Mathieu Nicolas 
  
Anatoli Serghei 
  
Christine Lucas 
  
Emmanuel Beyou 
  
Matthieu Fumagalli 
email: matthieu.fumagalli@univ-lyon1.fr
  
Grafting of polyamines onto periodate oxidized nanocellulose, and its application to the fabrication of ionic nanopapers

Keywords: nanocellulose, polyallylamine, polyvinylamine, grafting onto, periodate oxidation, ionic membrane, nanopaper

 

INTRODUCTION

Nanocellulose is a major building block in material science that can be employed either as a filler in nanocomposites, as an additive for liquid formulations, or to build up several environmental friendly bulk materials such as foam, aerogel, fibers and membranes commonly called nanopapers. [START_REF] Kontturi | Advanced materials through assembly of nanocelluloses[END_REF] In the latter case, the use of nanocellulose lead to transparent, stronger, and denser materials compared to common papers, [START_REF] Benítez | Cellulose nanofibril nanopapers and bioinspired nanocomposites: a review to understand the mechanical property space[END_REF] but their application are limited by their low mechanical properties in hydrated media and their lack of specific functions. However, swollen membranes are interesting for effluent purification by allowing the capture or selective transfer of dissolved species, [START_REF] Voisin | Nanocellulose-based materials for water purification[END_REF][START_REF] References Abouzeid | Current state and new trends in the use of cellulose nanomaterials for wastewater treatment[END_REF][START_REF] Mohammed | Cellulose nanomaterials: promising sustainable nanomaterials for application in water/wastewater treatment processes[END_REF]) but also as electrolyte and separator for electrochemical devices such as fuel cells in which the swollen membrane enables an efficient transfer of ionic species between electrodes. [START_REF] Hallinan | Polymer electrolytes[END_REF][START_REF] Kreuer | Ion conducting membranes for fuel cells and other electrochemical devices[END_REF][START_REF] Vilela | Nanocellulose-based materials as components of polymer electrolyte fuel cells[END_REF]) So far, previous investigations of ionic membranes made from nanocellulose described nanopapers with either a low concentration of ionic groups, [START_REF] Bayer | High temperature proton conduction in nanocellulose membranes: paper fuel cells[END_REF] or with a higher level of carboxylate groups in an uncrosslinked networks, which resulted in an extensive swelling in water. [START_REF] Guccini | Highly proton conductive membranes based on carboxylated cellulose nanofibres and their performance in proton exchange membrane fuel cells[END_REF]) Another example highlighted an interesting compromise between ionic content, conductivity and mechanical properties, [START_REF] Gadim | Nanostructured bacterial cellulose-poly (4-styrene sulfonic acid) composite membranes with high storage modulus and protonic conductivity[END_REF]) but required the use of bacterial cellulose networks which are unadequate for large scale applications. Other works have been focused on preserving the mechanical properties of the cellulose nanopaper in the wet state, but without introducing additional ionic groups. [START_REF] Wang | Flexible cellulose nanopaper with high wet tensile strength, high toughness and tunable ultraviolet blocking ability fabricated from tobacco stalk via a sustainable method[END_REF], 2020, Walther, Lossada et al. 2020) To achieve such functional ionic membranes from cellulose nanopapers, the use of an adequate chemical strategy is necessary. While nanocellulose surface hydroxyl groups are poorly reactive in water, [START_REF] Rol | Recent advances in surface-modified cellulose nanofibrils[END_REF]) oxidation with sodium periodate allows the introduction of two aldehyde functions per anhydroglucose unit (AGU). [START_REF] Nypelö | Periodate oxidation of wood polysaccharides-Modulation of hierarchies[END_REF][START_REF] Simon | A fast method to measure the degree of oxidation of dialdehyde celluloses using multivariate calibration and infrared spectroscopy[END_REF] The amount of aldehyde in a periodate oxidized cellulose sample (POC) can be defined either as the percentage of oxidized AGU units, or as the degree of oxidation (DO i.e number of aldehyde per AGU). The latter can reach a maximum value of 2 for a fully oxidized sample called then dialdehyde cellulose (DAC, DO=2, 100%) which is water soluble. (Münster, Vícha et al. 2017) The progress of this heterogeneous reaction has been discussed by several authors (Kim, Kuga et al. 2000[START_REF] Guigo | Surface modification of cellulose microfibrils by periodate oxidation and subsequent reductive amination with benzylamine: a topochemical study[END_REF][START_REF] Azzam | Surface peeling of cellulose nanocrystals resulting from periodate oxidation and reductive amination with water-soluble polymers[END_REF][START_REF] Siller | Effects of periodate oxidation on cellulose polymorphs[END_REF][START_REF] Leguy | Ultrastructural Characterization of the Core-Shell Structure of a Wide Range of Periodate-Oxidized Cellulose from Different Native Sources by Solid-State 13C CP-MAS NMR[END_REF][START_REF] Simon | A fast method to measure the degree of oxidation of dialdehyde celluloses using multivariate calibration and infrared spectroscopy[END_REF]). The reaction starts on the surface and gives progressively modified swollen chains surrounding a crystalline core. Even if the generated aldehyde immediately reacts with the surrounding hydroxyls groups to form hemiacetal bonds (a phenomenon already exploited to obtain crosslinked water stable nanocellulose networks [START_REF] Erlandsson | On the mechanism behind freezing-induced chemical crosslinking in ice-templated cellulose nanofibril aerogels[END_REF])), their reactivity remains effective as they are commonly titrated with hydroxylamine via the formation of an oxime. [START_REF] Zhao | Determination of degree of substitution of formyl groups in polyaldehyde dextran by the hydroxylamine hydrochloride method[END_REF] Several reports further investigated the reductive amination of those aldehyde groups with different molecular amine, including benzylamine, [START_REF] Guigo | Surface modification of cellulose microfibrils by periodate oxidation and subsequent reductive amination with benzylamine: a topochemical study[END_REF]) aliphatic amines, [START_REF] Azzam | Surface peeling of cellulose nanocrystals resulting from periodate oxidation and reductive amination with water-soluble polymers[END_REF] [START_REF] Sirviö | Amino-modified cellulose nanocrystals with adjustable hydrophobicity from combined regioselective oxidation and reductive amination[END_REF]) taurine, ( , Kolehmainen et al. 2014) and Girard reagent T. [START_REF] Liimatainen | Fabrication of cationic cellulosic nanofibrils through aqueous quaternization pretreatment and their use in colloid aggregation[END_REF] Distinctly, the present report focuses on the reactivity of polyamines toward reductive amination onto periodate oxidized nanocellulose, which have not been investigated so far, except for one study which mentioned the grafting of a reduced amount (0.29 mmol/g) of branched polyethyleneimine. [START_REF] Li | Novel amphiphilic cellulose nanocrystals for pH-responsive Pickering emulsions[END_REF] Those polymers are commonly employed in the paper industry as dry or wet strengthening agents acting through electrostatic complexation between polyamine cationic groups and carboxylate groups from residual hemicelluloses. [START_REF] Wågberg | Polyelectrolyte adsorption onto cellulose fibres-A review[END_REF][START_REF] Lindström | On the nature of joint strength in paper-A review of dry and wet strength resins used in paper manufacturing. 13th fundamental research symposium[END_REF][START_REF] Marais | The use of polymeric amines to enhance the mechanical properties of lignocellulosic fibrous networks[END_REF] In addition, polyamines can also enhance wet adhesion between oxidized cellulose fiber surfaces, through the formation of imine bonds. (Saito andIsogai 2007, Pelton, Ren et al. 2011) Yet, the underlying mechanisms are debated, since the phenomenon taking place at the fiber interface are not easily characterized at the molecular scale and are mostly hypothesized from macroscopic mechanical tests. Such limitation no longer exists for nanocellulose thanks to their high specific surface area, and we investigated the reactivity toward reductive amination of two common polyamines: polyvinylamine (PVA) and polyallylamine (PAH), which differ by their ionization curve. While PAH presents a sharp drop around pH = 9 indicating a marked deprotonation, PVA displays a polyelectrolyte effect, resulting in a progressive ionization over most of the pH scale, with remaining unprotonated functions for pH values as low as 3. [START_REF] Pelton | Polyvinylamine: A tool for engineering interfaces[END_REF] We have therefore investigated the influence of the pH, the solvent and the nanocellulose DO on the reductive amination for both polyamines, and characterized the products by FTIR, 13 C CP/MAS NMR, TGA and titration. Then, we adapted that grafting procedure to a commercial polyamine whose amino groups can act both as reactive moieties for reductive amination, and as electrolyte functions for ion conduction or exchange, in order to demonstrate that such chemistry can efficiently lead to swollen ionic membranes. The resulting materials were characterized by FTIR, 13 C CP/MAS NMR, TGA and conductimetric titration, while their properties were studied through swelling and tensile tests, and ionic conductivity measurements.

EXPERIMENTAL

2.1.

Materials. Microfibrillated cellulose (MFC) aqueous suspensions were prepared by the mechanical homogenization of a never dried bisulfite pulp from spruce at the CTP (Grenoble, France) and were gifted by CERMAV laboratory (Grenoble, France). [START_REF] Leguy | Ultrastructural Characterization of the Core-Shell Structure of a Wide Range of Periodate-Oxidized Cellulose from Different Native Sources by Solid-State 13C CP-MAS NMR[END_REF]) Sodium periodate (NaIO 4 , p y ≥ 99.8%), hydroxylamine hydrochloride (NH 2 OH.HCl, p y ≥ 99%), sodium cyanoborohydride (NaBH 3 CN, p y ≥ 96%), were purchased from Sigma-Aldrich and were used without further purification.

Poly(vinylamine) hydrochloride (PVA, M w = 25 kg.mol -1 ) and poly(allylamine) hydrochloride (PAH, M w = 17.5 kg.mol -1 ) were purchased from Sigma-Aldrich, and Xelorex F3000 (XX, M w = 200 kg.mol -1 ) from BASF was gifted by the CTP (Grenoble, France).

Dialysis membranes (Spectra/Por RC, MWCO = 1 kDa) were purchased from Fischer Scientific.

PVA and XX were treated in a 5 wt.% NaOH solution at 70°C for 1 week and dialyzed against pure water. PAH was dissolved in 5 wt.% NaOH solution during 2 h prior to dialysis against deionized water. The resulting purified and non-protonated polyamines were then characterized by 1 H and 13 C liquid NMR (Fig. SI-1). As-received PVA and XX contain N-vinylformamide (NVF) residues which are hydrolyzed to primary amine during the purification, as evidenced by the absence of signals at 8.5 ppm in 1 H NMR spectrum. Unlike purified PAH and PVA which are pure polyamines, XX is a copolymer of poly(Nvinylformamide) / poly(acrylic acid) / poly(vinylamine) (PNVF / PAA / PVA) containing 34 mol.% of carboxylic acid units, as quantified by 13 C liquid NMR (Fig. SI-1).

2.2.

Nanocellulose oxidation. The never dried MFC aqueous suspension was diluted to 1.0 wt.% with deionized water before the addition of sodium periodate. The quantity of NaIO 4 varies with the desired oxidation degree and was typically 0.3 eq NaIO 4 /AGU to reach a DO of 0.2. The reaction was performed during 72 h at ambient temperature and in the absence of light to avoid periodate degradation. The periodate oxidized cellulose (POC) suspension was purified by successive centrifugations (16 211 g, 30 min, 15°C) and redispersion in deionized water until the obtention of a supernatant having a conductivity equal to that of deionized water (~2 µS.cm -1 ). The POC product was then dispersed in water (or in DMSO) and kept in the fridge.

2.3.

Grafting of polyamines onto oxidized nanocellulose. The desired amount of polyamine (NH 2 form, 2 to 5 mol NH 2 /aldehyde) was solubilized in DMSO or deionized water. When the grafting has been performed in water, the pH of the solution was set to the targeted value with 0.1 M NaOH or 0.1 M HCl solutions. In a separate container, a given amount of POC suspension (corresponding to 0.2 to 0.5 g of dry matter in DMSO or deionized water) was also set to the same pH value. The polyamine was added to the POC solution and the reaction was continued during 1 h at ambient temperature (~20°C). The final POC concentration of the blend was 1.0 wt.%. After 1 h, NaBH 3 CN (1 mol eq / C=O) was added to the blend and the reaction was carried on during 24 h at ambient temperature, following the experimental procedure reported by [START_REF] Guigo | Surface modification of cellulose microfibrils by periodate oxidation and subsequent reductive amination with benzylamine: a topochemical study[END_REF]. The pH of the suspension was regularly checked and readjusted to the initial value during the reaction. The resulting product was washed by successive centrifugation/redispersion at 2795 rpm for 30 min at 15 °C until the conductivity of the supernatant was equal to that of deionized water (~2 µS.cm -1 ). The final product (POC-PA) was freeze-dried for further analysis.

2.4.

Processing membrane. After performing the polyamine grafting onto the oxidized cellulose (DO=0.15, pH=11, 1.0 wt% solid content, 1 mol eq NaBH 3 CN / C=O, 24h), the reaction medium was poured without further washing into polystyrene petri dishes of 84 mm diameter and the solvent was allowed to evaporate slowly during two weeks to ensure both its full evaporation and the obtention of a defect free membrane. The resulting membrane was then immersed in a 1.0 mM HCl solution (pH = 3) during 24 h in order to form ammonium chloride groups, and subsequently immersed in distilled water to remove free species. The water was regularly replaced until the conductivity of the bath was equal to that of deionized water (~2 µS.cm -1 ). The purified membrane was then air dried to obtain a translucent material with a thickness comprised between 50 and 100 µm.

Characterization

DO determination by oxime titration.

The carbonyl content was measured by back-titration after reacting POC samples with hydroxylamine hydrochloride to form an oxime while releasing a proton. The required amount of the POC dispersion (0.100 g of dried material) was mixed with 25 ml of a 0.25 M hydroxylamine hydrochloride solution and stirred for 24 h. The mixture was then titrated back to the initial pH of the hydroxylamine solution with a standardized 0.01 M NaOH solution. The DO was calculated as follows:

Where pHa is the initial pH of the hydroxylamine solution, V eq is the volume (in mL) of NaOH solution added to reach pHa after the reaction. V cell is the volume of POC solution added, C NaOH is the concentration of the NaOH solution (0.01 mol.L -1 ). M AGU is the molecular weight of an AGU unit (162 g.mol -1 ) and m POC is the mass of POC (dry basis in mg) of the titrated sample (calculated with concentration of the initial solution). Where C NaOH is the concentration of the standardized NaOH solution (mol.L -1 ), V 1 and V 2 are the respective volumes (L) of the beginning and end of the -NH 3 + titration in the solution, and m POC-PA is the weight of the titrated sample (g).

Amino group content determination by conductimetric

2.5.3.

Membrane ionic content by pH titration. 50 mg of membrane samples were soaked in 0.01 M NaOH solution (pH = 12). After 24 h of reaction, the suspension was titrated to pH = 7 with a 0.01 M HCl solution. The ionic exchange capacity (IEC) of the membrane was calculated as follows:

Where C NaOH is the concentration of the NaOH solution (mol.L -1 ), Veq is the volume (L) of HCl solution required to reach pH = 7, m membrane is the dry weight of the titrated sample (g).

Transmission electron microscopy (TEM).

Drops of about 0.001 wt.% of aqueous suspension of MFC and POC were deposited onto glow-discharged carbon-coated 3 mm grids for transmission electron microscopy (TEM). After 2 min, the liquid in excess was wicked off with a filter paper and a drop of Uranyless staining solution was deposited on the specimen. After 2 min, the stain in excess was wicked off and the remaining thin liquid film allowed to dry. The specimens were observed with a Philips CM120 CRYO TEM operated at 120 kV.

NMR ( 1 H, 13 C, 13 C CP/MAS

). 1 H NMR spectra were recorded at 298K with a Bruker Advance III spectrometer (400 MHz) equipped with a 5 mm multinuclear broadband probe (BBFO+) with z-gradient coil. The samples (around 20 mg) were dissolved in D 2 O (0.7 mL) and the spectra were recorded at 298K with 32 scans. 13 C NMR analyses were recorded with a Bruker Advance II spectrometer (400 MHz) equipped with a 10 mm 1 H-13 C selective probe (SEX) with z-gradient coil at 100.6 MHz. The samples (around 300 mg) were dissolved in D 2 O (3 mL). The spectra were recorded at 298 K with 5120 scans and a D[1] of 10 s.

Chemical shifts (δ, in ppm) are reported relative to internal 3-(Trimethylsilyl)propionic-2,2,3,3-d 4 acid sodium salt (TSP-d 4 , δ = 0.00 ppm). High-resolution solid state 13 C spectra were recorded at room temperature (~298K) on a Bruker Advance III 500 MHz spectrometer equipped with a 4 mm 15 N-31 P/ 1 H probe, using magic angle rotation (MAS) and crosspolarization (CP) techniques. A minimum of 1000 scans were performed for each spectrum.

The frequency was set to 125.7 MHz with a contact time of 2 ms and D 1 =10 s for the CP/MAS. The chemical shifts were measured in agreement with the carbonyl signal of glycine set at 176.03 ppm. The samples were placed in a zirconium rotor with a rotation frequency fixed at a frequency of 10 kHz, or 7 kHz for some experiments.

FTIR.

KBr pellets containing 1 % w/w of dry sample were prepared and their IR spectra recorded in transmission mode using a Thermo Scientific Nicolet iS-10 FTIR spectrometer in the 400 -4000 cm -1 wavenumber range (32 scans with a resolution of 2 cm -1 ).

Resulting spectra were normalized with respect to the peak height at 1060 cm -1 , which was taken as invariant for the cellulose skeleton.

2.5.7. TGA. Thermogravimetric analyses were recorded with a TA Q500 apparatus under helium flow. The measurement was performed on 1 -5 mg samples over a temperature range between 25 and 900°C at a rate of 10°C.min -1 . Data were processed with the software TA Analysis.

Membrane swelling coefficient.

The swelling coefficient (Q) was calculated from the weight of the purified hydrated membrane and the weight of the final dry membrane as:

2.5.9. Swollen membrane ionic conductivity measurements. Ionic conductivities in the longitudinal direction (parallel to the sample surface) were measured using a highresolution Alpha Analyzer (Novocontrol GmbH). Samples were cut into 10 mm wide strips and over 50 mm long using a custom razor blade template and were equilibrated in water for 24 h before measurement. In a typical procedure, two brass electrodes were placed on the extremities of a rectangular polymer membrane whose thickness was measured with a caliper.

The distance between the electrodes was 24 mm (thus much larger than the thickness of the membrane), which ensured a homogeneous distribution of the electric field and negligible edge effects. Isothermal frequency sweeps were then performed from 10 MHz to 0.1 Hz by applying a sinusoidal voltage of 0.1 V at 25 °C. Plotting the real part of the measured complex conductivity as a function of frequency evidences the presence of a plateau in the low frequency region of the dielectric spectra. This plateau corresponds to a resistive electrical behavior related to the long-range diffusion of ions, giving by definition the value of the ionic conductivity ( ). For simplicity, this value is always taken at a frequency of 1 kHz in the present study, which falls on the resistive plateau for all reported dielectric spectra.

Swollen membrane tensile tests. Mechanical tests were carried out on a

Shimadzu AGX Plus equipped with a 10 kN load cell at room temperature. The hydrated specimens were cut with a razor blade jig (TA instruments) and were typically in the range of 15-25 mm × 3-4 mm × 80-120 µm. At least five specimens were tested for each condition. A nominal strain rate of 2.0 mm.min -1 was used. The slope of the linear region of the w o Yo ' o l (E). T pl w conditioned in deionized water for at least 24 h and measured as soon as taken out of the water. To limit water evaporation and sample drying, a steam humidifier jet (Silenso Beaba)

was used for all the samples.

RESULTS AND DISCUSSION

The two-step nanocellulose chemical modification evaluated in this paper is detailed in Fig. 1. First, a controlled amount of aldehyde groups is generated and reacted with a polyamine (either PAH, PVA or XX) to perform a reductive amination. micrometer and with a section that can be as small as 5 nm. Those elementary fibrils are partly bundled in larger assemblies whose section can exceed 50 nm. It is noteworthy that after oxidation, no significant morphological evolution is evidenced by TEM for a DO value of 0.15, suggesting that the oxidation is indeed herein constrained to the nanocellulose surface, without affecting the nanocellulose structure (Fig. 2 

Polyamine grafting onto

2014, Leguy 2018

). An additional peak is also observed at 164 ppm for that spectrum, and it can be attributed to the presence of non-reduced imines in this product. In addition, the presence of the PAH graft in the product is also detected in the FTIR spectrum through the appearance of two absorption bands at 1575 cm -1 and 810 cm -1 which are attributed to the deformation of the C-N and N-H bonds from the grafted PAH chains, respectively (Fig. 4). The presence of imines in the product can also be expected (especially for POC(0.61)-PAH-5( 11)) due to the strong absorbance at 1640 cm -1 which cannot be solely attributed to the presence of physisorbed water. At last, the POC-PAH samples were analyzed by TGA (Fig. 5). While the degradation of POC starts at ~280°C, leaving nearly 30% of charcoal at 600°C (black dotted line in Fig. 5a and T deg1 in Table SI-2), PAH presents several stages of degradation occurring at ~200, ~300 and ~450°C and is totally degraded for temperatures above 480°C (0 wt.% residue, orange dotted line in Fig. 5b). The plot of the derivative weight loss as a function of the temperature highlights these three major weight losses with maximum rates occurring at 301, 394 and 447°C. Consequently, the degradation of the grafted PAH onto oxidized nanocellulose can be evidenced through the presence of a significant weight loss at ~400°C for which the temperature of the degradation peak is indicated by T deg2 in Table SI-2. I ' o wo y the materials POC(0.23)-PAH-2(7) and POC(0.23)-PAH-2(8) do not show noticeable second degradations, whereas the presence of PAH degradation accounting for 15-17% is clearly seen in Fig. 5a for experiments performed at higher pH values. Similarly, the presence of PAH is also evidenced for all experiments performed at pH=11 with different DO values (Fig. 5b), with weight losses of 14% and 19% for DO=0.06 and 0.14 respectively. In the case of POC(0.61)-PAH-5( 11), an important increase in polyamine grafting is seen through the presence of a large second degradation from 350 to 480°C (T deg2 =426°C=T max ) and accounting for 55% of the weight loss. The stability indicator T 50% presented in Table SI-2 shows that the thermal stability of the POC-PAH material slightly increases with the quantity of grafted PAH. Although, this increase is largely driven by the later decomposition of the polyamine, whereas the cellulose still begins to thermally decompose at T~240°C. ). In addition, the relative variation of these features in Fig 3-5 suggests that the grafting is promoted at higher pH or DO, and such trend can be quantitatively confirmed by the conductimetric titration presented in Table 1. Considering first the pH variation, only 0.6 mmol.g -1 of amine are measured for the grafting at pH=7 (POC(0.23)-PAH-2( 7)) and are difficult to detect by . In contrast, the amine content increases to 1.8 mmol.g -1 at pH=9 (POC(0.23)-PAH-2( 9)), and even up to 2.5 mmol.g -1 at pH=11

(POC(0.23)-PAH-2( 11)). In addition, varying the POC DO from 0.06 to 0.61 at pH=11 results in an increase of the amine content from 1.9 mmol.g -1 (POC(0.06)-PAH-5( 11)) to 4.5 mmol.g - 1 (POC(0.61)-PAH-5( 11)) which is the highest content reported here. Last, for similar DO and n NH2 / n C=O values, similar N content values are obtained in water (pH = 11) and in DMSO (i.e. 2.7 and 2.8 mmol.g -1 , respectively). Finally, additional experiments performed with PVA in water (pH=11) and in DMSO also highlight the presence of the polyamine graft by CP/MAS and FTIR (Fig. , and the associated amino content reaches 0.7 mmol.g -1 (POC(0.17)-PVA-5(11)) and 1.5 mmol.g -1 (POC(0.17)-PVA-5) respectively. In a nutshell, these experiments indicate that amino groups can be introduced by the reductive amination of POC with PVA or PAH once the grafting is performed at pH=11 or in DMSO.

Enhanced reactivity at basic pH has already been reported for the reductive amination of periodate oxidized dextran and other soluble polysaccharides, for which several aliphatic oligoamines were efficiently grafted after forming imine groups at pH=11 and subsequently reducing it in the presence of an excess of NaBH 4 [START_REF] Azzam | Polysaccharideoligoamine based conjugates for gene delivery[END_REF][START_REF] Azzam | Cationic polysaccharides for gene delivery[END_REF]. A similar reactivity with polyallylamine has also been reported in the case of periodate oxidized cellulose fabrics [START_REF] Wu | Cationization of cellulose fabrics by polyallylamine binding[END_REF]. Herein, it is suggested that the amine protonation equilibrium controls the imine formation and thus the whole reductive amination reaction. Indeed, working either at a pH higher than the amine pKa (PAH pKa is ~9, [START_REF] Li | Polyelectrolytes self-assembly: versatile membrane fabrication strategy[END_REF])), or in an aprotic solvent such as DMSO, prevents the formation of ammonium groups and promotes the obtention of unprotonized amine which can efficiently form imine groups. This hypothesis explains well the increase in the amount of grafted polyamine onto POC at basic pH or in DMSO, and the low reactivity at neutral pH (Table 1).

We hypothesized that polyvinylamine could be specifically more reactive at neutral pH due to its peculiar ionization curve which allow the presence of unprotonized amino groups at neutral pH, but we did not observe it. This suggests that the partially charged polyamine chain conformation is not favorable to the reactivity of the amine groups toward the aldehyde groups located onto the nanocellulose surface. As a last option to promote the reactivity at neutral pH, an experiment was performed with the addition of 1 eq of aniline per 10 NH 2 group (Table 1, POC(0.17)-PVA-5(7)A*) to take advantage of a possible transimination pathway through the formation of a reactive protonated aniline Schiff base. [START_REF] Guerry | Aniline-catalyzed reductive amination as a powerful method for the preparation of reducing end-"clickable" chitooligosaccharides[END_REF]) Yet, grafted PVA could not be detected by spectroscopy, (Fig. SI-6) whereas a small band at 1600 cm -1 attributed to the aromatic ring of aniline was detected by FTIR in the purified product. Aniline has a pK a of 4.6 and is thus expected to retain its nucleophilic character under neutral conditions, thereby reacting with POC, as previously reported in the case of a dialdehyde cellulose gel. (Kim and Kuga 2000) Such reactivity of aniline toward POC at pH = 7 was confirmed by FTIR in a series of control experiments (Fig. SI-7 & Table SI-1).

3.3.

Formation of an ionic membrane by a one pot reactive casting. The previous investigation of the POC reactivity toward polyamines was adapted to the design of hybrid membranes in which the amino groups can act both as anchoring groups to obtain a crosslinked, water-resistant nanocellulose membrane, and as an ionic group after protonation.

Preliminary experiments with low molecular weight PAH resulted in membranes having cracks and inhomogeneities. Therefore, the formation of membranes was performed with Xelorex (XX), a commercial PVA copolymer containing 34 mol.% of acrylic acid units, which will behave here as non-reactive moieties during the reductive amination. The molecular weight of XX (200 kg.mol -1 ) is ten times higher than PAH and PVA used in the previous section, and is expected to promote the formation of bridges and thus effective crosslinks between the nanocellulose fibrils. Moreover, XX is a copolymer bearing vinylamine units so that we expect the same reactivity than for polyvinylamine. Membranes were prepared by casting the white and free flowing reactive medium after the reductive amination, and the resulting material was acidified in order to convert all the amino groups to their ionized state (NH 3 + ) form before purification by dialysis to remove ungrafted polyamine and free electrolytes. A series of membranes was processed by a reductive amination at pH = 11, employing a POC with a DO = 0.15 while varying the mass fraction of XX (w XX , dry basis) from 0 to 1 (Table 2). The POC-XX membranes obtained after casting were all translucent (Fig. 6a), although a certain level of haze was observed for w XX < 50%, which can be attributed to the intrinsic heterogeneity of the mechanically homogenized nanocellulose employed in this study. Their aspect was also evaluated after an immersion step in water, and only membranes containing less than 50 wt.% of XX exhibit water stability and still formed translucent membranes once hydrated, while at higher XX content, an uncontrolled swelling of the dry membrane was observed with time (Fig. SI-8). The water resistance of the nanopaper is associated to the formation of a fibrous entangled network from the nanocellulose fibrils, which can be further crosslinked by the polyamine chains. However, the use of a large amount of XX will decrease the probability to form interfibrils crosslinks, and will rather promote the formation of a polyamine corona, which will result into the dispersion of the nanocellulose fibrils. The composition of the resulting water resistant nanopapers were determined by titration (Table 2). As expected, the increase of the XX content from 9 to 43 wt.% results in an increase of the purified membrane IEC from 0.6 to 3.1 mmol.g -1 . I ' noteworthy that the related mass yield also increases from 72 to 97 % suggesting that at low XX content the reductive amination tends to form soluble fractions which can be extracted along purification, while at higher XX content almost all the initial formulation is efficiently crosslinked within SI-2) and confirm the increase in the final quantity of grafted XX in the membrane.

The influence of the membrane composition on its properties in the wet state was subsequently evaluated (Table 2). First, the water uptake increases from 0.7 in the case of the POC nanopaper to 1.9 for a nanopaper with an IEC of 3.1 mmol.g -1 (POC(0.15)-XX-0.43).

The latter membrane with thus less than 70 wt.% of water in the wet state, behave as solid membranes and not as a soft hydrogel. These variations of water uptake reflect the balance between the osmotic pressure originating from the XX counterions and the elasticity of the nanocellulose network, and can be rationalized considering that the former increases with the IEC, while the latter may vary with the network crosslinks nature. Regarding the wet mechanical properties (Fig. 6 and Table 2), the POC nanopaper presents a Young modulus of 110 MPa and a tensile strength of 2.8 MPa. When the amount of grafted XX within the nanopaper increases, a decrease of the Young modulus and a concomitant increase of the strain at break are observed, and reach values of 10 MPa and 13 %, respectively, for the highest content of grafted XX (POC(0.15)-XX-0.43). Such trend is in line with the evolution of the wet nanopapers equilibrium swelling and further suggests that nanocellulose provides a stiff network, while the presence of the XX chains modifies the network crosslinks and promote the swelling due to their polyelectrolyte character. At last, the ionic conductivity of the wet nanopapers was evaluated (Fig. SI-10, Table 2). The conductivity of the wet POC nanopaper reaches 0.08 mS. cm -1 , and increases up to 1.10 mS. cm -1 for the membrane with an IEC of 3.1 mmol. g -1 . This trend is in good agreement with the variation of free counterion concentration within the wet membrane, itself related to the IEC and the water uptake.

Within the previous reports devoted to water resistant cellulose nanopapers (and which considered both the water content and the wet thickness for their characterization), (Walther, Lossada et al. 2020) an interesting example of ionic cellulose nanopaper is the one prepared from TEMPO oxidized cellulose nanofibrils, which can have a carboxylate content on their surface up to 1.6 mmol.g -1 . [START_REF] Shimizu | Water-resistant and high oxygen-barrier nanocellulose films with interfibrillar cross-linkages formed through multivalent metal ions[END_REF]) However, distinctly from our materials, when those functions are ionized with monovalent counter-ions (usually Na + ), their water resistance is extremely low due to an extensive water uptake (Q>100) which result in a soft gel with about 1% of dry matter. In contrast, after treatment with multivalent counterions to form interfibrillar ionic bonds, the swelling can be limited to Q ~ 5 and the related wet Young modulus vary from 0.1 to 3 GPa depending on the multivalent counterions elected [START_REF] Shimizu | Water-resistant and high oxygen-barrier nanocellulose films with interfibrillar cross-linkages formed through multivalent metal ions[END_REF][START_REF] Benselfelt | Explaining the exceptional wet integrity of transparent cellulose nanofibril films in the presence of multivalent ions-Suitable substrates for biointerfaces[END_REF]. Such ionic crosslinking of carboxylated nanocellulose has been extended to the case of a ternary system with alginate chains forming double networks and further enhancing the wet mechanical properties [START_REF] Benselfelt | Supramolecular double networks of cellulose nanofibrils and algal polysaccharides with excellent wet mechanical properties[END_REF]). Yet, even if successful, such strategy relies on reversible ionic bonds. Other reports highlighted that the carboxylate functions introduced onto nanocellulose can be also covalently crosslinked, either directly with surface hydroxyl groups [START_REF] Benselfelt | Supramolecular double networks of cellulose nanofibrils and algal polysaccharides with excellent wet mechanical properties[END_REF] or with a vitrimer latex [START_REF] Lossada | Vitrimer chemistry meets cellulose nanofibrils: bioinspired nanopapers with high water resistance and strong adhesion[END_REF], resulting in nanopapers having wet Young modulus and stress at break close to 200 MPa and 20 MPa, respectively. However, in all those examples the water resistant nanopapers obtained do no longer contain free group for ion transport or exchange. In contrast, the POC-XX nanopapers presented herein are also water resistant with Q < 2 and wet Young modulus ranging from 10 to 100 MPa depending on the membrane composition, but they also reach an IEC up to 3.1 mmol.g -1 thanks to the reductive amination of XX chains onto periodate oxidized nanocellulose surfaces. The presence of these pending amino groups within the wet nanopapers opens numerous possibilities of application, either as intermediate reactive materials, or directly for ion exchange, transfer, chelation, CO 2 sequestration, or antibacterial membranes.

CONCLUSION

In this study, we investigated the experimental conditions to efficiently graft two polyamines (PAH and PVA) onto a periodate oxidized nanocellulose by reductive amination, and we illustrated how such chemistry can be adapted to the design of water resistant and ionic nanopapers, using the polyamine both as a reactive crosslinker and as a polyelectrolyte. We observed that the grafting is promoted either in water at basic pH or in an aprotic polar solvent such as DMSO, in comparison with neutral pH. In addition, using a high molecular weight polyamine and a one pot reactive casting, translucent and water-resistant membranes were obtained for samples containing more than 50 wt.% nanocellulose. The simplicity of the design of such materials from commercial building blocks and the large amount of amino groups introduced (up to 3 mmol.g -1 ) shall open them numerous applications.

  titration. 50 mg of POC-PA samples were mixed with deionized water and the pH of the solution was set to 3 to ensure a complete protonation of the amine functions. After 1 h of homogenization, the suspension was titrated by conductimetry with a standardized 0.01 M NaOH solution. The resulting titration curves (plotted as the reduced conductivity as a function of the titrant volume) present three successive regimes separated by two equivalent volumes, which were determined by linear regression (Fig.SI-2). The amino content was calculated as follows:
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 1 Fig. 1: Cellulose periodate oxidation and subsequent reductive amination.
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 2 Fig. 2: TEM pictures of a) the initial MFC sample and b) a POC sample with a DO of 0.15.

Fig. 3 :

 3 Fig. 3: CP/MAS NMR of (a) PAH grafting onto the POC while varying the DO and (b) POC

Fig. 4 :

 4 Fig. 4: FTIR of (a) PAH grafting onto the POC while varying the DO and (b) POC grafted

Fig. 5 :

 5 Fig. 5: TGA (left) and corresponding derivative weight loss (right) of (a) POC grafted with

Fig. 6 :

 6 Fig. 6: (a) Aspect of the dry POC-XX membranes and (b) tensile curves of the hydrated POC-

  the nanopaper. The effective grafting of the XX chains to the POC surfaces into the nanopaper was confirmed by CP/MAS 13 C NMR, FTIR and TGA (Fig.SI-9), and the resulting spectra present the characteristic features previously discussed in the case of PVA and PAH grafting onto experiments (Fig.3-5). Considering the weight loss values measured by TGA, the grafting of the copolymer in the membrane is hardly detected for POC(0.15)-XX-0.09 (Figure SI-9. c and d). However, when increasing w XX to 21 wt% and then 43 wt% a second weight loss around 370-390°C (T deg2 =415°C) becomes clearly visible. They respectively account for 16 and 24 wt% (Table

  

Table 1 :

 1 List of grafting experiments while varying the solvent of the reaction the DO and the polyamine structure and quantity. *experiment performed adding 0.5 eq of aniline per aldehyde.

	POC. A first series of reductive amination

agreement with previous reports dealing with cellulose derivatization

(Guigo, Mazeau et al. 

Table 2 :

 2 Properties of the hydrated membranes obtained by reductive amination of XX with POC at pH=11 and subsequent casting. w XX designates the mass fraction of XX (dry basis).

	[a] measured by pH titration. [b] Calculated from XX chemical structure under its non-
	protonated form.

Membrane w XX IEC (mmol.g -1 ) [a] Yield Water uptake Wet Modulus / σ break (MPa) σ (mS.cm -1 )

  

	MFC	0	ND	ND	1.1	30/0.4	ND
	POC(0.15)	0	ND	ND	0.7	110/2.8	0.08
	POC(0.15)-XX-0.09 0.09	0.6	0.72	0.8	120/3.5	0.07
	POC(0.15)-XX-0.21 0.21	1.6	0.93	0.9	50/4.2	0.26
	POC(0.15)-XX-0.43 0.43	3.1	0.97	1.9	10/1.8	1.10
	POC(0.15)-XX-0.85 0.85	ND	ND	ND	ND	ND
	XX	1.00	17.1 [b]	ND	ND	ND	ND
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