based elements have shown good results in dispersing electromagnetic radiation. 16,17 However, their associated price, and technical factors concerning humidity sensitivity, shelf life, high density, mechanical performance, and thermal stability, 16 limit further progress. Regarding this, nanocellulose aerogel; a porous ultralight solid, has been referred as a solution for EMI shielding, compiling with an ultralow density, high porosity, low cost of production, and adaptability for surface functionalization. 5,[18][19][20] As stated, nanocellulose-based aerogels provide an option for protection against EMI. Nevertheless, the composition of ultralight, robust, and conductive aerogels is restricted by the mechanical strength of nanocellulose, and its limited dispersibility to form a consistent structure. 21 Consequently, conductive nanofillers can serve as a supporting frame. 22 Their synergy with nanocellulose promotes a high electrical conductivity, improved mechanical performance, and interfacial polarization in electromagnetic fields, 21 resulting in a higher EMI shielding capacity for aerogels. Carbon nanotubes (CNTs) are known for their strength, durability, electrical conductivity, thermal conductivity, and lightweight properties, 23 which have potentiated their prospect as a precursor for EMI shielding items. Then, the formation of percolative networks of nanocellulose paired with carbon nanotubes, is a new approach for conductive aerogels. 20 Within this perspective, the interaction forces between carbon nanotubes and nanocellulose are a relevant factor for the formation of aerogels, and they determine their conductivity and final EMI shielding capacity. 20,24 In this study, a coactive chemical modification of cellulose nanocrystals paired with physical ionic reinforcement of a nanocellulose matrix is proposed to enhance the formation of a cohesive cellulose frame. This work reveals effective CNC cationization to improve electrostatic interaction with anionic nanofibrils and complementary precursors to form a consistent cellulose substructure through simple but practical electrostatic interactions. Then, CNT integration is promoted by electrostatic adhesion and H-bonding, which undergoes gelation and freeze-drying to form nanocellulose-CNTs aerogels. CNTs are introduced as a nanofiller, using their surface electrical charge, to improve the EMI shielding potential of the aerogel structure. As part of the nanocellulose-CNTs aerogel formation process, the underlying interaction between nanocellulose and CNTs in the composite is investigated. Additionally, this effective coupling will be evaluated in aerogels in terms of a suitable conductive pathway in aerogels to promote an efficient EMI protection. This simple, effective, and environmentally friendly scheme produces aerogels with low density (density < 0.075 g/cm 3 ), highly porous (porosity > 95.47%), conductive (up to 26.2 S/m), mechanically resistant that exhibit practical EMI shielding efficiency above 39.8 dB. This indicates that these aerogels can potentially be used as a lightweight, environmentally friendly EMI shielding material.

Experimental Section

Materials

Cellulose nanocrystal (CNC) (10.4 wt%) and TEMPO-oxidized cellulose nanofibril suspension (TCNF) (2.23 wt%) were purchased from The University of Maine. Sodium alginate (SA), glycidyltrimethylammonium chloride (GTMAC), and multiwall carbon nanotubes (CNTs) were supplied by Sigma Aldrich, and sodium hydroxide (NaOH, 98%) was provided by Carl Roth, all used without any treatment. Unless otherwise stated, all other reagents were of analytical grade and used directly as received without further purification.

Chemical functionalization of CNC with GTMAC

Cationization of H2SO4-hydrolyzed CNC was induced by GTMAC; employing NaOH as a catalyst, with a protocol adjusted from Rol et al. 25 and Saini et al. 26 Initially, CNC was activated with NaOH solution (5 wt%) at 65°C during 30 min. Afterwards, 4 mol/mol AGU of GTMAC were added dropwise, with the reaction lasting 6 h at 65°C under mechanical stirring. The composition was precipitated in 95% ethanol and centrifuged at 10,000 rpm for 15 min to remove free GTMAC. Finally, cationic CNC (CCNC) was dialyzed against distilled water for 5 days. The obtained CCNC suspension was taken to freeze drying (Christ & Alpha, 2-4 LSCplus) for two days to obtain CCNC powder.

Preparation of nanocellulose-CNTs composite aerogels

For nanocellulose aerogels, the anionic TCNF suspension was added into the cationic CCNC suspension under magnetic stirring for 1 h. To stabilize the nanoparticles, the desired amount of sodium alginate (SA) solution was slowly added into the composite suspension under magnetic stirring for 1 h to achieve a stable dispersion. Due to the opposite charges of TCNF and CCNC suspensions, the direct complexation of TCNF with CCNC leads to flocculation and sedimentation, so the introduction of sodium alginate greatly improves the dispersion and stability of the suspension. 27 According to our previous study, the weight ratios and compositions of the TCNF/CCNC/SA suspension was controlled as 4: 4: 2 (w/w/w).

For nanocellulose-CNTs aerogels, in order to stabilize the CNT nanoparticles, a 2.23 wt% aqueous TCNF suspension was magnetically combined with CNTs powder to get a stable TCNF/CNTs suspension in a 3:7 (w/w) ratio. Then the aerogels were prepared from stable CCNC, SA, and TCNF/CNTs suspension following the same steps as described above. The aerogel suspension was formed by electrostatic adsorption between the desired amount of anionic TCNF/CNTs suspension and cationic CCNC suspension, then adding anionic SA to strengthen the interaction under magnetic stirring. Finally, the composite suspension was poured into cylindrical molds and frozen overnight. To conclude, the molds were taken to freeze drying at -60 °C and 0.098 atm (Christ & Alpha, 2-4 LSCplus) for three days. In the nanocellulose-CNTs aerogel, the relative mass fraction of TCNF/CCNC/SA remained constant (4/4/2, w/w/w) with a varying CNT content of 0, 2, 5, 10, 15, 20 and 30 wt%, which was based on the total solid content. In agreement with previous reports, the densities of the different components TCNF, CCNC, SA and CNT are assumed to be equal to , 1.46 g/cm 3 , 28 1.54 g/cm 3 , 29 1.64 g/cm 3 , 29 and 2.1 g/cm 3 , 30 respectively. The CNT weight contents were converted to volume contents using the density of CNT and nanocellulose. The CNT volume contents were calculated to be 0, 0.08, 0.22, 0.44, 0.68, 0.89 and 1.20 vol%, coded as CA, CA-0.08, CA-0.22, CA-0.44, CA-0.68, CA-0.89 and CA-1.20 vol%, respectively.

Nanocellulose chemical and morphological analysis

Nanocellulose analysis was conducted for CNC, CCNC and TCNF. The modification process related to the presence specific functional groups on nanocellulose was identified by Fourier-transform infrared spectroscopy (FTIR). The spectra were recorded on a Spectrum 65 FT-IR instrument (PerkinElmer), in the range of 4000-400 cm -1 .

Solid-state NMR analysis was carried out to characterize the surface cationic CCNC through a Bruker AVANCE 400 NMR spectrometer at 12 000 Hz spinning speed by a 4 mm CP-MAS probe. Elemental analysis (EA) was used to track the nitrogen (N %) element of cationic CCNC through elemental analyzer (Elemental Analysis system, GmbH).

The surface charge of nanocellulose samples allows to define the subsequent electrostatic interactions. Zeta potential was quantified with a Zetasizer Pro device (Malvern Panalytical), using a DTS1070 cell, with water as dispersant, and setting 3 measuring rounds with no intermediate pause.

For thermogravimetric analysis (TGA), a heating scan was performed from 25 °C to 600 °C at a heating rate of 10 °C/min, under N2 atmosphere using a Mettler Toledo TGA/DSC 3+ star instrument.

The crystalline properties were analyzed by X-ray diffraction (XRD), carried out with a D8 Advance X-ray Bruker diffractometer, with Cu Kα radiation (λ: 0.154 nm). The voltage and intensity conditions were 40 kV and 60 mA, respectively, and the diffraction angle (2θ) was varied between 5° and 40° at a rate of 0.02°/sec. In line with the Segal height peak method, the crystallinity index of nanocellulose samples can be calculated by Equation 1. 31 Specifically, 𝐼 𝑎𝑚 is the intensity of the valley located at 2  20°, and 𝐼 002 is the maximum intensity of the main crystalline peak of cellulose I located at 2  22.6°.

𝐶𝐼 = (1 - 𝐼 𝑎𝑚 𝐼 002 ) × 100 (1) 

Nanocellulose-based aerogels characterization

The specific surface area and pore characteristics of the aerogels were determined by Brunauer-Emmett-Teller method using nitrogen adsorption-desorption Micrometrics

TriStar II 3020 apparatus.

The apparent density (𝜌 𝑎 ), skeletal density (𝜌 𝑠 ), and porosity (𝑝) were estimated based on the aerogel weight and dimensions, according to Equation 2-4, respectively.

𝜌 𝑎 = 𝑚 𝜋𝑟 2 ℎ
(2) (3)

𝜌 𝑠 =
𝑝(%) = 1 - 𝜌 𝑎 𝜌 𝑠 (4) 
Where m, h, and r are the mass, height, and radius of the composite aerogels, respectively, considering their cylindrical shape. Moreover, 𝑤 𝑇𝐶𝑁𝐹 , 𝑤 𝐶𝐶𝑁𝐶 , 𝑤 𝑆𝐴 and 𝑤 𝐶𝑁𝑇𝑠 are the weight fractions of TCNF, CCNC, SA and CNT components in the aerogels, respectively.

The shrinkage of the aerogels was established after freeze-drying, using electronic caliper measurement. The volume reduction percentage (S (vol%)) was calculated using Equation 5.

𝑆 (𝑣𝑜𝑙%) = 1 - 𝑉 1 𝑉 2 (5) 
Where 𝑉 1 is the volume of the aerogel after the freeze-drying, and 𝑉 2 is the volume of the mold for preparing the aerogel.

To study the porosity topography and cross-sectional morphology of the aerogels, representative samples were frozen in liquid nitrogen and carefully sliced. They were then coated with gold using a sputter coater and observed by Scanning Electron Microscopy (SEM), employing a FEI ESEM Quanta 200 microscope at 1.0 kV voltage.

Compression tests were performed to evaluate the mechanical properties of aerogels, and thus their suitability for load bearing applications, on an Instron 3365 universal testing system, equipped with a 500 N load cell with two flat-surface compression stages. The compression strain was configured at 50% on the cylindrical aerogel sample at a rate of 10 mm/min. The compression strength, modulus and toughness were estimated from the recorded stress-strain curves.

Electrical conductivity, which promotes the reduction of incoming or outgoing electromagnetic radiation, was measured for all samples using a RM3000 conductivity test unit (JANDEL), with a four-point measurement in the aerogel. For each sample, measurements were performed five times at different positions to obtain accurate results.

The EMI shielding efficiency validates the diffusion of electromagnetic radiation by the composite aerogels with thickness and diameter of 2 and 15 mm, respectively. It was explored by the Agilent vector network analyzer (E5071C), in the X band frequency range of 8.2-12.4 GHz at room temperature. The scattering parameters of S11 and S21 were used to evaluate the transmission coefficient (T), absorption coefficient (A) and reflection coefficient (R), where T+A+R=1. EMI shielding performance included the total EMI shielding effect (SEtotal), absorption shielding effect (SEA) and reflection shielding effect (SER).

Results and Discussion

Synthesis of cationic cellulose nanocrystals

Etherification of CNCs was achieved by alkaline hydrolysis. A basic medium activates hydroxyl groups on cellulose and cleaves the sulfate half-ester groups to ensure a pure cationic modification. 32 In parallel, GTMAC agent forms reactive epoxy functional groups. Finally, a nucleophilic reaction between alkali groups on CNC and GTMAC epoxy groups results in CNC-GTMAC, as shown in Figure 4.1. In this reaction, the characteristics of the aqueous medium and the GTMAC/CNC molar ratio are relevant parameters. Besides the cationization reaction, hydrolysis of GTMAC can occur, creating a competition. 33 CNC cationization is desirable, and hydrolysis of GTMAC should be limited. Hence, at higher water contents, GTMAC hydrolysis prevails, limiting GTMAC availability for cationization, due to the formation of undesirable diols, which ultimately minimize the efficiency of the reaction. 32,33 Further, GTMAC/anhydroglucose unit (AGU) molar ratio impacts the cationic substitution of CNC. The cationization efficiency decreases with a higher GTMAC/AGU molar ratio. For a lower molar ratio, the limited availability of GTMAC provides insufficient substitution of hydroxyl groups, although this creates an excess of GTMAC hydroxyl groups, which prioritizes etherification over hydrolysis, improving the reaction efficiency. On the contrary, the degree of substitution increases with a higher molar ratio, but GTMAC is hydrolyzed more, reducing the efficiency. 33 Possibly, non-reactive GTMAC groups might be hydrolyzed to yield quaternary ammonium diols, which form a stable H-bond not easily removed during dialysis. Thereby, it is very likely that some quaternary ammonium groups are not covalently bonded to CNC, 32 not allowing complete cationization of CNC. 

Nanocellulose chemical and morphological analysis

This analysis allows characterizing the surface charge of nanocellulose, which is related to the physical stability of the nanosuspension. Thus, a Zeta potential value lower than -30 or over 30 mV provides sufficient repulsive forces to achieve adequate colloidal physical stability. 34 Similarly, the electrokinetic potential indicates the effective ion concentration on the outer frame of nanocellulose, which according to Coulomb's law, dictates the electrostatic attraction dynamics in an aerogel precursor dispersion. Figure 4.2A shows the Zeta potential results for CNC, TCNF, CCNC, CNT/water and TCNF/CNT suspensions. Owing to H2SO4 hydrolysis, sulfate groups end up being chemically linked to CNC, 35 conferring a negative charge with a ZP value of -51.3 ± 0.8 mV. For CCNC, negative hydroxyl groups are converted into positive quaternary ammonium groups, 36,37 as indicated by the ZP value (+31.9 ± 0.5 mV). For TCNF, carboxyl groups are induced on nanofibrils, 38 resulting in a ZP of -55. Specifically, TCNF and CCNC suspensions exhibit high electrical charge, 34 which confer good stability due to electrostatic repulsion, making them less prone to aggregation and particle size increase. This finding validates the use of highly charged nanocellulose compositions for aerogel processing, as a high colloidal stability is important to maintain an elevated specific surface area and porosity of the final aerogel. 39 Moreover, cationic CNC in complement with anionic TCNF conform an oppositely charged nanocellulose matrix, in which the electrostatic forces balance to get an over-all net attraction between the particles. Precisely, this state enhances the destabilization of the primary dispersion into a colloidal gel, 39 which can serve as a consistent basis for the formation of the nanocellulose network. Furthermore, adding sodium alginate enhances the electrostatic repulsion, resulting in a highly dispersed suspension.

FTIR is used to characterize the external chemical modifications of nanocellulose. cm -1 , an absorption signal ranging from 1030 to 1153 cm -1 attributed to the ether bonds, and a band between 800 and 891 cm -1 assigned to C-H bond of the glucosidic bond between the glucose units. 32,40 The insertion of the quaternary GTMAC agent used for CNC cationization was confirmed. Specifically, an increase in the intensity of the ether band, and a weaker OH -vibration peak, indicate the consumption of OH -groups and formation of new ether groups during cationization. 32 Correspondingly, TCNF exhibits a prominent peak at 1614 cm -1 , related to the stretching of COONa carboxyl groups. 37 In detail, the underlying mechanism of TEMPO treatment involves the selective oxidation of C6 primary OH -into carboxylate groups, precisely to COONa when the pH is basic. 38 Altogether, COONa and OH -groups in TCNF are responsive to form Hbonds with CNTs, 41 due to the OH -groups reported on their surface. 42 Thus, a justification for the co-solubility of CNTs in TCNF suspension for the stabilized suspension, includes the disruption of intramolecular H-bonds of nanocellulose by OH - groups, and the formation of H-bonds between TCNF and CNTs. 42 Hence, the prepared TCNF-CNTs dispersion involves a chemical association, with the negative charge of TCNF. Thereafter, the precursor suspension (CCNC, TCNF/CNF, and SA) undergoes gelation by a physical method, based on electrostatic interactions between the negative TCNF/CNT dispersion and the positively charged CCNC suspension. 18 Besides, another conceivable mechanism can be by hydrogen bonds between COOH and OH - groups distributed on CCNC and SA.

The success of the cationic modification of CNC can be demonstrated by comparing the NMR spectra of CNC and CCNC, as shown in Unlike other types of cellulose, nanocellulose exhibits a higher degree of crystallinity and larger aspect ratio. In this sense, the mentioned conditions are related to a limited shrinkage rate, and high modulus for the aerogel fabrication process. 5 Henceforth, these properties will be evaluated in aerogels, and discussed on the basis of the reduced crystalline state of CCNC and TCNF.

TGA experiments can reflect the effects of nanocellulose modification on its thermal characteristics, as shown in Figure 4.3D. Notably, the thermal degradation of CNC includes dehydration, depolymerization, and decomposition of glycosyl units. 44 The first shift denotes humidity loss, from 100 to 150 °C due to evaporation of physically bound moisture. Further, at 150 °C, removal of sulfate groups initiates with a weight loss of about 5-8%. 32 Then, cellulose degradation occurs over a temperature range of 280-450 °C, representing a mass loss around 42.46-61.63%. 32 Ultimately, this cycle leaves nearly 30% nanocellulose residue. The TGA curve corresponding to CNC is altered by the substitution of surface groups, denoting changes in thermal stability. The thermogram for CCNC follows the trend of CNC, however, it is shifted towards higher temperatures, marking an improvement in thermal resistance. In fact, the decomposition stage (150 to 200 °C) is limited by the removal of carboxyl groups during the alkaline pretreatment, which negatively impact the thermal stability. 40 Also, GTMAC substituents with quaternary ammonium groups and additional oxygen content, enhance thermal combustion at higher temperatures (above 350 °C), 44 yielding a lower char residue. Finally, the removal of sulfate ions during ester substitution prevents early thermal degradation. Contrarily, TCNF degrades at lower temperature (200-340 °C). This observation is related to a smaller fiber size, resulting in a higher specific surface area with more accessible sites. 45 Furthermore, possible lignin contamination induces thermal decomposition at 200-340 °C, reducing thermal stability. 46 Likewise, the presence of carboxyl groups, which are known to have limited heat resistance, compromises the thermal degradation of TCNF. Ultimately, as a result of TEMPO oxidation, it is possible that a reduction in the degree of polymerization could lead to lower decomposition temperature. 45 AFM has been used to evaluate the morphology, size, and dispersion of CNC, CCNC, and TCNF. As shown in Figure 4.4A,a, individual CNC has a rod-like morphology with diameter of 14 ± 3 nm and 185 ± 22 nm in length. Hence, it is expected that quaternary ammonium groups related to GTMAC substituents, induce a higher positive charge on CNC, forming a homogeneous dispersion in aqueous medium by electrostatic repulsion.

It appears that attraction forces (H-bonds among OH -and OH -/quaternary ammonium groups) and repulsion forces (electrostatic repulsion between quaternary ammonium cations) counteract each other, setting a particular state with scattered crystals. Thus, the degree of substitution could affect this factor, as it determines the level of positive 

Characterization of nanocellulose-CNT aerogels

Following the previously described preparation sequence, the obtained aerogels are shown in Figure 4.5. They exhibit a continuous solid network, apparent high porosity, lightness, and nanostructured frame. Regarding the dispersion and drying constraint to obtain a porous element, using oppositely charged nanocelluloses allowed for To a large extent, both density and porosity depend on the initial solid concentration, dispersion expansion for aerogel network formation, and shrinkage during solvent removal. Expressly, shrinkage changes the density, morphology, and specific surface area, compromising the physical stability, external interactions, and porosity of aerogels. 47 This shrinkage factor depends on the type of polysaccharide used, its concentration, dispersion medium, and solvent exchange dynamic during drying. 47 Accordingly, density, porosity, and shrinkage results, are detailed in Table 4.2. The density values are within the range of values reported in the literature. 5 More precisely, the nanocellulose aerogels have a density of 0.058 g/cm 3 , which increases with CNT content by increasing mass and maintaining volume. In contrast to some studies reporting nanocellulose aerogels paired with CNTs, the nanocellulose-CNT elements exhibit a reduced density, [48][49][50] but the results are higher than for most nanocellulosebased aerogels. [51][52][53] This can be attributed to the addition of an anionic polymer (SA), and the dispersion of CNTs with TCNF. In terms of porosity, this property ranges from 95.45% to 96.21%. Furthermore, it is inversely proportional to the CNT content, thus, increasing the CNT volume limits the pore distribution, since more CNTs induce higher pore filling and restrict their size. In addition, the porous frame is maintained through freeze-drying, which prevents adhesion caused by the solvent surface tension and collapse of the internal network structure due to capillary action of the solid matrix. 54 Hence, this technique prevents capillary pressure during drying, and preserves the pores of the aerogel.

From BET analysis, the specific surface area of CA, CA-0.22 and CA-0.89 samples is 80.4 m 2 /g, 78.3 m 2 /g and 75.2 m 2 /g, respectively. This validates that the addition of CNTs increases the pore volume, therefore affecting the porosity and limiting the specific surface area. 53 This may be induced by water expansion during hydrogel freezing, which internally expands the composite, and then, during freeze-drying, while ice sublimates, the porous frame is shaped. However, CNTs counteract this phase, thus, the expansion is more restricted with higher content, and the pore size and surface area are smaller. 48 The aerogel shrinkage follows the data reported for nanocellulose based aerogels (9% to 12%), demonstrating that the gel does not significantly shrink during drying.

Remarkably, the shrinkage depends on the nanocellulose concentration, gelation and drying mechanisms, and type of solvent. 47 The low shrinkage is due to the flexibility and adaptability of nanocellulose; however, gelation and nanocellulose concentration are obvious constraints. Explicitly, the applied physical crosslinking can lead to a less cohesive nanocellulose dispersion, as some nanocellulose sections end up not being linked to each other. Additionally, with a higher CNT percentage in the aerogels, the amount of nanocellulose is limited, which restricts its reinforcing effect. 6,55 CA, CA-0.22, and CA-0.89 aerogels were characterized to evaluate the progressive internal changes when increasing the CNT content, and to analyze the level of interaction between nanocellulose and CNTs. Figure 4.6 shows that all aerogels exhibit an oriented and interconnected three-dimensional porous structure, a critical factor for structural stability and improved mechanical properties. 37 Notably, the images are related to the porous patterns associated with the applied freeze-drying technique. 33 Moreover, the parallel distribution and heterogeneous appearance of the pores are due to the slow cooling to which the aerogels were submitted, as a low solidification rate results in large pores, abnormal structure, and solvent segregation after ice-sublimation during freeze-drying. 33 Considering the variation in CNT volume content, the neat nanocellulose sample showed smooth pore walls due to fibrous frame, uniform dispersion, and interaction in the nanocellulose matrix. Conversely, the cross-section is less porous with higher nanofiller loading. Specially, CNTs are relatively well dispersed, implying their unification with the nanocellulose fibers, thus reducing the pore size. As the section turns smoother and more compact, there is a better compatibility between nanocellulose and CNTs. In this sense, a uniform distribution of CNTs proves their adequate adsorption by the negatively charged TCNF in the primary suspension, and then with the CCNC and SA composition, promoted by physical crosslinking through electrostatic interactions and H-bonds.

Likewise, the decrease in pore size can be attributed to the accumulation of CNTs at the pore boundary. 56 The drying mechanism highlights another reason, as CNTs are prone to form films along the pores via freeze drying. 56 These arguments can support the porosity limitation, as formerly calculated. Despite the homogeneous interaction between nanocellulose and CNTs, few film-like elements can be seen among the fibers, specifically in high CNT content aerogels. This may be due to the aggregation of CNTs during dispersion in the nanocellulose matrix, promoting low nanocellulose dispersion, resulting in concentrated bundles, which are then pressed during freeze-drying to form films. 50

Electrical conductivity

Electrical conductivity is a critical property in EMI shielding, as it determines the absorption and reflection of incident electromagnetic radiation. 24 As stated previously, nanocellulose-CNT aerogels exhibit high porosity, which promotes a multireflection mechanism for EMI attenuation based on the interaction of charge carriers in the shield with the electromagnetic fields of radiation. 16 Reflection is facilitated in many directions due to the high specific surface area of the aerogels, increasing the EMI shielding effectiveness. In complement, absorption is another pathway for EMI dissipation, conditioned by the relationship between the electric dipoles in the aerogels and the electromagnetic field of the radiation. 16 Concretely, CNTs provide an effective electrical dipole due to their high dielectric constant. Hence, the conductivity allows estimating an active absorption mechanism for electromagnetic wave depletion in aerogels, which will be further confirmed by EMI shielding capacity analysis.

Electrical resistivity quantifies the opposition to an electric current flow, the inverse to conductivity. It is worth noting that nanocellulose itself is not a conductor, although it serves as a substrate for conductive composites. Thus, neat nanocellulose aerogels exhibit high resistivity and low conductivity. Mainly, for low CNT contents, the According to statistical percolation theory, the conductivity (𝜎) in a composite depends on the volume fraction of conductive fillers ( 𝜑 ). 57 In this case, the conductivity increases sharply when the nanofiller content exceeds the percolation threshold, implying that conductive lines start forming. Thus, the critical volume fraction (𝜑 𝑐 ) represents the best linear fit of the log (𝜎) versus log (𝜑 -𝜑 𝑐 ) plot. As shown in the inset of Figure 4.7A, below 0.075 vol.%, the aerogels exhibit insulating ability with high resistivity, as the dispersed nanotubes cannot form a conductive network. Above this critical value , CNTs are integrated to the cellulose fibers inside the aerogel frame, forming an interconnected electric grid, which enhances the conductivity due to the inserted charge carriers, inducing a metal-like conducting behavior. 52,58 The aerogels could be connected to a circuit that turned on a LED lamp at a constant voltage of 9 V (Figure 4.7B,C).

The conductivity value is higher than that found in the literature for cellulosefunctionalized CNT based composite aerogels. 49,59,60 This could be related to an efficient and cohesive CNT interaction, which further proves that the dispersion of the nanofiller in the cellulose matrix by physical interactions is uniform. Moreover, the percolation threshold value is achieved at a very low concentration, attributed to the interlocking ability of carbon nanotubes, which ensures an electrically conductive pathway even at low contents.

Mechanical properties

The mechanical properties are used to evaluate the ability of aerogels to withstand a specific stress, as EMI shielding materials are required to sustain a considerable load during practical application. 24,61 strength and toughness values of the aerogels, while Figure 4.8A displays typical stressstrain curves. The stress-strain curves prove the trend of an open-cell foam: elastic behavior at low strain (<10%), cell collapse associated to stress reduction at medium strains (15-40%), and plastic stiffening at high strain (>40%). 62 It can be deduced that the main deformation (<50%), is caused by bending and pore collapse. Under low compression strain, all aerogels have similar modulus, however, after the onset of plastic deformation, the stress increases according to the reinforcing capacity of the nanoparticles. In line with the increase in CNT content, the aerogels show a higher compression toughness (Figure 4.8B). The compression strength and modulus of aerogels are shown in the Table 4.2. The higher toughness supported by the material may be due to strong interactions between nanocellulose and CNTs based on physical interactions, ascribed to the crosslinking mechanism. In addition, due to the recognized mechanical impedance of CNTs, the strength of these composites can be credited to a good dispersion of CNTs in the nanocellulose matrix.

The specific Young's modulus values of CNT-cellulose aerogels are higher than that of the various cellulose aerogels (Figure 4.8C and Table 4.3). This is most probably due to the formation of strong electrostatic interactions between cationic CCNC and anionic TCNF promoting the stability of the aerogel structure. Also, the modulus is limited by the CNT content. 50 Although CNTs are known for their high brittleness, they can enhance the mechanical properties of aerogels. 63 In this case, more CNTs reduce the surface energy which limits the bonding loading conditions, turning the aerogels with a higher CNT content into more flexible elements. 

EMI shielding Performance

The EMI shielding efficiency (EMI-SE) of nanocellulose-CNT aerogels was measured to determine their ability to shield electromagnetic waves through reflection and absorption mechanisms. Typically, an active EMI shielding aerogel has three functions: reflection (SER), absorption (SEA), and multiple reflections. 24,[START_REF] Braun | Single-Step Method for the Isolation and Surface Functionalization of Cellulosic Nanowhiskers[END_REF] Reflection occurs at the surface level through the interaction of electromagnetic radiation with charge carriers, determined by the alignment of incident waves and electric or magnetic dipoles.

Absorption involves wave dissipation across the aerogel. Particularly, reflection and absorption depend on the conductivity of the medium, despite these multiple reflections ascribed to radiation bending and scattering due to inner interfaces, they are neglected since the total EMI-SE is higher than 10 dB. 24 Accordingly, the total shielding efficiency considers the sum of reflection and absorption. 15 The EMI shielding efficiencies are displayed in the frequency range from 8.2 to 12.4 GHz in Figure 4.9. It can be clearly observed that both samples exhibit a weak frequency dependence in the measured region. 49,[START_REF] Herrick | Microfibrillated Cellulose: Morphology and Accessibility[END_REF] The SETotal value for CA-0.22 is 27.5 dB, and it is 39.8 dB for CA-0.89, above the limit for practical applications. [START_REF] Herrick | Microfibrillated Cellulose: Morphology and Accessibility[END_REF] Analyzing the results, it appears that higher CNT loading enhances the depletion of induced EM waves. With a higher conductive content, the interaction between CNT charge carriers and incoming EM waves is improved. Besides, the high interface area simplifies the reflection mechanism. In addition, a broader CNT distribution ensures more stable relationships between the electric dipoles in the aerogels and the electromagnetic field of inflowing radiation, and conditions a more stable EMI-SE absorption pathway. This work estimated to be 436.5 and 537.5 dB cm 3 g -1 , respectively, which is highly competitive compared with most previously published porous materials with relative CNTs loading (Table 4.4). This may be due to the integrated nanocellulose-CNT matrix, which forms a stable conductive network allowing the aerogel to properly interact with the incident electromagnetic radiation. Remarkably, the favorable shielding efficiency can be related to the low density and porosity of the aerogels, complemented with a good thermal stability attributed to the nanocellulose network. This creates a stable and reliable protection against electromagnetic waves caused by the synergy of promoted electron hopping, induce multiple polarization centers, assembled magnetic resonance, and equivalent wedge effect of the aerogel's porous surface and interior. [START_REF] Wang | Eco-Mimetic Nanoarchitecture for Green EMI Shielding[END_REF] The SSE of CNT sponge 82 and graphene oxide/cellulose aerogel 92 (Figure 4.9B) are higher than our work, but their application is limited by their weak physical properties. Based on these results, absorption is the main shielding mechanism for the X-band frequency range. As a consequence of the high porosity of the composite aerogels, electromagnetic microwaves can penetrate with low reflectivity. [START_REF] Fei | C@ Cellulose Nanofiber Aerogel Derived from Metal-Organic Frameworks for Highly Efficient Electromagnetic Interference Shielding[END_REF] Then, they are trapped in the pores, where they are attenuated and scattered by the CNT layer, until being absorbed and dissipated as heat, as shown in Figure 4.10.

Conclusions

In conclusion, this work reveals effective CNC cationization to improve electrostatic interaction with anionic nanofibrils and complementary precursors to form a consistent cellulose substructure through simple but practical electrostatic interactions. Then, CNT integration is promoted by electrostatic adhesion and H-bonding, which undergoes gelation and freeze-drying to form nanocellulose-CNTs aerogels. This simple, effective, and environmentally friendly scheme produces aerogels with low density (density < 0.075 g/cm 3 ), highly porous (porosity > 95.47%), conductive (up to 26.2 S/m), mechanically resistant that exhibit practical EMI shielding efficiency above 39.8 dB. This indicates that these aerogels can potentially be used as a lightweight, environmentally friendly EMI shielding material.

General conclusions and perspectives

The main objective of this thesis was to investigate the properties of nanocellulose and its application in nanocomposites and advanced functional materials.

In Chapter 1, the current status of research on nanocellulose has been reviewed, focusing on its physical and chemical properties, surface modification and applications as functional nanomaterial.

The research work introduced in chapter 2 originated from the following question:

'How to improve the compatibility and enhance the interfacial adhesion between nanocellulose and a natural rubber matrix while preserving the surface hydroxyl groups beneficial for mechanical reinforcement?' The nanocellulose surface exhibits a large number of hydroxyl groups, so the interfacial compatibility between the hydrophilic nanocellulose and the hydrophobic rubber matrix is poor and leads to aggregation of nanocellulose in the natural rubber matrix. Moreover, the insufficient interfacial adhesion between both components does not allow for effective stress transfer from the continuous phase to the filler under mechanical loading. We have demonstrated a novel concept for biobased rubbery nanocomposites, i.e., the synergistic effect of biobased reinforcing CNF-SH nanoparticles, which also possess cross-linking sites for covalent coupling to the natural rubber elastomer network. Two strategies were designed to implemente the end modification of CNF, including aldimine condensation (CNF-SHa) and carboxyamine condensation (CNF-SH-b). Elemental analysis results show that the nitrogen and sulfur content in CNF-SH-a was higher than that of CNF-SH-b; the peak intensity for N1s and S2p in CNF-SH-a in the XPS characteristic element spectrum was stronger than that of CNF-SH-b, the amount of silver nanoparticles labeled on CNF-SH-a was significantly higher than for CNF-SH-b in TEM images, indicating that the grafting efficiency of the former may be higher than that of the latter.

Combining FTIR and 13 C ssNMR results, it was shown that covalent bonds are formed and controlled between the thiol group of CNF-SH-a and the unsaturated double bond in the NR matrix. CNF-SH-a showed improved hydrophobicity and good dispersibility in hydrophobic medium. Nanocomposite films with homogeneous dispersion of CNF-SH-a in NR matrix were prepared by a casting/evaporation method. The cross-linking density of the NR/CNF-SH-a sample was confirmed to significantly increase when increasing the CNF-SH-a content. This is due to the covalent cross-links formed at the filler-matrix interface photochemically initiated by thiol-ene reactions. The NR/CNF-SH-a-10 nanocomposite showed significantly higher values of tensile strength (5.83 ± 0.31 MPa), Young's modulus (45.25 ± 4.34 MPa), and elongation at break (543 ± 21%) compared to neat NR and NR/CNF nanocomposites. As the present concept is general in material synthesis and design, we foresee that this green method for reinforcing NR matrix with end modified CNF-SH can have potential application in textile, printing, automobile and machinery manufacturing fields.

Chapter 3 focused on the development of highly conductive composites with low percolation threshold, good processability and adequate mechanical properties.

Solution mixing, melt blending and in-situ polymerization are generally used to fabricate conductive composites. However, these methods require high conductive filler contents to form a continuous conductive network, resulting in the deterioration of the mechanical properties, processing difficulty and high production cost. We reported an easily implementable and efficient strategy to prepare NR/CNC/GO nanocomposites hosting a 3D hierarchical multiscale conductive network based on a CNC-assisted latex assembly approach. CNC can significantly improve the dispersion of GO in aqueous medium through the formation of CNC/GO nanohybrids. The prepared CNC/GO nanohybrids can be associated with NR latex by a simple casting/evaporation method.

The latex microspheres act as impenetrable domains during the film formation due to their high viscosity and condition the formation of a continuous 3D connected CNC/GO network. The Zeta potential of the CNC/GO nanohybrid suspension was -44.7 mV and a well-dispersed suspension was observed even after standing for 24 h. These results clearly demonstrated that CNC can effectively stabilize the GO suspension. The FTIR results confirmed that strong interfacial interactions occurred in the CNC/GO hybrids.

It can be ascribed to hydrogen bonding interaction between the surface hydroxyl groups from CNC and oxygen-containing groups borne by GO. SEM observations highlight a uniform 3D porous network structure that was probably formed within the NR matrix during the casting process. The formation of this conductive network structure significantly enhanced the electrical conductivity and lowered the electrical percolation threshold of the composites. The electrical conductivity percolation threshold for NR/CNC/GO nanocomposites was 3-fold lower than that of NR/GO nanocomposites.

Moreover, the electrical conductivity for NR/CNC/GO-4 nanocomposite (sample with 4 wt% GO) was 9 orders of magnitude higher than that of NR/GO-4 nanocomposite (CNC-free sample with 4 wt% GO). CNC played a key role in assisting the formation of a 3D assembled conductive structure and enhancing the robustness of the structure as a rigid template, as shown by the improved tensile strength and Young's modulus.

This unique combination of high electrical conductivity and good mechanical properties makes the developed NR/CNC/GO nanocomposites strong candidates for applications in stretchable electronics, wearable sensors and energy storage.

Specialized biobased components have emerged as a promising trend to limit the use of petroleum derivatives. Conversely, the current use of electronic systems has conditioned the emission of electromagnetic waves, which interfere with high-precision devices and harm human health. Thus, robust, ultralight, and conductive nanocellulosebased aerogels combined with carbon nanotubes appear as a promising electromagnetic interference (EMI) shielding biomaterial to reduce the dispersion of microwaves emitted or received from a device. In chapter 4, we proposed a reliable aerogel system for deflecting radiation by integrating Tempo-oxidized cellulose nanofibrils (TCNF), cationic cellulose nanocrystals (CCNC), and sodium alginate (SA), with carbon nanotubes (CNTs) at various concentrations. After inducing gelation, the aerogels were obtained by freeze drying. After surface cationization, the surface hydroxyl groups of CNC were converted to positive quaternary ammonium groups, as indicated by the zetapotential result (+31.9 ± 0.5 mV) for CCNC. Specifically, TCNF and CCNC 2. Further characterization would be desirable to clarify the hydrogen bonding interactions between CNC and graphene oxide.

3. It would be interesting to prepare flexible wearable sensor materials from the developed materials that have shown excellent mechanical properties and sensitive response.

In Chapter 4:

1. Different methods of cationic modification of CNC could be investigated.

2. The physical or chemical cross-linking of the prepared aerogels can be considered to further increase their mechanical properties.

3. Due to the excellent mechanical properties and electrical conductivity of the developed aerogels, it can be extended to multifunctional sensor applications. Grâ ce à son module de Young de 100-130 GPa, à sa grande surface spé cifique et à sa haute cristallinité , la nanocellulose devrait ê tre utilisé e pour la fabrication et le dé veloppement de diverses nouvelles applications utiles à faible impact environnemental et social. 8 La nanocellulose est dé rivé e de la biomasse qui est une ressource renouvelable et abondante et est considé ré e comme une bonne alternative au pé trole comme source de biocarburants et de divers produits chimiques. La nanocellulose peut dé sormais ê tre produite industriellement, et sa capacité de production peut atteindre plusieurs tonnes par jour. 9 La modification chimique de surface est très importante pour la fonctionnalité et la facilité de mise en forme des nanocomposites, c'est pourquoi nous nous concentrons sur le grand nombre de modifications de surface actuelles dans le chapitre 1. Les propriétés de surface de la nanocellulose peuvent être facilement ajustées par des méthodes de modification physique et chimique. [10][11][12] La nanocellulose modifiée en surface est une excellente plateforme qui peut être ajustée en fonction de différents objectifs. Les larges applications de la nanocellulose sont limitées par sa faible dispersabilité dans les solvants non polaires, son incompatibilité et sa faible adhésion interfaciale aux substrats hydrophobes. Pour résoudre ce problème, les chercheurs ont tenté de modifier la surface et la structure de la nanocellulose, en ciblant principalement la modification physique et chimique des groupes hydroxyle pendants de la surface (-OH).

La nanocellulose a des applications trè s diverses dans de nombreux domaines interdisciplinaires. Lorsque la nanocellulose est entrelacé e, des nanocomposites aux proprié té s mé caniques et à la porosité é levé es peuvent ê tre obtenus, comme le nanopapier, les films de nanocellulose, les aé rogels et les hydrogels. Son application peut ê tre é tendue à la fabrication du papier, à l'assainissement de l'environnement, à la biologie, à la mé decine, à l'optoé lectronique et aux applications d'ingé nierie. [13][14][15][16] La nanocellulose peut ê tre utilisé e pour renforcer les nanocomposites en raison de la formation d'un ré seau continu solide dans la matrice avec une rigidité et une ré sistance à la traction é levé es. 17,18 Le dé veloppement et l'application de composites polymè res rigides renforcé s par la nanocellulose à partir de ressources renouvelables ont attiré l'attention du monde acadé mique et de l'industrie. Avec la sensibilisation croissante du public au respect de l'environnement et à la durabilité , la nanocellulose est appelé e à jouer un rôle important dans les applications commerciales.

L'objectif principal de cette thè se é tait d'é tudier les proprié té s de la nanocellulose et son application dans les nanocomposites et les maté riaux fonctionnels avancé s.

Le chapitre 1 pré sente l'é tat actuel de la recherche sur la nanocellulose, en mettant l'accent sur ses proprié té s physiques et chimiques, la modification de sa surface et ses applications en tant que nanomaté riau fonctionnel. 

Abstract

The aim of this project was to investigate some functional application of nanocellulose.

To improve the interfacial compatibility between nanocellulose and a hydrophobic matrix, active thiol groups were introduced at the reducing end of cellulose nanofibrils.

Covalent cross-links were formed between thiol groups and double bonds of natural rubber via photochemically initiated thiol-ene reactions. 
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Figure 1 . 1

 11 Figure 1.1 Transmission electron micrographs from a dilute suspension of CNC obtained from different sources: (a) tunicate, 6 (b) bacterial cellulose, 7 (c) ramie 8 and (d) eucalyptus wood 9 .

Figure 1 . 2

 12 Figure 1.2 Transmission electron micrographs from a dilute suspension of CNF obtained from wood pulp using different pretreatments (a) enzymatic, 23 (b) TEMPO-mediated oxidation, 24 (c) carboxymethylation,25 and from (d) Opuntia ficus-indica.17 

Figure 1 . 3

 13 Figure 1.3 Scanning electron micrographs of a bacterial cellulose pellicle.27 

27

 27 Figure 1.3 Scanning electron micrographs of a bacterial cellulose pellicle.27 
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 2 Structure and Properties of Nanocellulose

1. 3 . 2 TEMPO-mediated oxidation TEMPO( 2 , 2 , 6 , 6 -

 322266 Tetramethylpiperidine-1-oxyl)-mediated oxidation has been used to convert the hydroxymethyl groups on cellulose chains into carboxylic form. The use of this technique has been the subject of a number of reports since its introduction by de Nooy et al., who were the first to show that only the hydroxymethyl groups of polysaccharides were oxidized, while the secondary hydroxyls remained unaffected.61 

Figure 1 .

 1 Figure 1.4 depicts the TEMPO-mediated oxidation mechanism for cellulose molecules.

Figure 1 . 4

 14 Figure 1.4 Scheme of the TEMPO-mediated oxidation mechanism of cellulose.

Figure 1 . 5

 15 Figure 1.5 Transesterification modification of nanocellulose.
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Figure 1 . 6

 16 Figure 1.6 Two commonly used approaches for the silylation of nanocellulose.

Figure 1 . 7

 17 Figure 1.7 Scheme for the silylation of nanocellulose with vinyltrimethoxysilane (a), 3mercaptopropyltrimethoxysilane (b), and trialkoxysilane (c).

Figure 1 . 8 .

 18 Figure 1.8. Araki et al. first reported the steric stabilization of TEMPO-mediated

Figure 1 . 8

 18 Figure 1.8 Different methods of introducing PEG/PEO chains on the surface of nanocellulose.

Figure 1 . 9

 19 Figure 1.9 Schematical illustration for grafting PEO onto the CNC surface via desulfation reaction (a) and epoxy-terminated PEO grafting under alkaline condition (b), and the AFM images corresponding to the initial sulfated CNC and every products (the scale in the AFM images is 1 μm)

Figure 1 .

 1 Figure 1.10 Three-step routine for the grafting of PCL onto the surface of CNC from the "grafting onto" strategy.

  obtained most probably induced by percolation of CNC-g-PLA network stabilized by stereo complexation. These results and a thorough comparison with their counterparts filled with PLA chains converge toward the contribution of the tiny stereo complexed PLA structure surrounding CNC. Efforts towards tuning this surface stereo complexation are underway to increase the size and amount of stereo complexed PLA around CNC. 102 In a particular work, Goffin et al. 103 employed ROP catalyzed by Sn(Oct)2 to graft successively PCL and then PLA from the surface of CNC (Figure 1.11). Despite prolonged reaction time under metal catalyzed ROP conditions, the morphology and crystalline structure of CNC were preserved. These CNC grafted with PCL-b-PLA copolymer showed distinct crystallization behavior and dispersion ability when blended with a mixture of immiscible PCL and PLA blend.

Figure 1 . 11

 111 Figure 1.11 Chemical routines of surface grafting PCL (a), PLA (b), PCL-b-PLA (c) on nanocellulose from the ROP reaction.

Figure 1 . 12

 112 Figure 1.12 Common synthetic routes for grafting polyolefin chains on CNC with the technique of ATRP reaction.

Figure 1 . 13

 113 Figure 1.13 Synthetic routes for grafting polyolefin chains on CNC with the SET-LRP technique.
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 1 elementary fibrils, occurring during biosynthesis and deposition, induces the formation of crystals having one side face with pendant hydroxyl groups known as the nonreducing end, and another front face with reducing end groups bearing hemiacetal functionality. The latter can be selectively exploited for chemical modification. In a pioneering work, Sipahi-Saglam et al. 114 have demonstrated the feasibility of grafting groups or molecules on the hemiacetal groups of CNC end as sketched in Figure 1.14. Literature Review on Nanocellulose Ge ZHU-2021 54

  5. Arcot et al. 123 and Lokanathan et al. 124 introduced a new way for topochemical thiolation of cellulose nanocrystals at their reducing ends by using a simple procedure involving initial carboxylation of the reducing end aldehyde groups followed by NHS-EDCmediated activation and reaction with nucleophilic amine molecules bearing thiol termini as shown in Figure 1.15. The CNC aqueous dispersions (10 mg•mL -1 ) at pH 9.2 were buffered with 0.1 M sodium carbonate buffer. The buffered CNC dispersions (10 mL) were placed in a water bath maintained at 70 °C. A total of 150 μmol of NH2(CH2)6SH• HCl and 22.5 mmol of reducing agent (Ac) were added in three steps over a period of 3 days accompanied by stirring (50 μmol of NH2(CH2)6SH• HCl + 7.5
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 1 Literature Review on NanocelluloseGe ZHU-202156 2 M in KCl, and the resulting mixture was stirred overnight. After incubation with KCl, the reaction mixture was dialyzed against distilled water to remove electrolytes. The CNC-SH dispersion obtained from the final dialysis step was used for various characterization procedures.

Figure 1 . 15 Chapter 1 .

 1151 Figure 1.15 Common synthetic routes for topochemical functionalization of CNC nanorods with thiol end groups.

  Cell culture scaffolds are usually composed of a 3D porous network that can facilitate cell fusion, nutrient transport, and cellular waste metabolism.119 A wide range of hydrogel and aerogel scaffolds have been explored, such as collagen, peptides, alginates, chitosan, silk, hyaluronic acid, polyacrylamide, PEG, as well several synthetic polymers, which have been decorated with biofunctional side groups. They cover a wide range of physical and chemical properties. However, recently it has been emphasized that extracellular matrices are typically strain stiffening, where the stiffness increases upon imposed strain or loading of the gel.[120][121][122][123][124][125] Nanocellulose hydrogels and aerogels at physiological conditions can provide a tunable platform technology for biomedical scaffolding, due to their unique mechanical and chemical properties, biocompatibility, low toxicity, and functionalities.

Figure 1 .Chapter 1 .

 11 Figure 1.16 (a) Adsorption curves for CNFs-PEI aerogel and (b) linear fitting of NaSA adsorption data using the pseudo-second-order equation. (c) Sodium salicylate (NaSA) cumulative release curves with time for CNFs-PEI aerogel at different pH values. 126

  .16). In addition, controlled sustained release of sodium salicylate in the aerogel could be achieved by regulating the pH and temperature conditions during release, which was expected to be a new generation drug carrier. Cai et al. designed honeycomb aerogel microspheres using CNFs covalently crosslinked with epichlorohydrin resin without toxic solvents by spray freeze drying.127 This unique ultralight aerogel presented an

  To determine the thermal insulation effect of cotton CNF aerogel more intuitively, Qi et al. placed the Chapter 1. Literature Review on Nanocellulose Ge ZHU-2021 60aerogel on a hot plate and a cold plate with temperatures of ≈70 °C and ≈0 °C, respectively (Figure1.17b).135 The heat effectively stopped and diffused inside the aerogel network, allowing the aerogel to resist effects from different external environments without any obvious changes in shape and structure.

Figure 1 .

 1 Figure 1.17 a) The ordered morphology of LC-NCell aerogels and the dependence of the thermal conductivity (λ) on the density (ρ) of the aerogel. 133 b) Thermographic images of cotton CNF aerogel under different environments. Reproduced with permission 135

Figure 1 . 18

 118 Figure 1.18 Optical functionalities based on nanocelluloses: CNF can be decorated with fluorescent carbon dots. 150

Figure 1 . 19

 119 Figure 1.19 General chemical routes for the adsorption of Cu (II) by polyethylenimine (PEI) modified TEMPO-CNF. 165

Figure 1 . 20

 120 Figure 1.20 Schematic representation showing the preparation of CNC nanocomposites and its simultaneous sensing and scavenging of Hg 2+ ions in water. 169

  ρ = 22.4 -23.3 mg cm-3 , BET = 195 -303 m 2 g -1 , P = 96.3-97.2%, 133 ± 6 g g -1 (water), 54 ± 6 g g -1 (dodecane), 99 ± 8 g g -1 (ethanol), 34 ± 4 g g -1 (toluene) Hydrazine-CNC aerogel ρ = 5.6 mg cm -3 , BET = 250 ± 80 m 2 g -1 , P = 99.6%, 160 ± 10 g g -1 (water), 72 ± 5 g g -1 (dodecane), 130 ± 10 g g -1 (ethanol), 134 ± 8 g g -1 (dimethyl sulfoxide) Carboxylated-CNF/PVA aerogel ρ = 13mg cm -3 , BET = 172 ± 13 m 2 g -1 , θ = 150.3 ± 1.2°, P = 98%, 44 -96 g g -1 (oil and organic solvents)Triethoxy (octyl) silane-CNF aerogel ρ = 1.7 -8.1 mg cm -3 , BET = 10.9 m 2 g -1 , P = 99.5 -99.9% 210 g g -1 (water), 375 g g -1 (chloroform), 139 -356 g g -1 (non-polar liquids)CNC scaffold compositeρ = 3.3 -7.5 mg cm -3 , pore diameter = 0.1 -10 μm 100 -200 g g -1 (organic solvents) Silylated tunicate CNC BET = 73.23 m 2 g -1 , θ = 134.5, P = 98.8%, 33 -36 g g -1 (oil) Methyltrimethoxysilane-CNF aerogel ρ = 5.07 -17.3 mg cm -3 , BET = 3 -25 m 2 g -1 , θ = 110 -150°, P = 99%, 49 -102 g g -1 (organic solvents) TiO 2 -CNF aerogel ρ = 20 -30 mg cm -3 , P = 98%, θ = 90° 20 -40 g g -1 (non-polar liquids)

Figure 1 . 21

 121 Figure 1.21 Schematic diagram showing the general scheme for the synthesis of silylated CNF sponges and their simultaneous use in the removal of red-colored dodecane spill from water. 180

  181 
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 55 Electrically Conducting MaterialsElectrical functionalization of nanocelluloses can be achieved in several ways by dispersing electrically conductive components. In typical multicomponent materials, electrical percolation of the conducting component is pursued. In gels and aerogels, the mechanical percolation is inherent, and can lead to electrical percolation at low volume fractions due to double percolation. Therefore, it becomes particularly interesting to strive an electrically conducting component to an aerogel skeleton. Electrical conductivity was shown using CNF aerogels, 182 which were dipped in polyanilinedodecylbenzene sulphonate solution in toluene to coat the aerogel skeleton with a layer of conjugated polymer. This led to conducting aerogels with a very low geometric volume fraction of conjugated polymer due to the low density of the aerogel.Polyaniline can also be polymerized directly on TEMPO-oxidized CNF templates, catalyzed by laccase, thus leading to electrically conducting films.183 

Figure 1 . 22

 122 Figure 1.22 Schematics for in situ polymerization of polyaniline in CNF aqueous suspensions, followed by vacuum filtration or solvent casting and evaporation. 184

  For the mobile charge carriers to interact with the incoming EM field and for the porous structure to promote the multiple reflections, the adsorption of EM waves plays an important role. Compared with other 1D or 2D conducting composites, nanocellulose composite aerogels exhibited promising properties for EMI shielding by introducing novel conductive fillers (e.g., silver nanowires (AgNWs), 186 MXene 187-189 ), as they can combine advantages of nanocellulose, conductive fillers, and aerogels including i) biocompatibility, biodegradability, and chemical stability, ii) excellent electrical conductivity, and iii) ultralow density, large open pores, and ultrahigh SSA.

Figure 1 . 23

 123 Figure 1.23 Lamellar and highly flexible unidirectional freeze-dried CNF/AgNW composite aerogel and its EMI shielding mechanism. 186
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  natural rubber (NR) latex with 60 wt% solid content was supplied by Centrotrade Deutschland GmbH (Eschborn, Germany). Cellulose nanofibril (CNF) aqueous suspension (CNF, 3 wt%) was obtained from CTP (Centre Technique du Papier, Grenoble). It was isolated from strongly refined bleached birch pulp using an enzymatic pretreatment and a final homogenization step. 6-Amino-1-hexanethiol hydrochloride (AHH), 2-hydroxy-4-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959), 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide methiodide (EDC), Nhydroxysuccinimide (NHS), sodium triacetoxyborohydride (Ac), and sodium chlorite (NaClO2) were purchased from Sigma Aldrich. Potassium chloride (KCl), sodium carbonate anhydrous (Na2CO3), acetic acid, hydrochloric acid (HCl), silver nitrate (AgNO3), sodium borohydride (NaNH4), and sulfuric acid (H2SO4, 98%) were purchased from Roth and used as received.

to 3 . 2 . 2 . 4

 3224 5 by acetic acid, and it was followed by dialysis against distilled water to remove excess reactants. The resulting CNF-COOH suspension with carboxyl ends was used for further modification. The pH of the CNC-COOH suspension (5 mg/mL) was adjusted to 7.0, then NHS (0.3 mmol) and EDC (3 mmol) were added under the protection of nitrogen. Following, the pH of the suspension was adjusted to 6.5, and desired amounts of KCl (1 M) solution were added to increase the ionic strength. Then the carboxyamine reaction started with the addition of NH2(CH2)6SH• HCl (3 mmol) under a pH of 9.2 (regulation by 0.1 M Na2CO3 buffer) at room temperature. After the 2 h incubation, the resulting CNF with end-thiol (CNF-SH-b) was obtained by dialysis against distilled water to remove the unreacted reagents. Preparation of NR/CNF-x and NR/CNF-SH-x nanocomposites The nanocomposites were prepared by mixing the two aqueous dispersions and casting/evaporation. The desired amount of pristine CNF or end-modified CNF-SH and NR latex was first mixed uniformly. Then the photoinitiator (Irgacure 2959, 2 wt%) was added into the mixture suspension under magnetic stirring for 3 h. Next, the uniform mixture suspension was exposed to UV irradiation (365 nm) to initiate the click reaction between NR matrix and CNF-SH under controlled intensity and distance for 30 min. Finally, the mixture suspension was poured into PTFE molds (diameter =100 cm) at 45°C overnight to get the nanocomposites by water evaporation. Two kinds of composites were prepared and codified as NR/CNF-x and NR/CNF-SH-x with various CNF or CNF-SH contents (x = 0, 2, 5, 8, 10, 15 wt %). The CNF and CNF-SH contents
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  aldimine condensation (CNF-SH-a) and carboxyamine condensation (CNF-SH-b), as shown in Scheme 1 (Part A). For the chemical reaction mechanism of CNF-SH-a, the active end aldehyde groups were easily nucleophilically attacked by the primary amino group, inducing aldimine condensation. This reaction initially formed a covalent linkage through the generation of an unstable -C=N-group, which was then reduced by Ac to form a stable -C-N-group, resulting in the CNF-SH-a terminal modification. Regarding the chemical reaction mechanism for CNF-SH-b, the CNF end aldehyde group was oxidized to carboxyl group by NaClO2 solution, and then combined with EDC catalyst to form O-acylisourea active intermediate, which was converted into active NHS-CNF-ester product under NHS catalysis. Finally, the nucleophilic attack by the primary amino group and the cleavage of NHS-CNF-ester occurred to obtain end modified CNF-SH-b.

Figure 2 . 1

 21 Figure 2.1 XPS spectra for CNF, CNF-SH-a and CNF-SH-b (A), N1s (B) and S2p (C) spectra.
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Figure 2 . 2 (

 22 Figure 2.2 (A) XRD spectrum and (B) Zeta potential for CNF before and after modification; TEM images for (C) pristine CNF, negatively silver nanoparticle-stained (D) CNF-SH-a and (E) CNF-SH-b.
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Figure 2 . 3 (

 23 Figure 2.3 (A) FTIR spectra for NR, NR/CNF-SH-a (2:1 w/w), NR/CNF (2:1 w/w) and pristine CNF; (B) 13 C solid-state NMR spectra for NR/CNF-SH-a (2:1 w/w) and NR/CNF (2:1 w/w). (C) FTIR spectra for the nanocomposites with different CNF-SHa contents; (D) Evolution of I836/I1447 as a function of CNF-SH-a content.
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Figure 2 . 4 2 Chapter 2 .

 2422 Figure 2.4 Cross-linking density of the nanocomposites with different CNF-SH-a contents.

Figure 2 .

 2 5A,D), a smooth and uniform morphology was observed for unfilled NR. CNF-SH-a was homogeneously dispersed in the NR matrix without significant aggregation (Figure2.5B,E) due to the introduction of relatively long NR chains at the end of CNF-SH-a via click reaction, which weakened the hydrophilic character and hydrogen-bonding tendency of CNF-SH-a. Furthermore, no gaps or voids were found in the NR/CNF-SH-a-5 nanocomposites, indicating good interfacial compatibility between CNF-SH-a and NR matrix. The good interfacial compatibility was mainly attributed to the strong interaction between CNF-SH-a and NR matrix via click reaction. However, a significant micro-phase separation (two layers: one rougher phase and another smoother phase) was observed for NR/CNF-5 nanocomposites. The rougher phase possibly corresponded to the aggregation of unmodified CNF at the bottom of the PTFE molds during water evaporation. The simple physical compounding of hydrophilic CNF and hydrophobic NR matrix resulted in poor interfacial compatibility and significant micro-phase separation for the NR/CNF-5 nanocomposite. Therefore, the good interfacial compatibility for CNF-SHa reinforced materials is expected to greatly improve the properties of the resulting nanocomposites.35 

Figure 2 . 5

 25 Figure 2.5 SEM of fractured surfaces for (A, D) neat NR, (B, E) NR/CNF-SH-a-5 and (C, F) NR/CNF-5 with different magnifications. The regions delimited by white rectangles in (A, B and C) images correspond to the lower face of the composite films, which are in contact with the PTFE mold during water evaporation.

Figure 2 . 6

 26 Figure 2.6 Stress-strain curves for (A) NR/CNF nanocomposites, and (B) NR/CNF-SH-a nanocomposites. Evolution of (C) the tensile strength, (D) Young's modulus, (E) elongation at break and (F) toughness as a function of filler content for neat NR and nanocomposites (the error bars are standard deviations).

Figure 2 . 7

 27 Figure 2.7 Stress-strain curves recorded during successive tensile tests for (A) NR, NR/CNF-2, and NR/CNF-SH-a-2 nanocomposites; (B) NR/CNF-5, NR/CNF-SH-a-5 nanocomposites; and evolution of (C) the tensile modulus 𝐸 𝑖 and (D) the shrinkage 𝑟 𝑖 measured during each cycle i for NR/CNF and NR/CNF-SH-a nanocomposites.

Figure 2 . 8 .

 28 Figure 2.8. At low temperature, E' remains roughly constant around 3 GPa (Figure 2.8A). It is due to the fact that in the glassy state, molecular motions are largely restricted to vibration and short-range rotational motions. Increasing the CNF contentsuccessively increased the E' value. This sort of modulus enhancement, even below the glass transition temperature, is good evidence for the strong reinforcing tendency of CNF in the NR matrix. A sharp modulus drop over about three decades is observed for all samples around -55°C, which corresponds to the relaxation process associated to the glass transition of the NR matrix. This modulus drop is linked to an energy dissipation phenomenon displayed through the concomitant increase of the loss factor where tan  passes through a maximum (Figure2.8B). This relaxation process involves cooperative motions of long chain sequences. Above Tg, the modulus becomes roughly constant and corresponds to the rubbery modulus. In this temperature range, the impact of the filler on the stiffness of the material appears more distinctly, due to the greater difference in the modulus of the two components. A higher reinforcing effect is observed for CNF-SH-a based nanocomposites compared to CNF based nanocomposites, probably because of stronger interactions between the filler and the matrix via click reaction, which increased the effective volume fraction of the rigid phase and led to the formation of a bound matrix material around the filler.

Figure 2 . 8

 28 Figure 2.8 Typical dynamic mechanical analysis isochronal curves: (A) tensile storage modulus (E') and (B) loss factor (tan δ) vs. temperature for neat NR, NR/CNF-5, NR/CNF-10, NR/CNF-SH-a-5 and NR/CNF-SH-a-10 nanocomposites. (C) Evolution of the predicted and experimental modulus for CNF-SH-a nanocomposites vs. CNF-SH-a volume fraction at 25°C.
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Figure 3 . 1

 31 Figure 3.1 Schematic illustration for the preparation of NR/CNC/GO and NR/GO nanocomposites with 3D conductive network.

Figure 3 . 2 D

 32 illustrates that the added CNC self-assembled on the GO layers exhibiting a veined CNC/GO structure. This is an indication that CNC can act as a stabilizer for GO, enhancing its stabilization in water and preventing aggregation between the graphene layers. It conditions a good dispersion of the CNC/GO nanohybrids prone to form a 3D continuous conductive network. The crystalline structure and thermal stability of CNC were characterized by XRD analysis and TGA, respectively, and the results are shown in Figure3.3. The XRD spectrum reveals the typical cellulose I crystalline features with diffraction peaks located at 2 = 14.7, 16.4, 22.6 and 34.4, ascribed to the planes of 11 ̅ 0 , 110, 002 and 040, respectively. The crystallinity index was 85.9 wt %.

Figure 3 . 2

 32 Figure 3.2 AFM images for CNC (A, B) at different observation scales (images A: 3.3 × 3.3 𝜇 m; image B: 1.1 × 1.1 𝜇 m); TEM images for GO (C) and CNC/GO nanohybrids (D).

Chapter 3 .Figure 3 . 3

 333 Figure 3.3 XRD spectrum (A) and TGA thermogram (B) for CNC.

Figure 3 . 4

 34 Figure 3.4 Zeta potential value (A) and digital camera images for CNC, GO and CNC/GO nanohybrid suspension before (B) and after (C) standing for 24 h.

Figure 3 .

 3 Figure 3.5 presents the FTIR spectra for CNC, GO and CNC/GO nanohybrids. The FTIR spectrum corresponding to CNC shows peaks at 2910 and 1365 cm -1 , which can be assigned to C-H stretching and bending vibrations, respectively. The broad band at 3358 cm -1 is associated with OH bonds from hydroxyl groups. The band at 1645 cm -1

Figure 3 . 5

 35 Figure 3.5 FTIR spectra for pristine CNC, neat GO and CNC/GO nanohybrids.

Figure 3 . 6 .

 36 Figure 3.6. The uniform porous network skeleton existed in the NR/CNC/GO-4 nanocomposite containing 4 wt% GO (Figure 3.6C), suggesting that the 3D network structure was formed during the casting process. As a comparison, the morphology of pure NR and NR/GO-4 nanocomposite films were also characterized (Figure 3.6A,B).Obviously, neat NR exhibits a smooth fracture surface. For the NR/GO-4 nanocomposite, the aggregated GO nanosheets are clearly observed. These observations demonstrate that the observed uniform porous network can be properly attributed to the well-dispersed CNC/GO nanohybrids within the NR matrix. The selective localization of the nanohybrid material between the NR microspheres results from the excluded volume that they create. The formation of this 3D network structure is expected to condition and hopefully improve both the electrical conductivity and mechanical properties of NR/CNC/GO nanocomposites.

Figure 3 . 6

 36 Figure 3.6 SEM images from the fractured surface for neat NR (A), NR/GO-4 nanocomposite (B) and NR/CNC/GO-4 nanocomposite (C).

Figure 3 . 7

 37 Figure 3.7 Evolution of the electrical conductivity for NR/GO and NR/CNC/GO nanocomposites as a function of GO content.

Figure 3 . 10 ( 3 .

 3103 Figure 3.8A presents the stress-strain curves for pure NR, NR/GO and NR/CNC/GO nanocomposites. Data collected from these stress-strain curves are plotted in Figure 3.8B-D, for the tensile strength, Young's modulus and elongation at break, respectively as a function of the GO content. Both the strength and Young's modulus significantly increase by increasing the nanoparticle content, while the elongation at break decreases.Compared to NR/GO samples, NR/CNC/GO samples exhibit significantly higher tensile strength and Young's modulus values. The tensile strength for NR/CNC/GO-10 (3.21 MPa) was increased by 646% compared to neat NR (0.43 MPa), while the tensile strength for NR/GO-10 (1.07 MPa) was increased by 149% (Figure3.8B). Meanwhile, the Young's modulus (Figure3.8C) for NR/CNC/GO-10 was 10.65 MPa, which is 21.7 times higher than that for neat NR (0.49 MPa) and 8.8 times higher compared to NR/GO-10 (1.21 MPa). However, when comparing NR/GO and NR/CNC/GO materials with neat NR, a decrease in the elongation at break is observed, which is a typical phenomenon for filled composites. The results demonstrate that the 3D hierarchical conductive network consisting of CNC and GO plays a crucial role in effectively reducing the electrical percolation threshold and enhancing at the same time the structural stability of the composite.

Figure 3 . 8

 38 Figure 3.8 Stress-strain curves (A), tensile strength (B), Young's modulus (C) and elongation at break (D) for neat NR, NR/GO nanocomposites and NR/CNC/GO nanocomposites (the error bars are standard deviation.
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Figure 4 . 1

 41 Figure 4.1 Schematic for the preparation of nanocellulose-CNT aerogels.

  7 ± 0.6 mV. The dispersibility of the suspension is closely related to the Zeta potential value. When CNTs are dispersed into water, they aggregate easily and rapidly settle to the bottom of the flask with a transparent liquid top layer, which has ZP value of 2.9 ± 0.1 mV, as shown in Figure 4.2B,C. When CNTs are dispersed in the TCNF suspension, the TCNF/CNT suspension maintains good dispersion stability even after standing for 24 h with a ZP value of -45.6 ± 0.9 mV. These results clearly indicate that TCNF can effectively assist dispersing CNTs in the suspension.

Figure 4 . 2

 42 Figure 4.2 Zeta potential for CNC, CCNC, TCNF, CNT and TCNF/CNT suspensions (A), and digital camera images for TCNF, CNT and TCNF/CNT suspensions standing for 0 h (B) and 24 h (C).

Figure 4 .

 4 Figure 4.3A shows the FTIR spectra for CNC, CCNC, and TCNF, related to the regular pattern of cellulose I. Concretely, common CNC and TCNF vibrations are displayed: OH -signals from 3000 to 3700 cm -1 , C-H stretching at 2910 cm -1 , O-H bending due to moisture found at 1640 cm -1 , carboxyl groups (COO -) stretching peak at 1614 cm -1 , O-C-H and H-C-H in-plane bending at 1427 cm -1 , C-H deformation at 1367 cm -1 , C-O-C asymmetric stretching from 1203 to 1157 cm -1 , glucose ring stretching at 1108

Figure 4 .

 4 3B. The characteristic chemical shifts of the cellulose carbon in the NMR spectra for CNC and CCNC correspond to C1 (101 ppm), C2, 3, 5 (68-71 ppm), C4 crystalline (85 ppm), and C6 (62 ppm), respectively.43 The additional chemical shift located at 51 ppm in the NMR spectrum of CCNC corresponds to -CH3 of the quaternary ammonium group, proving the success of the cationic modification. During the cationization modification process, about 23.9% of the surface hydroxyl groups of CNC were replaced by quaternary ammonium groups through tracking the content of nitrogen (N %) element, as shown in Table4.1.

Figure 4 . 3

 43 Figure 4.3 FTIR spectra (A), solid-state NMR spectra (B), XRD patterns (C) and TGA curves (D) for CNC, CCNC and TCNF.
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  charges chemically grafted onto CNC. Specially, for CCNC the nanocrystal morphology is maintained, demonstrating that cationization only compromises the surface charge, with a width of 11 ± 3 nm and a length of 181 ± 23 nm (Figure 4.4B,b). It is observed that TCNF are composed of semi-flexible chains of ultrahigh aspect ratio (Figure 4.4C,c).

Figure 4 . 4

 44 Figure 4.4 AFM images for CNC (A: 3.3 × 3.3 μm, a: 1.1 × 1.1 μm), CCNC (B: 3.3 × 3.3 μm, b: 1.1 × 1.1 μm), TCNF (C, c: 3.3 × 3.3 μm) at different observation scales.

Chapter 4 .

 4 Multifunctional Nanocellulose/CNT Composite Aerogels for High-efficiency EMI Shielding Ge ZHU-2021 163appropriate dispersion of CCNC and TCNF to limit the formation of aggregates, and strong electrostatic interaction to build a strong frame that was not greatly affected by the freeze-drying process. Particularly, aerogels were prepared considering different CNT volume contents.

Figure 4 . 5

 45 Figure 4.5 Digital images of nanocellulose-CNT aerogels: (A) CA, (B) CA-0.08, (C) CA-0.22, (D) CA-0.44, (E) CA-0.68, (F) CA-0.89, (G) CA-1.2.

Figure 4 . 6

 46 Figure 4.6 SEM images for CA (A, D), CA-0.22 (B, E) andCA-0.89 (C, F) aerogels at different observation scales.
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 4 Multifunctional Nanocellulose/CNT Composite Aerogels for High-efficiency EMI Shielding Ge ZHU-2021 167 nanofiller is dispersed, hence a conductive network has not been formed and the electric charge cannot flow effectively. By increasing the CNT content, the conductivity improves significantly, as reflected in Figure 4.7A.

Figure 4 . 7

 47 Figure 4.7 Electrical conductivity for composite aerogels with different CNT contents (A). The inset shows the evolution of log conductivity vs. log (𝜑 -𝜑 𝑐 ) used to determine the critical volume content = 0.075 vol% and exponent t = 2.75. Composite aerogels CA-0.22 (B) and CA-0.89 (C) lighting a LED device.

Figure 4 . 8

 48 Figure 4.8 (A) Compression stress vs strain curves for nanocellulose-CNT aerogels, (B) evolution of the toughness for nanocellulose-CNT aerogels. (C) Comparison of specific modulus (Young's modulus divided by density) between other reported lightweight porous materials and this work.

Figure 4 . 9 (

 49 Figure 4.9 (A) EMI shielding efficiency (SET) of the aerogel samples with various CNT contents. (B) Comparison of the specific SE (SSE) of various previously reported foams, sponges, and aerogels. EMI shielding efficiency (SET, SER, and SEA) for CA-0.22 aerogel (C) and CA-0.89 (D) aerogel.

Figure 4 . 10

 410 Figure 4.10 Electromagnetic microwave dissipation in the nanocellulose-CNT composite aerogel.

  mé canique. Le cisaillement mé canique ou l'hydrolyse acide vont d'abord affaiblir et dé truire les domaines amorphes et les plus petites ré gions cristallines pour produire la nanocellulose souhaité e. Le CNC est un fragment hautement cristallin en forme de bâ tonnet obtenu par hydrolyse acide jusqu'à l'é chelle nanomé trique. Les CNF peut ê tre obtenu par cisaillement mé canique des fibres cellulosiques, gé né ralement pré cé dé d'une hydrolyse acide contrôlé e, ou d'un pré traitement chimique ou enzymatique, ce qui permet de ré duire la consommation é nergé tique associé e à ce traitement. Elle pré sente des structures et une chimie de surface diffé rentes, selon la mé thode de production, et est gé né ralement plus longue que le CNC, à l'é chelle du micron.7 La BNC est obtenue par une mé thode ascendante, en utilisant des cultures bacté riennes pour synthé tiser la nanocellulose. D'autres noms pour les maté riaux de nanocellulose peuvent ê tre trouvé s dans la litté rature, incluant cellulose nanofibrillé e, cellulose microfibrillé e, nanofibrilles de cellulose, nanowhiskers de cellulose, trichites (ou whiskers) de cellulose et cellulose nanocristalline.Au XXIe siè cle, la demande en nourriture, en eau et en é nergie explose en raison de la croissance de la population mondiale et du dé veloppement é conomique rapide. La socié té devrait s'appuyer davantage sur les ressources renouvelables de la biomasse pour ré pondre à cette demande croissante. Le dé veloppement durable de la socié té devrait se concentrer davantage sur les produits recyclables, facilement dé gradables, respectueux de l'environnement et pré sentant peu de risques pour la santé et la sé curité .

Figure 1 .

 1 Figure 1. Modification de l'extré mité ré ductrice des CNF et pré paration des nanocomposites.

Figure 2 .

 2 Figure 2. Illustration schématique de la préparation des nanocomposites NR/CNC/GO et NR/GO avec réseau conducteur 3D.

Figure 3 .

 3 Figure 3. Illustration schématique des aérogels composites nanocellulose-CNTs.

  

Table 1 . 1

 11 Reactive conditions of adsorption of anionic, cationic and nonionic surfactants. (Γ is the grafting efficiency.)

	Source	Surfactant	Solvent	Conditions	Γ	Ref.
	Cotton	BNA	Toluene	BNA:CNC=4:1, pH=9	0.7	51
	Tunicate	BNA	Toluene	BNA:CNC=4:1, pH=9	1.5	51
	Tunicate	PEPNP	Toluene	-	0.2-1.5	52
	MCC	Beycostat AB09	Chloroform	60 °C, 6 h	-	53
	Cotton	BNA	Cyclohexane	BNA:CNC=4:1, pH=8	1.1	54
	MCC	Beycostat AB09	H 2 O	pH=7.5	-	55
	Tunicate	BNA	Toluene	BNA:CNC=4:1, pH=8	-	57
	Cotton/					
	Sisal/	DODA-Br	H 2 O	20°C, 15min	0.2-0.8	58
	Ramie					
	Whatman filter	sorbitan monostearate	THF	24h	-	59
	MCC	tert-butanol	chloroform	solvent exchange	-	60

birefringent when observed between crossed polarizers. This indicated that the dispersibility of silylated CNC increased when increasing the degree of surface silylation substitution. 78

  

	.6. A series of alkyl dimethylchlorosilanes
	(alkyl-DMSiCl) with alkyl moieties of isopropyl, n-butyl, n-octyl and n-dodecyl can
	react on the surface of CNC in toluene. The surface of CNC was only partially silylated,
	and gave different degrees of surface substitution (DSs). It was found that moderate
	extents of silylation kept the integrity and slender morphology, but made the CNC stick
	together with slight swelling and thus showed wavy contours. Furthermore, surface
	silylation also resulted in the readily dispersibility of CNC in low polarity solvents such
	as THF. The appearance of the silylated CNC suspensions in THF was relevant to the
	DS and is present as flocculated and stable/cloudy states, respectively, for DS 0.4 and
	0.6 for CNC modified with isopropyl-DMSiCl. Meanwhile, the stable and
	homogeneous suspension of isopropyl-DMSiCl modified CNC with a DS of 0.6 was

Chapter 1. Literature Review on Nanocellulose Ge ZHU-2021 45 Table 1.2

  Reactive conditions and grafting efficiency (GE) for the preparation of CNC/CNF grafted with polymeric chains using the "grafting onto" strategy.

	Types of nanocellulose	Source of cellulose	Polymeric chain	Coupling agent	Solvent	Conditions	GE (%)	Ref.
		Whatman filter paper	PEG	carbodiimide	Water	R.T., 24 h, pH=7.5-8.0,	20	86
		tunicate	PPgMA	-	Toluene	100 ºC, 5 min	-	88
		Whatman filter paper	PS Poly(TBA)	-	DMF	R.T, 13 h R.T, 16 h	60 56	89
	CNC	Cotton	Jeffamine	-	DMF Water	pH=7.5-8.0, R.T, 24 h	53.5 30.1	90
						65 ºC , 6.5 h		
		Cotton	PEO	-	Water	alkaline	20-40	91
						conditions		
		Cotton	WPU	-	DMF	80 ºC, 2 h, N2	45-57	92
	CNF	Ramie fibers	PCL10000 PCL42500	2,4-TDI	Toluene	80°C, N2, 7d	56.3 53	
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  Reactive conditions and grafting efficiency (GE) for the surface grafting of poly (caprolactone) (PCL) or poly (lactic acid) (PLA) on nanocellulose.

	Lönnberg et al. have successfully achieved the surface grafting of CNF with PCL via		
	ROP using Sn(Oct)2 as catalyst with a two-step procedures, 104 (i) CNF were dispersed		
	Nanocellulose in the monomer and the reaction was conducted at 95 °C without any solvent, and (ii) Source Grafted polymer Catalyst Solvent	Reactive condition	GE (%)	Ref.
		Ramie	PCL	Sn(Oct)2	Toluene	95 ºC, 24 h		95
		Native linter	PCL	Sn(Oct)2	-	Microwave irradiation, 5 min		96,97
		Cotton wool	PCL	citric acid	-	120 ºC, 24 h		98
	CNC	Ramie	PLLA	Sn(Oct)2	Toluene	80 ºC, 24 h, N2		100
		-	PLA	Sn(Oct)2	Toluene	90 ºC, 68 h, argon flow	60-70	101
		Ramie	PDLA	Sn(Oct)2	Toluene	80 ºC, 24 h, N2		102
		Ramie	PCL/PLA	Sn(Oct)2	Toluene	80 ºC, 48 h, N2		103
			PCL300				
		Wood pulp	PCL600	Sn(Oct)2	-	95 °C, 18-20 h, argon flow		104
	CNF		PCL1200 PCL-short				
		Softwood	PCL-medium	Sn(Oct)2	Toluene	110 °C, 3-5 h, argon flow	
			PCL-long	and Lin et al. 97 conducted		
	the grafting reactions under microwave irradiation to enhance the grafting efficiency		
	and the CNC-g-PCL was incorporated into a PCL matrix by thermoforming. In this		
	case, the long grafted PCL chains entangled with each other during the melting process		
	of thermoforming and, hence, produced molded sheets with good mechanical strength.		
	In order to overcome the use of metal-based catalysts, Labet and Thielemans 98 recently		
	used citric acid, a benign naturally available organic acid, as catalyst. The possibility to		
	exert control over the SI-ROP of PCL from CNC using a benign catalyst is a major step		
	towards truly green materials, as the incorporation of potentially harmful metal		
	catalysts in polymers is a continuous concern. Reaction conditions and grafting		
	efficiency reported in the literature for the preparation of PCL-grafted CNC are		
	summarized in Table 1.3. Recently Carlsson et al. reported the monitoring of CNC		
	surface grafting with PCL by Quartz Crystal Microbalance, which provided a tool to		
	regulate the polymerization reaction. 99				

Table 1 . 4

 14 Reactive conditions and properties of various grafted polymeric chains on nanocellulose from the LRP reactions.

	Monomer	Polymeric chain	Reactive mechanism	Catalyst/ ligand	Solvent	Conditions	GE (%)	Grafted polymer (M n )	PDI	Ref.
		PS	ATRP ATRP	Cu(I)Br/ HMTETA Cu(I)Br/ PMDETA	-Toluene	110 ºC, 12 h 30 ºC/70 ºC, 16 h/24 h	68 24%-40	74700 2800-17800	1.21 1.09-1.13	
		PDMAEMA	ATRP	Cu(I)Br HMTETA	CH 3 OH	55 ºC, 12 h	53	10200	1.38	
			ATRP	Cu(I)Br HMTETA	Chlorobenzene	90 ºC, 24 h	74.6	-	-	
	PMMAZO									
		PtBA/PAA	ATRP	Cu(I)Br/ PMDETA	DMF	75 ºC	-	6200-36300	1.10	
		P(NiPAAm)	SET-LRP	Cu(I)Br/ PMDETA	H 2 O/MeOH	25 ºC , 24 h	-	10630-42860	1.20	
			ATRP	Cu(I)Br/ PMDETA	Toluene	90 ºC, 24 h	83	9600	-	
		PBA	ATRP	Cu(I)Br/ PMDETA	DMF/toluene/1-butanol	70 ºC/90 ºC/ 110 ºC, 2-6 h	57	-	-	
			ATRP	Cu(I)Br/ BPY	DMF/toluene/1-butanol	70 ºC/90 ºC/ 110 ºC, 2-6 h	-	-	-	

Figure 1.14 Three traditional end modification approaches on the hemiacetal groups of CNC.

Table 1 . 5

 15 Reactive conditions and grafted molecules on the basis of the end hemiacetal of CNC.

	Pretreatment	Grafted molecule	Catalyst	Solvent	Reactive conditions	Ref.
	4-hydrazinobenzoic acid	O,O-Bis(2-aminoethyl)-polyethylene glycol	Carbodiimide	H2O	35 º C, 48 h, pH=9, R.T.	
	4-hydrazinobenzoic acid	3-aminopropyl-terminated polydimethylsiloxanes	Carbodiimide	H2O	35 º C, 48 h, pH=9	
	4-cyanopentanoic dihydrazide	acrylamide	-	H2O	60 º C, 48 h, N2	
	4-Hydrazinobenzoic acid	acrylamide	-	H2O	70 º C, 48 h, N2	
	Sodium chlorite, acetic acid	6-amino-1-hexanethiol hydrochloride (NH2-R-SH)	EDC, NHS	H2O	70 ºC , 72 h, pH=9.2	
	-	NH2(CH2)6SH• HCl	Sodium triacetoxyborohydride	H2O	70 ºC , 72 h, pH=9.2	
	Bis(triethylammonium) salt, acetic acid	Alexa Fluor 633	-	H2O	R.T., 24 h , in the dark	
	-	7-hydrazino-4-methylcoumarin (HMC)	-	H2O	25 °C, 24 h, in the dark.	

Table 1 . 6

 16 Various polysaccharide-based adsorbents for the removal of heavy metals. q max corresponds to the maximum amount of pollutant that can be adsorbed per gram of adsorbent.

	polysaccharide-based adsorbent	Heavy metal ion	Equilibrium conditions adsorption	q max (mmol g -1 )	ref
	CNC, CNF, ChNC	Ag (I)	pH = 6.39, 5.45, 6.63 T = 25 °C, t = 12 h	0.32 [CNC], 0.14 [CNF], 0.18 [ChNC]	
	Modified CNC	Pb (II), Cd (II), Ni (II)	pH = 6.0, T = 25 °C, t = 40 min	0.04 [Pb (II)], 0.09 [Cd (II)], 0.15 [Ni (II)]	
	Modified CNC	Cd (II), Pb (II)	pH = 6.5 [Cd (II)], pH= 5.5 [Pb (II)], T = 25 °C, t = 150 min	2.31 [Cd (II)] 1.77 [Pb (II)],	
	Modified CNC	Cd (II), Pb (II)	pH = 6.5 [Cd (II)], pH = 5.5 [Pb (II)], T = 25 °C, t = 5 min	3.07 [Cd (II)] 2.24 [Pb (II)],	
				0.74 [Ni (II)],	
	Modified CNF	Ni (II), Zn (II), Cu (II), Cd (II)	pH = 5.0, T = 25 °C, t = 24 h	1.61[Zn (II)], 1.90 [Cu (II)], 2.06 [Cd	
				(II)]	
	Carboxylated CNF	Cr (III), Ni (II), Cu (II), Zn (II)	pH = 6.2, T = 25 °C, t = 20 h	1.11 [Cr (III)], 0.83 [Ni (II)], 2.12 [Cu (II)], 1.01 [Zn (II)]	
	TEMPO-CNF	UO2 2+	pH = 6.5, T = 25 °C, t = 2 h	0.62	
	Polymerized CNC	Pb (II), Ni (II), Cd (II), Cr (III)	pH = 6.5, T = 25 °C, t = 40 min	-	160,161
	AMEO-modified CNF	Cu (II), Ni (II), Cd (II)	pH = 5.0, T = 25 °C, t = 160 min [Cu (II)], 8 min [Cd (II)], 35 min [Ni (II)]	3.15 [Cu (II)], 2.73 [Ni (II)], 4.19 [Cd (II)]	
	CHA-modified CNF	Cd (II), Ni (II)	pH = 5.0, T = 25 °C, t = 5 min	1.22 [Cd (II)], 2.02 [Ni (II)]	
	Carboxylated CNF	Pb (II), Hg (II), Ag (I), Cu (II)	T = 25 °C, t = 3 days	0.53 [Pb (II)], 0.78 [Hg (II)], 1.06 [Ag (I)], 2.38 [Cu (II)]	
	TEMPO-CNF	Cu (II)	pH = 5.0, T = 30 °C, t = 20 h	0.82	
	Phosphorylated CNC	Cu (II), Ag (I), Fe (III)	pH = 3.5 to 4.5, T = 25 °C , t = 12 h [Cu (II) & Fe (III)], t = 6 h [Ag (I)]	1.84 [Cu (II)], 1.26 [Ag (I)], 2.06 [Fe (III)]	
	Bisphosphonate CNC	V (V)	pH = 3, T = 25 °C, t = 24 h	1.98	
	Electrosterically CNC	Cu (II)	pH = 4.0, T = 25 °C, t = 210 s	2.91	
	Au-CNC composite	Hg (II)	pH = 7.0, T = 25 °C, t = 12 h	0.13	
	CNC nanocomposite	Co (II)	pH = 6.0, T = 30 °C, t = 120 min	5.95	
	CNC composite	Hg (II)	pH = 8.0, T = 30 °C, t = 60 min	1.19	
	FeNP-modified CNF	As (V)	pH = 2.0, T = 25 °C, t = 75 min	2.46	
	Carboxylated CNF	Pb (II)	pH = 4.5, T = 25 °C, t = 200 min	0.82	
	Sulfonated CNF	Pb (II)	pH = 5.0, T = 4 °C, t = 20 h	1.20	
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  , CNF and chitin nanocrystals (ChNC) were used to remove Ag (I), Cu (II) and Fe (III) from contaminated water.154 CNC was produced by sulfuric acid hydrolysis, CNF was isolated from cellulose sludge in the acidic and alkaline pH, and ChNC was isolated from crab shell residue. The specific surface area of CNC, CNF and ChNC was 138 -

	226, 146 -219 and 76 -86 m 2 g -1 , respectively. The maximum amount of pollutant that
	can be adsorbed per gram of adsorbent (qmax) for CNC, CNF and ChNC for Ag (I) was
	0.318, 0.143 and 0.183 mmol g -1 , respectively. Surface adsorption via electrostatic
	interactions was considered to be the prominent mechanism of heavy metal ion capture
	from wastewater. Surface-modified CNC was also used for the removal of Cd (II), Pb
	(II) and Ni (II).

155 

The qmax value for surface-modified CNC for Pb (II), Cd (II) and Ni (II) was 0.04, 0.09 and 0.15 mmol g -1 , respectively. Surface modification with more negatively charged groups significantly enhanced the removal efficiency of metal ions, which provided new ways for environmentally friendly remediation of heavy metals.

Table 1 . 7

 17 Various polysaccharide-based absorbents for oil/water separation processes.

ρ -density, P -Porosity, BET -specific surface area, θ -contact angle.
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  ) into a continuous porous network of CNF aerogels and then annealed it to obtain Co/C@CNF aerogels.190 The electrically conductive and magnetic aerogels exhibited excellent EMI SE owing to the enhanced magnetic loss and dielectric loss ability.Skeletons of Liquid-crystallineNanocellulose Derivatives as Tough and Transparent Insulators. Angew. Chem. Int. Ed. 2014, 53 (39), 10394-10397. (134) Chen, W.; Li, Q.; Wang, Y.; Yi, X.; Zeng, J.; Yu, H.; Liu, Y.; Li, J. Comparative Study of Aerogels Obtained from Differently Prepared Nanocellulose Fibers. Cellulose Nanofibrils-Filled Magnetic Chitosan Hydrogel Beads as Adsorbents for Pb (II). Carbohydr. Polym. 2014, 101, 75-82. (175) Ma, H.; Wang, S.; Meng, F.; Xu, X.; Huo, X. A Hydrazone-Carboxyl Ligand-Linked Cellulose Nanocrystal Aerogel with High Elasticity and Fast Oil/Water

	Cellulose Nanocrystals. Biomacromolecules 2010, 11 (12), 3652-3659.
	(91) Habibi, Y.; Dufresne, A. Highly Filled Bionanocomposites from Functionalized
	Polysaccharide Nanocrystals. Biomacromolecules 2008, 9 (7), 1974-1980.
	Moreover, the interface impedance mismatch of aerogels has been improved, which (92) Cao, X.; Habibi, Y.; Lucia, L. A. One-Pot Polymerization, Surface Grafting, and
	was beneficial to reduce reflection loss and alleviate the undesired secondary pollution Processing of Waterborne Polyurethane-Cellulose Nanocrystal ChemSusChem 2014, 7 (1), 154-161. Separation. Cellulose 2017, 24 (2), 797-809.
	of EMI waves. Nanocomposites. J. Mater. Chem. 2009, 19 (38), 7137-7145. (135) Qi, J.; Xie, Y.; Liang, H.; Wang, Y.; Ge, T.; Song, Y.; Wang, M.; Li, Q.; Yu, H.; (176) Yang, X.; Cranston, E. D. Chemically Cross-Linked Cellulose Nanocrystal
	(93) Labet, M.; Thielemans, W.; Dufresne, A. Polymer Grafting onto Starch Fan, Z. Lightweight, Flexible, Thermally-Stable, and Thermally-Insulating Aerogels with Shape Recovery and Superabsorbent Properties. Chem. Mater.
	Nanocrystals. Biomacromolecules 2007, 8 (9), 2916-2927. Aerogels Derived from Cotton Nanofibrillated Cellulose. ACS Sustain. Chem. 2014, 26 (20), 6016-6025.
	(94) Pei, A.; Malho, J.-M.; Ruokolainen, J.; Zhou, Q.; Berglund, L. A. Strong Eng. 2019, 7 (10), 9202-9210. (177) Jiang, F.; Hsieh, Y.-L. Amphiphilic Superabsorbent Cellulose Nanofibril
	Nanocomposite Reinforcement Effects in Polyurethane Elastomer with Low (136) Castro-Guerrero, C. F.; Gray, D. G. Chiral Nematic Phase Formation by Aerogels. J. Mater. Chem. A 2014, 2 (18), 6337-6342.
	Volume Fraction of Cellulose Nanocrystals. Macromolecules 2011, 44 (11), Aqueous Suspensions of Cellulose Nanocrystals Prepared by Oxidation with
	4422-4427. Ammonium Persulfate. Cellulose 2014, 21 (4), 2567-2577.	
	Appl. Polym. Sci. 2009, 113 (5), 3417-3425.	
	(98) Labet, M.; Thielemans, W. Citric Acid as a Benign Alternative to Metal Lindström, T.; Berglund, L. A.; Ikkala, O. Long and Entangled Native Cellulose
	Catalysts for the Production of Cellulose-Grafted-Polycaprolactone Iridescent Chiral Nematic Cellulose Nanocrystal/Polymer Composites I Nanofibers Allow Flexible Aerogels and Hierarchically Porous Templates for
	Copolymers. Polym. Chem. 2012, 3 (3), 679-684. Assembled in Organic Solvents. ACS Macro Lett. 2013, 2 (11), 1016-1020. Functionalities. Soft Matter 2008, 4 (12), 2492-2499.
	(99) Carlsson, L.; Utsel, S.; Wågberg, L.; Malmström, E.; Carlmark, A. Surface-(141) Giese, M. ACS Macro Lett 2: 818 Khan MK. Giese M Yu M Kelly JA Hamad (183) Leppänen, A.-S.; Xu, C.; Liu, J.; Wang, X.; Pesonen, M.; Willför, S. Anionic
	Initiated Ring-Opening Polymerization from Cellulose Model Surfaces WY MacLachlan MJ 2013 Angew Chem Int Ed 2013, 52, 8921. Polysaccharides as Templates for the Synthesis of Conducting Polyaniline and
	Monitored by a Quartz Crystal Microbalance. Soft Matter 2012, 8 (2), 512-517. (142) Giese, M.; Blusch, L. K.; Khan, M. K.; MacLachlan, M. J. Functional Materials as Structural Matrix for Conducting Biocomposites. Macromol. Rapid Commun.
	(100) Goffin, A.-L.; Raquez, J.-M.; Duquesne, E.; Siqueira, G.; Habibi, Y.; Dufresne, from Cellulose-derived Liquid-crystal Templates. Angew. Chem. Int. Ed. 2015, 2013, 34 (13), 1056-1061.
	A.; Dubois, P. From Interfacial Ring-Opening Polymerization to Melt 54 (10), 2888-2910.
	Processing	of	Cellulose	Nanowhisker-Filled	Polylactide-Based

).
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The lamellar, honeycomb-like porous structure, effective conductive network provided by AgNWs, and strong hydrogen bond interactions between CNFs and polyvinylpyrrolidone adsorbed on the AgNW surfaces endowed aerogels with a markedly high EMI shielding effectiveness (SE) of >70 dB.
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Table 2 . 1

 21 Elemental analysis results (C/H/N/S) for pristine CNF and end-modified CNF.

	Samples	C (wt%)	H (wt%)	N (wt%)	S (wt%)
	CNF	43.34 ± 0.39	6.45 ± 0.33	0.00 ± 0.02	0.00 ± 0.05
	CNF-SH-a	41.56 ± 0.47	6.19 ± 0.41	0.14 ± 0.07	0.16 ± 0.04
	CNF-SH-b	42.98 ± 0.23	6.38 ± 0.25	0.04 ± 0.02	0.05 ± 0.03
	Compared to surface modifications, the end modification of CNF has relatively few
	active sites. XPS and elemental analysis were used to track the changes in sulfur and
	nitrogen elements. As shown in Figure 2.1A, the typical characteristic signals of O1s
	(534 eV) and C1s (287 eV) can be observed in the XPS spectrum for CNF before and
	after end modification. At the same time, characteristic peaks of N1s (399 eV) and S2p

Table 2 . 2

 22 Tensile properties data for NR/CNF and NR/CNF-SH-a nanocomposites.

	Samples	Strength	Young's modulus	Elongation at break	Toughness
		MPa	MPa	%	MJ m -3
	NR	0.33±0.09	0.48±0.13	1099±32	2.63±0.23
	NR/CNF-2	0.67±0.12	0.81±0.14	841±25	3.35±0.34
	NR/CNF-5	1.42±0.35	7.75±1.07	681±38	7.16±0.38
	NR/CNF-8	2.71±0.37	22.9±1.89	574±20	10.82±0.44
	NR/CNF-10	3.48±0.41	35.55±2.65	447±23	12.51±0.53
	NR/CNF-15	4.76±0.37	56.08±3.67	241±14	10.12±0.76
	NR/CNF-SH-a-2	0.81±0.15	1.68±0.26	994±31	5.01±0.28
	NR/CNF-SH-a-5	1.99±0.23	8.81±1.14	718±19	9.89±0.78
	NR/CNF-SH-a-8	4.51±0.34	36.03±3.54	647±19	19.73±0.95
	NR/CNF-SH-a-10 5.83±0.31	45.25±4.34	543±21	22.24±0.45
	NR/CNF-SH-a-15 7.23±0.42	89.45±5.65	369±28	22.83±0.88

Table 2 .

 2 

	3 Tensile modulus (Ei, MPa) and shrinkage (ri, %) determined for
	nanocomposites during successive tensile tests.						
	Sample	E1	E2	E3	E4	E5	E6	E7	E8	E9 E10 E11
	NR	0.49 0.41 0.39 0.35 0.31 0.26 0.22 0.15 0.10 0.08 0.05
	NR/CNF-2	0.93 0.86 0.8 0.75 0.58 0.48 0.37 0.3 0.22	-	-
	NR/CNF-SH-a-2 1.81 1.44 1.04 0.7 0.53 0.43 0.37 0.31 0.17	-	-
	NR/CNF-5	6.41 3.13 2.45 1.64 1.06 0.79 0.24	-	-	-	-
	NR/CNF-SH-a-5 9.11 6.23 5.01 4.97 3.26 1.86 1.12 0.84	-	-	-
	Sample	r 1	r 2	r 3	r 4	r 5	r 6	r 7	r 8	r 9	r 10	r 11
	NR	66 141 209 278 354 419 482 550 598 655 726
	NR/CNF-2	61 132 205 273 348 406 465 541	-	-	-
	NR/CNF-SH-a-2	67 139 209 281 350 415 475 547	-	-	-
	NR/CNF-5	55 121 188 252 310 363	-	-	-	-	-
	NR/CNF-SH-a-5	57 129 196 262 324 393 449	-	-	-	-

Table 2 . 4

 24 Experimental (DMA at 25°C) and predicted (Takayanagi model) storage modulus value for NR/CNF-SH-a nanocomposites.

	Sample	Filler volume fraction	Experimental MPa	Predicted MPa
	NR	0	1.02	-
	NR/CNF-SH-a-2	0.0128	1.46	1.02
	NR/CNF-SH-a-5	0.0325	6.41	3.69
	NR/CNF-SH-a-8	0.0527	8.41	8.78
	NR/CNF-SH-a-10	0.0663	11.45	12.72
	NR/CNF-SH-a-15	0.101	16.38	24.37
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Table 4 . 1

 41 Elemental analysis results for CNC and CCNC 9% and 59.3, respectively. The decrease in CI can be attributed to the surface modification of nanocellulose. Nevertheless, surface alteration does not result in any significant change in XRD signals, indicating that cationic and oxidizing agents do not affect the crystal structure of CNC or CNF, limiting the changes only to the surface.32 

	Sample C (%)	H (%) S (%)	N (%)	𝒏 𝒔𝒖𝒓𝒇𝒂𝒄𝒆-𝑶𝑯 mmol/g	Toughness (kJ m -3 )
	CNC	40.85	6.38	1.85	0		-
						1.554
	CCNC 43.38	6.87	0.42	0.52		23.9%
	XRD patterns shown in Figure 4.3C reveal the periodic atomic arrangements, used to
	evaluate the crystalline features of nanocellulose, as its crystallinity index (CI). They
	exhibited cellulose I diffraction peaks at 2θ = 14.7 o (101), 16.5 o (101 ̅ ), 22.6 o (002), and
	34.6 o (040), in agreement with reported data. 32,37 The CI of CNC, CCNC and TCNF is
	83.4%, 71.				

Table 4 . 2

 42 Properties of aerogel samples.

	Sample	Density (a)	Porosity	Shrinkage	Strength	Young's modulus	Toughness
	(vol %)	(g/cm 3 )	(%)	(%)	(MPa)	(MPa)	(kJ m -3 )
	CA	0.058	96.21	9.74 0.36±0.011	13.8±0.39	146.1±5.98
	CA-0.08	0.059	96.12	10.41 0.37±0.021	14.39±0.72	152.5±7.61
	CA-0.22	0.063	95.92	10.61 0.41±0.014	15.76±0.39	154.6±6.42
	CA-0.44	0.066	95.77	11.91 0.45±0.023	16.4±0.52	179.1±12.52
	CA-0.68	0.068	95.71	10.19 0.53±0.013	16.83±0.64	205.5±9.44
	CA-0.89	0.072	95.54	12.19 0.55±0.016	15.44±0.77	218.4±8.47
	CA-1.20	0.075	95.47	11.67 0.6±0.018	16.33±0.69	220.8±11.03

Table 4 .

 4 2 shows the Young's modulus, compression

Table 4 . 3

 43 Comparison of specific modulus (modulus divided by density) of various cellulose aerogels.

	Samples	Density (g/cm 3 )	Specific modulus (Mpa g -1 cm 3 )	Ref.
		0.129	45.74	
	RC aerogels	0.209 0.173	27.77 34.63	64
		0.217	29.91	
		0.032	6.25	
	CNT/WPU	0.053	20.76	65
		0.12	52.34	
		0.0198	36.73	
	CNF	0.0202 0.0204	72.73 47.52	66
		0.022	20.54	
	CNT/PLLA	03	54.12	67
		0.01	41.76	
	CNT/CNF	0.022 0.015	30.46 34.43	68
		0.054	10.23	
		0.047	119.15	
	CNT matrix/interface	0.064 0.057	73.42 61.43	61
		0.075	124.56	
		0.063	250.56	
	CNT/cellulose aerogel	0.068	247.51	This work
		0.072	214.49	

Table 4 . 4

 44 Comparisons of EMI shielding efficiency of various foams, sponges, and aerogels.

	Samples	Density (g/cm 3 )	EMI SE (dB)	SSE (dB g -1 cm 3 )	Ref.
	Graphene/PS foam	0.450	29	64.4	
	Graphene/PEI foam	0.29	23	79.3	
	Graphene/PDMS foam	0.060	19.98	333	
	Graphene/PMMA foam	0.792	19	23.9	
	Grephene/PEI foam	0.40	19	47.5	
	GO/cellulose aerogel	0.0569	58.4	1026	
	Graphene/WPU composite	1.05	32	30.5	
	CNT/PS foam	0.574	19	33.1	
	CNT/PU foam	0.126	50.5	400.8	
	CNT/PLA foam	0.1	23	230	
	CNT/PLLA foam	0.64	23	77	
	CNT/PVDF foam	0.79	57	76	
	CNT sponge	0.02	22	1100	
	CNT/PS composite	1.05	60	57.1	
	CNT/PP composite	0.898	24	26.7	
	CNT/ABS composite	1.05	50	47.6	
	CNT/cellulose aerogel	0.077	40	519.5	
	CNT/cellulose aerogel	0.095	22.5	236.8	
	AgNW/cellulose foam	0.53	48.6	91.7	
	AgNW-C composite	0.13	43.5	334.6	
	Cu-Ni-CNT foam	0.23	45	195.6	
	Au-Graphene foam	0.116	30.5	262.9	
	Commercial carbon foam	0.166	40	240.9	
	CNT/cellulose aerogel	0.063	27.5	436.5	This work
	CNT/cellulose aerogel	0.072	39.8	552.7	

Considering the EMI shielding and aerogel density, the specific SE (SSE, EMI SE divided by density) vs. CNT volume content is summarized to represent the EMI shielding performance (Figure

4

.9B). The SSE value for CA-0.22 and CA-0.89 was

  To obtain highly conductive composites with low percolation threshold and adequate mechanical properties, cellulose nanocrystal/graphene oxide/natural rubber nanocomposites hosting a 3D hierarchical multiscale conductive network were developed. An aerogel was prepared by integrating oxidized cellulose nanofibrils, cationic cellulose nanocrystals, sodium alginate and carbon nanotubes. Good EMI shielding, low density, high conductivity and good mechanical strength were achieved.

Keywords : Nanocellulose; End modification, Click reaction; nanocomposites; 3D hierarchical nanostructure ; Aerogels; EMI shielding.
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Appendix and Abbreviations

suspensions exhibit high electrical charges, which confer them good stability due to electrostatic repulsion, making them less prone to aggregation and particle size increase.

This finding validates the use of highly charged nanocellulose compositions for aerogel processing, as high colloidal stability is important to maintain high specific surface area and porosity of the final aerogel. In addition, cationic CNC complementing anionic TCNF form a nanocellulose matrix with opposite charges, in which the electrostatic forces balance to achieve an overall net attraction between the particles. According to Zeta potential and FTIR analysis data of nanocellulose, the aerogel structure was induced by electrostatic attraction and H-bonds between the cellulosic matrix and the nanofiller. Finally, lightweight (density < 73.05 mg/cm3), highly porous (porosity > 96.38%), conductive (up to 71,43 S/cm), mechanically resistant, and EMI protective aerogels (EMI shielding efficiency>20 dB) were obtained, proving their potential to be used as green and lightweight shielding elements against electromagnetic radiation.

To complement the research presented in this thesis, some research topics may also be carried out in future work.

In chapter 2:

1. How to improve the grafting efficiency of CNF end functions and further characterized the successful end modification?

2. How to improve the cross-linking density of CNF-SH with the rubber matrix?

3. Further characterization of the interaction between nanocellulose and the NR matrix deserves to be conducted.

4.

Cellulose II nanofibrils with antiparallel arrangement of cellulose chains could be used. What would be the impact on the cross-linking and the structure of the material?

In chapter 3:

1. A more direct and clearer characterization of the CNC distribution in the NR matrix could be implemented.

Extended French Abstract -Résumé en Français

La cellulose est la ressource polymère renouvelable à structure amphiphile la plus répandue dans la biosphère, avec une production annuelle d'environ 7,5 x 10 10 tonnes. 1 Ses principales sources sont les suivantes : (i) les résidus agricoles (tiges de maïs, bagasse, coques de noix de coco, paille de riz, épis de maïs, enveloppes de blé, balles de riz et résidus d'huile de palme) ; (ii) le bois ; (iii) les déchets alimentaires ; (iv) les cultures ; et (v) les déchets de papier et de carton. [2][3][4] Cette ressource pratiquement illimitée de cellulose durable fournit un matériau doté d'excellentes propriétés physiques et chimiques qui peut être utilisé dans un large éventail d'applications. 5 Dans l'industrie, la cellulose est largement utilisée dans le papier, les textiles, les explosifs et les fibres alimentaires. 6 La cellulose contient à la fois des régions cristallines et amorphes, et la nanocellulose, la forme nanométrique de la cellulose, peut être préparée par un procédé mécanique ou chimique, qui peut être combiné à un traitement enzymatique. L'unité répétitive de la chaîne de cellulose est un dimère de D-glucose.

L'extrémité de chaque chaîne de cellulose contient un groupe hémiacétal, qui confère une asymétrie dans la direction de la chaîne de cellulose.

La nanocellulose pré sente plusieurs des excellentes proprié té s de la cellulose, notamment la biocompatibilité , la faible densité , la non-toxicité et la biodé gradabilité .

Elle possè de é galement des proprié té s distinctives telles qu'une capacité de renforcement é levé e, une ré sistance mé canique et des proprié té s d'auto-assemblage ajustables en milieu aqueux, principalement attribué es à la taille, la forme, la chimie de surface, le facteur de forme é levé et la haute cristallinité uniques de ces nanoparticules. 7 Le terme "nanocellulose" inclut diffé rents nanomaté riaux à base de cellulose dont les