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Introduction

In recent years, nanocellulose has gained a significant interest due to its outstanding properties: availability, biodegradability, renewability, non-toxicity, low density, good mechanical [START_REF] Iwamoto | Elastic modulus of single cellulose microfibrils from tunicate measured by atomic force microscopy[END_REF] and thermal [START_REF] Fukuzumi | Transparent and high gas barrier films of cellulose nanofibers prepared by TEMPO-mediated oxidation[END_REF] properties and relatively good surface reactivity [START_REF] Pasquini | Surface esterification of cellulose fibers: Characterization by DRIFT and contact angle measurements[END_REF][START_REF] Tserki | A study of the effect of acetylation and propionylation surface treatments on natural fibres[END_REF].

The production conditions from the raw cellulose source affect the characteristics and properties of the extracted nanocellulose. Two categories of nanocellulose can be obtained: cellulose nanocrystals (CNCs) and cellulose nanofibers (CNFs). Cellulose nanocrystals contain primarily crystalline cellulose, whereas cellulose nanofibers contain crystalline and amorphous cellulose, but also hemicellulose, so that CNFs are typically longer and more flexible nanoparticles than CNCs. CNCs have been thoroughly studied in the literature. The production of cellulose nanocrystals and their structure have been described in numerous studies [START_REF] Beck-Candanedo | Effect of reaction conditions on the properties and behavior of wood cellulose nanocrystal suspensions[END_REF][START_REF] Espinosa | Isolation of thermally stable cellulose nanocrystals by phosphoric acid hydrolysis[END_REF][START_REF] Habibi | Cellulose nanocrystals: chemistry, selfassembly, and applications[END_REF][START_REF] Lin | Surface chemistry, morphological analysis and properties of cellulose nanocrystals with gradiented sulfation degrees[END_REF], and their properties and applications have been extensively reviewed (Fujisawa, Saito, Kimura, Iwata, & Isogai, 2013;[START_REF] Lu | Preparation and properties of cellulose nanocrystals: rods, spheres, and network[END_REF]Zhou, Chu, Wu, & Wu, 2011). By contrast, the literature dealing with CNFs is not so rich. Elementary nanofibrils can be extracted from cellulosic fibers using a combination of chemical or enzymatic pretreatments and mechanical treatments [START_REF] Agoda-Tandjawa | Rheological characterization of microfibrillated cellulose suspensions after freezing[END_REF][START_REF] Pääkkö | Enzymatic hydrolysis combined with mechanical shearing and high-pressure homogenization for nanoscale cellulose fibrils and strong gels[END_REF][START_REF] Pahimanolis | Surface functionalization of nanofibrillated cellulose using click-chemistry approach in aqueous media[END_REF][START_REF] Saito | Homogeneous suspensions of individualized microfibrils from TEMPO-catalyzed oxidation of native cellulose[END_REF]. In order to have well-individualized CNFs, the most commonly used method is the TEMPO-mediated oxidation of cellulose fibers [START_REF] Isogai | TEMPO-oxidized cellulose nanofibers[END_REF][START_REF] Saito | Cellulose nanofibers prepared by TEMPO-mediated oxidation of native cellulose[END_REF]. TEMPO-mediated oxidation leads to negatively charged nanofibrils surface, which allows the formation of homogeneous electrostatically stabilized aqueous colloidal CNF suspensions [START_REF] Isogai | Wood nanocelluloses: fundamentals and applications as new bio-based nanomaterials[END_REF][START_REF] Saito | Cellulose nanofibers prepared by TEMPO-mediated oxidation of native cellulose[END_REF].

Many studies on CNF suspensions have focused on rheological properties [START_REF] Martoïa | Heterogeneous flow kinematics of cellulose nanofibril suspensions under shear[END_REF]. CNF suspensions were shown to exhibit gel-like properties at low concentrations (Naderi, Lindström, & Petterson, 2014;[START_REF] Nechyporchuk | Rheological properties of micro-/nanofibrillated cellulose suspensions: wall-slip and shear banding phenomena[END_REF][START_REF] Pääkkö | Enzymatic hydrolysis combined with mechanical shearing and high-pressure homogenization for nanoscale cellulose fibrils and strong gels[END_REF][START_REF] Tatsumi | Effect of fiber concentration and axial ratio on the rheological properties of cellulose fiber suspensions[END_REF]. Besides, rheological properties of CNF suspensions were shown to be strongly influenced by CNF concentration [START_REF] Agoda-Tandjawa | Rheological characterization of microfibrillated cellulose suspensions after freezing[END_REF][START_REF] Chen | Concentration effects on the isolation and dynamic rheological behavior of cellulose nanofibers via ultrasonic processing[END_REF][START_REF] Lasseuguette | Rheological properties of microfibrillar suspension of TEMPO-oxidized pulp[END_REF][START_REF] Pääkkö | Enzymatic hydrolysis combined with mechanical shearing and high-pressure homogenization for nanoscale cellulose fibrils and strong gels[END_REF][START_REF] Shogren | Preparation and characterization of cellulose gels from corn cobs[END_REF] and by pH [START_REF] Jowkarderis | Intrinsic viscosity of aqueous suspensions of cellulose nanofibrils[END_REF][START_REF] Pääkkö | Enzymatic hydrolysis combined with mechanical shearing and high-pressure homogenization for nanoscale cellulose fibrils and strong gels[END_REF].

In the present study, CNF hydrogels investigated are precursors of aerogels previously prepared and studied [START_REF] Jiménez-Saelices | Effect of freeze-drying parameters on the microstructure and thermal insulating properties of nanofibrillated cellulose aerogels[END_REF]. A better characterization and understanding of the structure and rheology of the CNF hydrogel precursors is required in order to better control and eventually optimize the morphology and structure of aerogels.

It is worth pointing out that the present study does not aim at proposing a rheological modeling, but rather aims at giving a physical insight into the structure/rheology relationships of CNF suspensions and hydrogels. In order to achieve this objective, different robust models from the literature were used. This work is a first step in the study of the possible correlation between the structure of CNF hydrogels and the structure of CNF aerogels, which governs their macroscopic (mechanical, thermal…) properties.

Experimental section

Materials

The cellulose nanofibrils (CNFs) used in the present work were supplied by EMPA (Swiss Federal Laboratories for Materials Science and Technology) in the form of a 1wt% aqueous suspension. They were obtained by a TEMPO-mediated oxidation, followed by a mechanical treatment [START_REF] Jiménez-Saelices | Effect of freeze-drying parameters on the microstructure and thermal insulating properties of nanofibrillated cellulose aerogels[END_REF]. The carboxylate content is equal to 1.12 mmol.g -1 , as provided by the supplier and confirmed by conductivity measurements performed at the laboratory.

Sample preparation

In order to get suspensions at volume fractions CNF φ varying from 0.01% to 0.65%, the supplied 1wt% CNF mother suspension was diluted with either deionized water or 0.7 to 50 mM NaCl solutions. All prepared suspensions were stirred for 30 minutes at 600 rpm, at room temperature. A pH close to 7 was measured for all samples prepared in this work.

Atomic Force Microscopy (AFM)

AFM was used to characterize the primary entities in CNF suspensions. In order to minimize CNF interactions, suspensions at a volume fraction of 0.01% were diluted 10 4 times prior to observation. A freshly cleaved mica substrate was put on a metallic disc. Then, a few drops of the prepared CNF solution were deposited on the disc. Once the mica plate was totally covered, the sample was dried at 60°C for an hour in an oven. AFM images were acquired using the multimode Nanoscope 3A (Multimode 8, Bruker) instrument in ScanAsyst-Air Peak

Force mode with a tip spring constant of 3 N.m -1 . From numerous AFM images, the CNF geometric characteristics, in terms of average length L av and average diameter d av , were measured using the SigmaScan Pro 5 and the Nanoscope Analysis software. At least 300 fibers were observed to determine the average geometric dimensions of the CNFs.

X-Ray Diffraction (XRD)

The crystallinity index I c was determined using the XRD technique. After drying the CNF suspension, the sample was deposited on a silicon sample holder. A PANanalytical EMPYREAN diffractometer with a PIXcel detector was used. The samples were X-rayed in a reflection-transmission spinner mode using a Cu Kα radiation for angles θ ranging from 2° to 60°.

Rheology

In this study, both viscometric and rheometrical tests were carried out. Viscometric measurements were performed at 25°C, using a Low-Shear 30 viscometer for CNF suspensions at volume fractions ranging from 0.01% to 0.06%. The viscometer was equipped with a 500 µm gap concentric cylinder geometry. The imposed shear rate was varied from 1.2 to 15 s -1 .

For suspensions at a volume fraction beyond 0.06%, oscillatory measurements were performed on a controlled strain rheometer ARES (TA Instruments). Rheometrical tests were performed with a 1 mm gap concentric cylinder geometry, at a fixed temperature of 25°C.

Oscillatory shear tests were performed in order to characterize the linear viscoelastic response of the suspensions. Strain sweep tests were first performed at a fixed frequency of 1 Hz in order to determine the linear viscoelastic domain, followed by frequency sweep tests performed in the linear regime over angular frequencies ranging from 5.10 -3 to 10 2 rad.s -1 .

Results and discussion

CNF geometrical properties

As CNFs are the key architectural bricks of the structure, it is essential to characterize their properties. Fig. 1 shows one representative AFM image of a dilute CNF suspension.

Individualized nanofibrils, sometimes presenting kinks, as well as some aggregates of entangled CNFs can be seen. From such observations, the length and diameter of about 300 nanofibrils were measured and the CNF length and height distribution were determined. The results were shown to be correctly fitted using a log-normal distribution, as previously observed [START_REF] Usov | Understanding nanocellulose chirality and structure-properties relationship at the single fibril level[END_REF]:
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where A is a distribution normalizing constant, L is the contour length or the diameter of the CNFs, µ is the mean value and σ the standard deviation of the CNFs length or diameter. The best fit corresponds to an average length L av of about 300 nm and an average diameter d av of about 2.5 nm, leading to an average aspect ratio p (p=L av /d av ) of 120, which is within the range of CNF aspect ratios encountered in literature [START_REF] Jowkarderis | Intrinsic viscosity of aqueous suspensions of cellulose nanofibrils[END_REF][START_REF] Usov | Understanding nanocellulose chirality and structure-properties relationship at the single fibril level[END_REF]. In order to characterize the semi-flexibility of the nanofibrils, the persistence length l p , which is defined as the length over which an angular correlation in the tangent direction to a fibril contour is lost, can be calculated using the Bond Correlation Function (BCF) [START_REF] Usov | Understanding nanocellulose chirality and structure-properties relationship at the single fibril level[END_REF]:
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where α is the angle (considered only if >20°) formed by 2 adjacent segments forming a kink.

Following this method, a persistence length l p of 280 nm was obtained. Since the persistence length is very close to the average length, nanofibrils can be considered as rigid rods, at least in first approximation.

CNF crystallinity

Using X-ray diffraction and the Segal method, the crystallinity index I c was determined using the classical Segal method [START_REF] Segal | An empirical method for estimating the degree of crystallinity of native cellulose using the X-ray diffractometer[END_REF]:
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where is the maximum diffraction intensity of the plane (002), corresponding to the diffraction angle 2θ ∼ 22°, and is the minimum diffraction intensity, corresponding to the diffraction angle 2θ ~ 18°. A crystallinity index of 70%, which is a classical value for such CNFs [START_REF] Benhamou | Control of size and viscoelastic properties of nanofibrillated cellulose from palm tree by varying the TEMPO-mediated oxidation time[END_REF][START_REF] Chen | Individualization of cellulose nanofibers from wood using high-intensity ultrasonication combined with chemical pretreatments[END_REF], was obtained. The relatively high crystalline content of the CNFs used in this work is responsible for their relatively high rigidity, in agreement with the large persistence length obtained.

Nevertheless, this result also reveals an amorphous content of about 30%, which is expected to play a non-negligible role in structural and rheological properties.

Low concentrated CNF suspensions

The viscometric properties of CNF suspensions were determined at different CNF volume fractions and different salt concentrations.

The suspension relative viscosity η rel of all samples can be written as (Van de Ven, 1989):
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where η is the suspension dynamic viscosity, η 0 is the suspending medium viscosity and φ is the CNF volume fraction. γ is reported in Fig. 2. At low shear rates, the suspensions exhibit a Newtonian behavior, characterized by the existence of a viscosity plateau, η 0 , which increases as the CNF concentration increases. At higher shear rates ( . γ >8 s -1 ), the suspensions exhibit a shear- thinning behavior, attributed to the shear-induced orientation of the nanofibrils. From these flow curves, the reduced viscosity η red versus volume fraction was plotted in Fig. 3. This plot clearly shows that the dilute regime was never reached experimentally, meaning that pair interactions cannot be neglected even at the lowest volume fractions investigated. Actually, this result is not surprising at all, since the semi-dilute regime, defined by 1/p²<φ CNF <1/p, where p is the particle aspect ratio (Doi & Edwards, 1978), corresponds to volume fractions between 7.10 -3 % and 0.8%, for rods with p=120. Therefore, in the present study, the dilute regime, corresponding to non-interacting nanofibrils, is expected to lie below 0.01%, and therefore cannot be observed. [START_REF] Brenner | Rheology of a dilute suspension of axisymmetric Brownian particles[END_REF][START_REF] Dhont | Viscoelasticity of suspensions of long, rigid rods[END_REF][START_REF] Kuhn | Die abhängigkeit der viskosität vom strömungsgefälle bei hochverdünnten suspensionen und lösungen[END_REF][START_REF] Simha | The Influence of Brownian Movement on the Viscosity of Solutions[END_REF], but very few take into account pair hydrodynamic interactions and predict a non-zero Huggins coefficient, even though experimental data for uncharged rodlike particles have shown k H values ranging from 0.4 to 1.7 [START_REF] Aharoni | Monodisperse rodlike oligomers and their mesomorphic higher molecular weight homologues[END_REF][START_REF] Berry | The rheology of dilute suspensions of slender rods in weak flows[END_REF][START_REF] Graf | Rheological properties of suspensions of interacting rodlike FD-virus particles[END_REF][START_REF] Hermans | The viscosity of concentrated solutions of rigid rodlike molecules (poly-γ-benzyl-L-glutamate in m-cresol)[END_REF][START_REF] Hvidt | Flexibility of light meromyosin and other coiled-coil α-helical proteins[END_REF]. From that point of view, the model by [START_REF] Berry | The rheology of dilute suspensions of slender rods in weak flows[END_REF], which predicts k H =0.4 for rodlike particles, seems to be quite adequate for the low concentrated CNF suspensions studied in the present work.

This model gives the following expression for the intrinsic viscosity of uncharged rigid rods:
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Considering an aspect ratio of 120, the Berry and Russel model gives an intrinsic viscosity of about 400. The difference between the theoretical value and the experimental one was attributed to primary electroviscous effects, due to the presence of the numerous charges at the CNFs surface generated by the TEMPO treatment. In order to confirm this interpretation, the Hartmann number Ha, that expresses the competition between the electrical forces and the viscous ones, was estimated:

2 0 0 B Ha k T ψ ε η µ = (7)
where ≅ 10 m 2 .s -1 ; the electrostatic potential ≅ 0.1V [START_REF] Saito | Individualization of nano-sized plant cellulose fibrils by direct surface carboxylation using TEMPO catalyst under neutral conditions[END_REF][START_REF] Jiang | Chemically and mechanically isolated nanocellulose and their self-assembled structures[END_REF] and the permittivity of deionized water ≅ 7. 10 C 2 N -1 m -2 . A Hartmann number of about 8 was obtained, in accordance with a large primary electroviscous effect.

Effect of ionic strength

In order to have a better understanding of this primary electroviscous effect, we studied the intrinsic viscosity as a function of volume fraction, for different ionic strengths, NaCl concentration varying from 0 to 10 mM. Fig. 4 shows the intrinsic viscosity of CNF suspensions as a function of κ.d av , where κ (nm -1 ) is the inverse of the Debye length and d av (nm) is the average CNF diameter:
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with n s the number density of ions coming from the added salt, and l B the Bjerrum length: The results plotted in Fig. 4 show that increasing the ionic strength leads to a drastic decrease of the intrinsic viscosity, for very small amounts of added NaCl. More precisely, the intrinsic viscosity, which has a value of about 990 in deionized water, reaches a value of about 460, when adding 1 mM of salt ( . ≅ 0.25). It should be noted that an intrinsic viscosity of 460 is close to the prediction of Berry and Russel's model for uncharged rigid rodlike particles with an aspect ratio " ≅ 120 (Eq. ( 6)).

The drastic effect of salt addition on intrinsic viscosity can be attributed to the screening of electrostatic interactions, which leads to an abrupt reduction of the electroviscous dissipation.

When the salt concentration exceeds 1 mM, getting reproducible intrinsic viscosity measurements becomes very difficult, and it is all the more difficult as salt concentration is higher. This experimental observation could be attributed to the formation of CNF clusters, resulting, on one hand, from the ionic strength-induced screening of the electrostatic repulsions, and, on the other hand, from attractive intermolecular interactions (mainly through H-bonding) that contribute to the aggregation phenomenon. As ionic strength increases, the aggregation kinetics of nanofibrils as well as the characteristic cluster size are more and more difficult to control, making measurements less and less reproducible. 13 3.4. CNF hydrogels

In deionized water

Oscillatory shear measurements were carried out in order to characterize the linear viscoelastic properties of CNF hydrogels, at volume fractions ranging from 0.25% to 0.65%.

Fig. 5 shows the viscoelastic moduli G' and G'' versus the imposed shear strain amplitude γ, at different volume fractions.

The linear viscoelastic regime, corresponding to viscoelastic moduli independent of the applied strain amplitude, is limited by the critical deformation γ c . It is worth noticing that Fig.

5 exhibits a hump in the G" versus strain curve in the weakly non-linear regime, at least above φ CNF =0.25%. The existence of this hump is the signature of an extra viscous dissipation phenomenon that increases with increasing the CNF content.

The viscoelastic behavior of CNF suspensions was then studied in the linear response domain.

Fig. 6 shows the angular frequency dependence of both linear viscoelastic moduli of CNF suspensions at different CNF volume fractions. Results clearly show that, at low frequencies, G' and G'' are frequency independent, allowing to define G' 0 and G'' 0 plateau values, whereas, at higher frequencies, G' and G'' are both increasing functions of frequency.

G' 0 and G'' 0 were reported, along with the critical deformation γ c , as a function of CNF volume fraction in Fig. 7. Increasing the CNF volume fraction leads to a drastic decrease in the critical deformation, γ c , especially when the CNF volume fraction exceeds 0.4%. G' 0 and G'' 0 both increase with increasing the CNF content, with # $ /# $$ ≅ 10 over the whole investigated volume fraction range. Quite interestingly, Fig. 7 suggests the existence of two different concentration regimes, separated by a transition volume fraction φ CNF =0.4%. For volume fractions between 0.25% and 0.4%, # $ , # $$ ~( and ) * ~( .+ , whereas for volume fractions between 0.4% and 0.65%, # $ , # $$ ~(, and ) * ~( .

The above-described rheological behavior in deionized water clearly shows that CNF suspensions, for φ CNF ≥0.25%, are viscoelastic solids: both viscoelastic moduli are independent of frequency at low frequencies (Fig. 6) and the plateau storage modulus is about one decade higher than the plateau loss modulus (Fig. 7). Such a viscoelastic behavior, as well as the presence of a yield stress in flow curves at CNF volume fractions higher than 0.25% (results not shown) is the signature of a gel-like behavior due to the formation of a three-dimensional percolation network. Besides, the absence of any yield stress for CNF suspensions at φ CNF <0.25% suggests that the formation of the percolation network occurs at a volume fraction of about 0.25%.

The power law increase of storage and loss moduli with increasing volume fraction (Fig. 7) is quite classical (Dimic-Misic et al., 2013;[START_REF] Nechyporchuk | Rheological properties of micro-/nanofibrillated cellulose suspensions: wall-slip and shear banding phenomena[END_REF], even though the power law exponent varies significantly, between 2 and 5, from one study to the other [START_REF] Jowkarderis | Rheology of semi-dilute suspensions of carboxylated cellulose nanofibrils[END_REF]Naderi et al., 2014a, ;[START_REF] Naderi | Carboxymethylated nanofibrillated cellulose: rheological studies[END_REF][START_REF] Pääkkö | Enzymatic hydrolysis combined with mechanical shearing and high-pressure homogenization for nanoscale cellulose fibrils and strong gels[END_REF][START_REF] Saito | Self-aligned integration of native cellulose nanofibrils towards producing diverse bulk materials[END_REF][START_REF] Tatsumi | Effect of fiber concentration and axial ratio on the rheological properties of cellulose fiber suspensions[END_REF].

However, to our knowledge, the existence of two different concentration regimes, as highlighted in Fig. 7, has never been observed in the literature. Quite interestingly, considering the CNF hydrogel network as an infinite cluster of fractal flocs, the volume fraction dependence of storage modulus G' 0 and critical strain γ c , at least for φ CNF >0.4%, can be very well fitted by the Shih scaling model, which predicts the storage modulus in the strong-link regime [START_REF] Shih | Scaling behavior of the elastic properties of colloidal gels[END_REF]:
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Where d=3 is the Euclidean dimension, d f is the floc fractal dimension and x is the backbone fractal dimension [START_REF] Shih | Scaling behavior of the elastic properties of colloidal gels[END_REF].

Fitting the results for φ CNF >0.4%: # $ ~(, and ) * ~( , with Eq.s ( 9) and (10) gives the backbone fractal dimension of flocs x=1 and the fractal dimension of the flocs d f =2.

For φ CNF <0.4%, the Shih model, in the strong or weak-link regime, does not allow to predict the results we obtained, # $ ~( and ) * ~( .+ . Instead the Wu and Morbidelli scaling model, which is based on the Shih model, [START_REF] Wu | A model relating structure of colloidal gels to their elastic properties[END_REF]) can be used. This model contains an additional adjustable parameter 0<α<1, whose limit values correspond to the two regimes described by the Shih model:

# $ ~( 5 (.2. 3 ) (11) 
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(.2. 3 ) (12) With ( 2) (2 )(1 ) d x
β α = -+ + -, using the same notations as in Eq.s ( 9) and ( 10). The best fit of the results with Eq.s ( 11) and ( 12), for φ CNF <0.4%, corresponds to α=0.5, x=1.4 and

d f =1.5.
We suggest that the difference in fractal dimension of the flocs in the two concentration regimes highlights significant differences in the network structure. A floc fractal dimension of about 1.5, for CNF volume fractions lower than 0.4%, is consistent with the presence of individual or weakly aggregated nanofibrils within the flocs, whereas a larger floc fractal dimension of about 2, for CNF volume fractions higher than 0.4%, is consistent with the presence of bundles of aggregated nanofibrils. Actually, for sufficiently high CNF content, the number of contacts between nanofibrils is large enough to favor entanglements between flexible amorphous regions or amorphous and crystalline regions of neighboring nanofibrils.

We suggest that the presence of entanglements between CNFs is responsible for the extra dissipation phenomenon shown in Fig. 5.

Effect of ionic strength

The effect of the ionic strength on the volume fraction dependence of the critical deformation is shown in Fig. 8. Increasing the NaCl concentration from 0 up to 50 mM leads to a marked decrease of the critical deformation levels. Moreover, Fig. 8 shows a unique weak volume fraction dependence of the critical deformation, which differs from the results obtained in deionized water, for which two concentration regimes were observed. Besides, it is worth mentioning that, for ionic strength lying below 50 mM, results look very chaotic.

The effect of the ionic strength on the volume fraction dependence of the plateau storage modulus is shown in Fig. 9. The results show that the addition of 50 mM salt increases the plateau storage modulus significantly. Moreover, as previously observed for the volume fraction dependence of the critical strain, adding salt leads to a unique volume fraction dependence of storage modulus, which differs from the results obtained in deionized water, for which two concentration regimes were observed. At last, the extent of the elastic behavior to low CNF volume fraction in the presence of salt is highlighted. These results can be explained by the screening of the electrostatic interactions when increasing the ionic strength. Indeed, electrostatic screening favors aggregation of neighboring CNFs, which explains that a 3-dimensional network is formed at a lower CNF volume fraction when adding salt: the network forms at φ CNF =0.1% in the presence of 50 mM NaCl (Fig. 9). Moreover, it is noteworthy to mention that, in the presence of 50 mM salt, the two concentration regimes observed under free salt conditions, no longer exist. There is a unique volume fraction dependence of both G' 0 and γ c : # $ ~(, and ) * ~( .+ , which is in agreement with the Wu and Morbidelli scaling model (Eq. ( 10), provided that α=0.6, x=1.2 and d f =2.4. The large floc fractal dimension value for 50 mM NaCl could be attributed to the greater ability of CNFs to form dense aggregates at high ionic strength, because of complete electrostatic screening. For intermediate salt concentrations, that is at 1 mM, 7 mM, 10 mM, 20 mM and 30 mM NaCl, the experimental results are much more difficult to discuss (Fig. 8), probably because of incomplete screening of electrostatic interactions, which makes the system very difficult to control and to predict. 
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To illustrate the structure evolution of CNF suspensions and hydrogels over the whole range of volume fractions explored in the present study, a schematic description is presented in Fig. 10.

In free-salt CNF suspensions, when φ CNF <0.1%, CNFs can be regarded as isolated fibrils repulsed by electrostatic interactions. As the CNF concentration increases, CNFs get closer to each other and, at φ CNF =0.25%, percolation occurs: a 3-dimensional network, whose junctions are made of individualized and/or weakly aggregated fibrils, is formed. At φ CNF =0.4%, a transition occurs, due to a crowding effect which promotes the formation of entanglements between CNFs, leading to the formation of bundles of entangled nanofibrils.

In the presence of 50 mM NaCl, complete electrostatic screening together with attractive intermolecular interactions (mainly through H bonding) between nanofibrils, leads to the formation of stronger junctions composed of denser bundles of entangled CNFs, compared to those formed under free salt conditions.

Conclusion

The structure and rheology of CNF suspensions were investigated for volume fractions ranging between 0.01% and 0.65%, at various ionic strengths. The dilute regime could never be achieved experimentally. However, the intrinsic viscosity and Huggins coefficient were shown to be in agreement with Berry and Russel's model. A primary electroviscous effect was shown to occur at very low ionic strengths, and to decrease sharply with increasing added salt concentrations. At higher volume fractions, a 3-dimensional network is formed, above a percolation volume fraction which decreases with increasing salt concentration. Above the percolation threshold, the results were shown to be correctly fitted by scaling models based on the Shih model, whose predictions were discussed in terms of fractal dimension of the CNF flocs. The role played by entanglements between nanofibrils within the aggregates was highlighted. Quite interestingly, the rheological and structural results we obtained on hydrogels are in close connection with the structural results previously obtained on aerogels.

Indeed, the rheological and structural transition at φ CNF =0.4% observed in the rheological behavior of CNF hydrogels was found at the same volume fraction in the structure of CNF aerogels: a fibrillary aerogel structure was observed below φ CNF =0.4%, whereas a film-type structure was observed above this transition volume fraction. This very interesting result highlights the correlation between the structure/rheology of CNF hydrogels and the properties 
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of the aerogels elaborated from these hydrogels. This correlation will be thoroughly explored in a future work dealing with the mechanical and thermal properties of aerogels prepared from the hydrogel precursors studied in the present work.
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