Nassima El 
  
Mounir El Achaby 
email: mounir.elachaby@um6p.ma
  
Aziz Fihri 
  
Mohamed Larzek 
  
Mohamed Zahouily 
  
Karima Abdelouahdi 
  
Abdellatif Barakat 
  
Abderrahim Solhy 
email: abderrahim.solhy@um6p.ma
  
Synergistic effect of cellulose nanocrystals/graphene oxide nanosheets as functional hybrid nanofiller for enhancing properties of PVA nanocomposites
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Novel functional hybrid nanofillers composed of cellulose nanocrystals (CNC) and graphene oxide nanosheets (GON), at different weight ratios (2:1; 1:1 and 1:2), were successfully prepared and characterized, and their synergistic effect in enhancing the properties of poly (vinyl alcohol) (PVA) nanocomposites was investigated. Due to the synergistic reinforcement, it was found that the Young's modulus, tensile strength and toughness of the PVA nanocomposite containing 5 wt% hybrid nanofiller (1:2) were significantly improved by 320%, 124% and 159%, respectively; and the elongation at break basically remained compared to the neat PVA matrix. In addition, the glass and melting temperatures as well as the moisture sorption of nanocomposites were also enhanced. This synergistic effect improved the dispersion homogeneity by avoiding the agglomeration phenomenon of nanofillers within the polymer matrix, resulting in nanocomposites with largely enhanced properties compared to those prepared from single nanofiller (CNC or GON). The preparation of these hybrid nanofillers and their incorporation into a polymer provided a novel method for the development of novel multifunctional nanocomposites based on the combination of existing nanomaterials.

Introduction

In the past two decades, polymer nanocomposite materials have drawn tremendous interest from both scientists and engineers due to their improved properties caused by the inclusion of nanoscale fillers. Novel functional nanocomposites have been constantly emerging in industry applications (Hu, Kulkarni, Choi, & Tsukruk, 2014;[START_REF] Njuguna | Nanofibersproduction, properties and functional applications[END_REF]. The polymer nanocomposites consist of a polymeric matrix and a dispersed filler, where at least one dimension is <100 nm [START_REF] Rodríguez-González | Polysaccharide nanocomposites reinforced with graphene oxide and keratin-grafted graphene oxide[END_REF]. The nanometric scale and the type of nanofiller provide an important effect to the polymer matrix, improving the resulting properties of nanocomposites in comparison with those of an individual component ( hi a , ollet, ous, [START_REF] Paul | Polymer nanotechnology: Nanocomposites[END_REF]. It was reported that the reinforcement in polymer nanocomposites depends strongly on the dispersion of nanofillers in the polymer matrix and the interfacial interaction between nanofillers and the polymer matrix (Jose & Thomas, 2014a). Recently, hybrid reinforcements of polymer nanocomposites are gaining increased acceptance. In this context, the combination of two kinds of nanofillers in one functional hybrid nanofiller has attracted great interest [START_REF] Dhibar | G aphene-singlewalled a bon nanotubes-poly (3-methylthiophene) ternary nanocomposite for supercapacitor electrode materials[END_REF]George et al., 2014;Jose & Thomas, 2014a;Tang et al., 2009). Indeed, hybrid nanofillers can be designed to achieve a synergistic effect and endow a hot matrix with better performance (Wang et al., 2014a).

Recent studies on nanocomposites based on hybrid nanofillers have been focused mainly on thermoplastics and thermosets [START_REF] Chatterjee | Size and synergy effects of nanofiller hybrids including graphene nanoplatelets and carbon nanotubes in mechanical properties of epoxy composites[END_REF]Jose & Thomas, 2014a, b;Wang et al., 2014a;[START_REF] Yuan | Synergetic dispersion effect of graphene nanohybrid on the thermal stability and mechanical properties of ethylene vinyl acetate copolymer nanocomposite[END_REF]. In these nanocomposite systems, the synergistic effect of two kinds of nanofillers was the key factor in improving the physico-chemical properties.

Depending on the shape, size and surface characteristics of each nanofiller type and the way they are combined, a change in the morphology and microstructure is expected (Jose & Thomas, 2014a, b;Tang, Hackenberg, Fu, Ajayan, & Ardebili, 2012). In most cases, a 3-D
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A c c e p t e d M a n u s c r i p t 4 interconnected microstructural network can be formed when two kinds of nanofillers are combined in one hybrid nanofiller, which drastically affect the properties of the resulting nanocomposites (Jose & Thomas, 2014a, b). Currently, various hybrid nanofillers have been used as reinforcements for high performance nanocomposites. Table 1 summarizes some hybrid nanofillers that were recently used in nanocomposites development. In most cases, the use of such hybrid nanofillers as a reinforcing phase was achieved in order to enhance the properties of nanocomposites, to introduce some novel properties, or to solve some problems lie to the agglomeration phenomenon and/or interfacial adhesion.

In the current investigation, we demonstrate that the combination of 1-D needle like cellulose nanocrystals (CNC) and 2-D flake-like graphene oxide nanosheets (GON) can engender the formation of 3-D hybrid nanofiller, which is suitable for polymer nanocomposite development. The GON (up to 5μm in late al size and about .8-1.2 nm in thickness) are essentially graphene nanosheets on which oxygen-containing functional groups are thought to be present in the form of carboxyl, hydroxyl and epoxy groups (El Achaby et al., 2012a, b;[START_REF] Rodríguez-González | Polysaccharide nanocomposites reinforced with graphene oxide and keratin-grafted graphene oxide[END_REF]Szabo et al., 2006). Currently, GON have been widely used as a single nanofiller for enhancing the properties of water-soluble polymer (El Achaby, 2012a;[START_REF] El Achaby | Graphene oxide reinforced chitosan/polyvinylpyrrolidone polymer bio-nanocomposites[END_REF]Layek et al., 2013;[START_REF] Rodríguez-González | Polysaccharide nanocomposites reinforced with graphene oxide and keratin-grafted graphene oxide[END_REF][START_REF] Xu | Strong and ductile poly(vinyl alcohol)/graphene oxide composite films with a layered structure[END_REF]. In this context, it was reported that the incorporation of low GON content (< 3 wt%) into a polymer matrix enhanced the properties of resulting nanocomposite materials. Unfortunately, at high loading level (>3 wt%) the agglomeration tendency can limit its reinforcing efficiency (Jose, Al-Harthi, Al Maadeed, & Dakua, 2015;[START_REF] Xu | Strong and ductile poly(vinyl alcohol)/graphene oxide composite films with a layered structure[END_REF]Zhang, Zhang, & Madbouly, 2015). Alternatively, the combination of GON with other nanomaterial can bridge adjacent nanosheets and inhibit their aggregation, which enables the material to achieve its highest potential for improving the performance of nanocomposites (Li, Yang, [START_REF] Fortunati | Synergistic effect of hybrid carbon nanotube-graphene oxide as a nanofiller in enhancing the mechanical properties of PVA composites[END_REF]Zhang, Huang, Tjiu, Fan, & Liu, 2012).
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A c c e p t e d M a n u s c r i p t 5 Due to its large surface area, high modulus, low density, biocompatibility and biodegradability behaviors, CNC have been widely used as nanofillers to enhance the properties of nanocomposites (El Miri et al., 2015a, b). The CNC can have a rod-, ribbon-or needle-like shapes, with a length ranging from 100 nm to 1-2 µm, and a diameter of about 5-20 nm (El Miri et al., 2015a, b). Additionally, CNC with high crystallinity and controlled morphology can be extracted from renewable biosourced materials, such as sugarcane bagasse, the by-product used in this work for CNC extraction (El Miri et al., 2015a).

Due to the hydrophilic nature of CNC and GON, their combination can be resulted in the formation of a new hybrid nanofiller. It is worth noting that the abundant oxygen containing groups decorated in GON would interact with the hydroxyl groups and oxygen atoms in CNC, which is beneficial to homogeneously disperse the CNC and the GON in the formed hybrid nanofiller. Relatedly, CNC and GON have recently been combined to form new structures, such as hybrid composite films [START_REF] Chen | Tunable self-assembly structure of graphene oxide/cellulose nanocrystal hybrid films fabricated by vacuum filtration technique[END_REF][START_REF] Sadasivuni | Transparent and flexible cellulose nanocrystal/reduced graphene oxide film for proximity sensing[END_REF]Valentini, Cardinali, Fortunati, Torre, & Kenny, 2013).

The main objective of this study is to broaden the application of existing nanomaterials (CNC and GON) via their combination into a novel hybrid nanofiller for nanocomposites development. This was accomplished by taking into account the socalled synergistic effect of 1-D elongated CNC and 2-D exfoliated GON, which leads in the formation of a network microstructure. This synergistic effect improved the 

Materials and experimental detail

Materials

The sugarcane bagasse (SCB) was provided by a SUNABEL-COSUMAR Group, a company located in the region of Gharb-Loukkos, Morocco. Firstly, the SCB was ground using a precision grinder (Fritsch-Pulverisette 19, GmbH) equipped with a 1 mm sieve. Then, this fraction was sifted in a 150 mm size sieve (Fritsch mesh) to remove small particles. The moisture content of the raw SCB was about 7 wt%. The natu al powde g aphite (≤20 µm; 99.99%) was purchased from Sigma-Aldrich. The polyvinyl alcohol (molecular weight: 10,000-26,000; 86-89% hydrolyzed; CAS: 9002-89-5) was purchased from Alfa-Easer.

Analytical grade chemicals used for CNC extraction and GON preparation were purchased from Sigma-Aldrich and used without further purification.

Preparation of CNC

CNC aqueous suspension was prepared from SCB by using the sulfuric acid hydrolysis process according to our previous works (El Miri et al., 2015a, b). Briefly, the ground SCB fibers were washed with distilled water for 1 hour at 60 °C under mechanical stirring. Then, the prewashed SCB fibers were treated three times with 4 wt% NaOH solution at 80 °C for 2

Comment citer ce document : El Miri, N., El Achaby, M., Fihri, A., Larzek, M., Zahouily, M., Abdelouahdi, K., [START_REF] El Achaby | Synergistic effect of cellulose nanocrystals/graphene oxide nanosheets as functional hybrid nanofiller for enhancing properties of PVA nanocomposites[END_REF] aqueous suspension was measured at 3.76 mg/mL (Figure 1). Finally, a small quantity of the homogenized CNC suspension was freeze-dried (Christ Alpha 2-4 LD Freeze Dryer) to obtain the CNC in solid form for characterizations.

Preparation of GON

GON aqueous suspension was prepared via chemical oxidation of natural graphite followed by sonication assisted water-phase exfoliation according to our previous works (El Achaby et al., 2012a, b;El Achaby et al., 2013a, b;[START_REF] El Achaby | Graphene oxide reinforced chitosan/polyvinylpyrrolidone polymer bio-nanocomposites[END_REF]. Firstly, the graphite oxide (oxidized graphite) was prepared according to Hummers methods (Hummers & Offeman, 1958). In this procedure, H 2 SO 4 , NaNO 3 and KMnO 4 were used to oxidize the graphite after which dilution and washing were performed with distilled water. Residual metallic ions were removed by the use of hydrogen peroxide and hydrochloric acid. The graphite oxide was then isolated through centrifugation and drying. To exfoliate graphite oxide into individual GON, the desired amount of graphite oxide was dispersed in water and then sonicated for 1 hour, resulting in yellow-brownish GON aqueous suspension with a concentration of 1.5 mg/mL (Figure 1). Finally, a small quantity of the obtained GON 

Preparation of C:G hybrid nanofiller

For the preparation of the C:G hybrid nanofiller, the as pre-prepared CNC and GON aqueous suspensions were used after adjusting their concentrations. Three C:G hybrids were prepared by varying the mass ratio of each material (2:1, 1:1 and 1:2) and the three mixtures were prepared as follows:15 mL of CNC aqueous suspension containing the desired amount of CNC was mixed with 35 mL of GON aqueous suspension containing the desired amount of GON, and the obtained mixtures of CNC and GON were stirred for 15 minutes and sonicated for 2 hours (Ult asoni System, Sha pe Tek® Stamina X ™, 5 W) at room temperature, resulting in well-homogenized C:G suspensions with a total concentration of 1.5 mg/mL (Figure 1). The samples were coded as C:G-2:1, C:G-1:1 and C:G-1:2 for C:G hybrids at mass ratio of 2:1, 1:1 and 1:2, respectively. It should be noted that C:G hybrids in powdered form were also prepared for characterizations, using the freeze-drying process.

Preparation of PVA nanocomposite films

Nanocomposite films of PVA-CNC, PVA-GON and PVA-C:G were prepared using the solvent casting method. The loading level of CNC, GON and C:G hybrid nanofillers in nanocomposites was fixed at 5 wt%. For the PVA-C:G nanocomposite films, three different samples were prepared using the three pre-prepared C:G hybrid nanofillers (C:G-2:1, C:G-1:1 and C:G-1:2). Three similar PVA solutions were prepared by dissolving 1.425 g (95 wt% in nanocomposites) of PVA in 20 mL of water, under continuous stirring, for 30 minutes at 90 °C. The solutions were then cooled to room temperature and allowed to stand in order to remove any air bubbles. Then, each PVA solution was mixed with each pre-prepared C:G suspension (C:G-2:1, C:G-1:1 and C:G-1:2). It must be noted that each C:G suspension contains a total solid mass of 75 mg suspended in 50 mL of water (see above), which
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Characterization techniques

The zeta potential measurements were carried out using a Malvern Zetasizer Nano ZS instrument. Measurements were made at 23 °C using 1 mL of diluted suspensions (0.25 mg/mL) of CNC, GON and C:G samples. Immediately before being analyzed, diluted suspensions were sonicated for 5 minutes in an ultrasonic bath (Ultrasonic System, SharperTekVR Stamina XPTM, 50 W) and then transferred to a folded capillary cell (DTS with a 4 cm -1 resolution and an accumulation of 32 scans. The FTIR spectra were taken in the transmittance mode. Thermogravimetric Analyses (TGA) were carried out under nitrogen atmosphere at a heating rate of 10 °C.min -1 from 25 to 700 °C, using a TGA-Q500 (TA Instrument). Differential Scanning Calorimetry (DSC) was carried out under nitrogen gas with a 10 °C.min -1 heating rate from -50 °C to 250 °C, using a DSC-Q100 (TA Instrument).

Tensile tests were performed using an Instron 8821S tensiometer. The tensile specimens were cut in rectangular shapes with dimensions of 80 mm in length and 10 mm in width. The gauge length was fixed at 30 mm and the speed of the moving clamp was 5 mm/min. All tests were carried out on a minimum of five samples and the reported results are average values.

Moisture uptake measurements were carried out according to the method used by .

Where M t and M 0 are the weights of the sample after t min exposure to 75 % RH and of the dried sample before being inserted in the climatic chamber, respectively.

Results and discussions

Characterization of nanofillers

In the present work, pre-prepared CNC and GON aqueous suspensions were used as starting materials to produce three C:G hybrid nanofillers at different mass ratios (2:1, 1:1 and 1:2). Figure 1 shows photographs of aqueous suspensions of CNC, GON, C:G-2:1, C:G-1:1 and C:G-1:2 obtained by sonication process. These photographs were taken 15 days after their

preparation. The measured zeta potential of these suspensions is also illustrated in Figure 1.

As seen in this Figure, the CNC aqueous suspension showed a good stability, in which a white gel appearance was observed. It is well known that, after their homogenization, CNC are stable in water because of their surface functionalities and the ability of the water solvent and surface groups to counterbalance the attractive hydrogen-bond interactions exerted by the abundant hydroxyl groups on the surface of CNC (El Miri et al., 2015a, b). Additionally, the zeta potential of the as-p epa ed N suspension showed a alue of -61.3 mV (Figure 1).

Consequently, the CNC suspension was considered stable because the absolute value was higher than 25 mV (El Miri et al., 2015a, b). On the other hand, suspended individual nanosheets of GON were obtained by intense sonication in water of completely oxidized natural graphite (graphite oxide) (El Achaby et al., 2012a, b;El Achaby et al., 2013a, b;[START_REF] El Achaby | Graphene oxide reinforced chitosan/polyvinylpyrrolidone polymer bio-nanocomposites[END_REF]. Remarkably, it should be noted that the GON suspension exhibited strong and long-term stability in water (Figure 1). This was due to the hydrophilic oxygen g oups atta hed to the GON's basal plane and edges [START_REF] Rodríguez-González | Polysaccharide nanocomposites reinforced with graphene oxide and keratin-grafted graphene oxide[END_REF]Szabo Comment citer ce document : El Miri, N., El Achaby, M., Fihri, A., Larzek, M., Zahouily, M., Abdelouahdi, K., Barakat , 2006). The zeta potential of GON suspension was measu ed at -41.3 mV, whi h is comparable to previous works [START_REF] Chen | Tunable self-assembly structure of graphene oxide/cellulose nanocrystal hybrid films fabricated by vacuum filtration technique[END_REF]Li, Muller, Gilje, Kaner, & Wallace, 2008).

By mixing both CNC and GON aqueous suspensions, at different mass ratios, via stirring and sonication process, stable mixtures were obtained (Figure 1). This was unsurprisingly because the hydrophilic nature of both kinds of nanomaterials and their good interfacial compatibility. The values of the measured zeta potential of these mixtures were found to be -44.8, -3 . Comment citer ce document : El Miri, N., El Achaby, M., Fihri, A., Larzek, M., Zahouily, M., Abdelouahdi, K., Barakat Figure 3e shows FTIR spectra of CNC, GON and C:G hybrid (C:G-1:1). In the FTIR spectrum of CNC, the peaks found at 2914 and 1369 cm -1 are assigned to C-H stretching and bending vibrations. The peaks observed at 1429 and 1055 cm -1 are assigned to the vibrations of O-H and C-O, respectively. The broad band centered at 3345 cm -1 is associated with O-H bonds in hydroxyl groups. The peak at 1645 cm -1 is associated with intramolecular hydrogen bonds (El Miri et al., 2015a;Valentini et al., 2013). For the GON spectrum, the bands at 3365 and 3211 cm -1 are associated to the stretching of O-H bonds in hydroxyl groups. The band at 1715 cm -1 is attributed to the C=O carbonyl stretching, and the bands at 1038 and 973 cm -1 are associated to the epoxide groups C>O vibration (El Achaby et al., 2012a;[START_REF] El Achaby | Graphene oxide reinforced chitosan/polyvinylpyrrolidone polymer bio-nanocomposites[END_REF]. Looking at the C:G hybrid nanofiller, the bands at 3345 cm -1 , 3365 and 3211 cm -1 that are associated to the hydroxyl groups in CNC and GON spectra, respectively, were shifted to a new band at 3330 cm -1 in the spectrum of the C:G hybrid nanofiller. Additionally, the band at 1715 cm -1 that is associated to the carbonyl groups observed in GON spectrum was overlapped with that observed at 1645 cm -1 in C:G spectrum, which is associated to the intramolecular hydrogen bonds in CNC. These results confirm that strong hydrogen interactions occur in the C:G hybrid nanofillers (Valentini et al., 2013). Recently, successful combinations of CNC and GON in the form of hybrid composite films have been reported in the literature, by taking into account the hydrogen interaction and the interfacial compatibility between CNC and GON surfaces [START_REF] Chen | Tunable self-assembly structure of graphene oxide/cellulose nanocrystal hybrid films fabricated by vacuum filtration technique[END_REF][START_REF] Sadasivuni | Transparent and flexible cellulose nanocrystal/reduced graphene oxide film for proximity sensing[END_REF]Valentini et al., 2013). Herein, the combination of CNC and GON in a hybrid nanofiller should act as a stronger reinforcing agent for polymers causing synergistic effects.
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Thermal properties of PVA nanocomposite films

The effect of nanofillers on glass transition (T g ) and melting (T m ) temperatures of PVA is shown in Figures 6a,b, which were determined from DSC analysis. From the obtained results, it is clear that these thermal parameters were influenced by the addition of 5 wt% CNC (PVA-CNC), 5 wt% GON (PVA-GON) and 5 wt% C:G hybrid nanofillers at various mass ratios (PVA-C:G-2:1, PVA-C:G-1:1 and PVA-C:G-1:2). The T g illustrated in Figure 6a increases from 48.50 °C for neat PVA to 52.62, 53.69 and 56.24 °C for PVA-C:G-2:1, PVA-C:G-1:1 and PVA-C:G-1:2 nanocomposite films, respectively. Additionally, the increase of T g is accompanied by an increase of T m from 191.70 °C for neat PVA to 192.93,193.19 and 194.07 °C for PVA-C:G-2:1, PVA-C:G-1:1 and PVA-C:G-1:2, respectively (Figure 6b). These observed values for T g and T m were superior to those observed for PVA-CNC (49.10 °C and 192.2 °C) and PVA- GON (50.79 °C and 192.4 °C). Consequently, the increase in T g and T m

suggests that the mobility of PVA macromolecular chains was inhibited, which results from the formation of a cross-linking network between the PVA and C:G hybrid nanofiller through hydrogen bonds between the oxygen-containing functional groups of nanofiller and the hydroxyl groups of PVA chains (Huang et al., 2012). This effect was more pronounced in

Comment citer ce document : El Miri, N., El Achaby, M., Fihri, A., Larzek, M., Zahouily, M., Abdelouahdi, K., Barakat, A., Solhy, A. ( 2016 Figure 6c shows the TGA curves of neat PVA and its nanocomposites. It is clear that the onset temperatures (T onset ) of nanocomposites are almost identical and slightly lower than that observed for neat PVA (T onset = 269 °C). Herein, the T onset is reported as the temperature corresponding to 5 % weight loss (T onset = T 5% ). However, the T onset of
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Mechanical properties of PVA nanocomposite films

The mechanical properties of PVA and its nanocomposite films with different 22 films were comparable with those already reported in the literature (Fortunati et al., 2013b; 443 [START_REF] Xu | Strong and ductile poly(vinyl alcohol)/graphene oxide composite films with a layered structure[END_REF][START_REF] Xu | Properties of novel polyvinyl alcohol/cellulose nanocrystals/silver nanoparticles blend membranes[END_REF]Zhang et al., 2014). et al., 2015;[START_REF] Xu | Strong and ductile poly(vinyl alcohol)/graphene oxide composite films with a layered structure[END_REF]Zhang et al., 2015). These agglomerates may prevent an efficient transfer of load to the nanosheet and may cause a decrease in the aspect ratio. As discussed above, in the C:G hybrid nanofiller, the surface of GON had become decorated with CNC, which could have inhibited the sheet-to-sheet aggregations of GON (Figure 5b(ii)). Also, the interfacial adhesion between the C:G hybrid nanofiller and the polymer matrix could be improved. In consequence, the C:G hybrid nanofiller network acts as an efficient reinforcement in the parent system, which provides superior tensile properties to the nanocomposites. In this case, effective stress transfer occurred from the polymer chains to the dispersed hybrid nanofiller, which provided 3). Consequently, in the C:G hybrid nanofillers, the CNC may play the role of cross-linking agents, helping the PVA chains to keep its mechanical ductility. This is possible because the elongation at break of PVA-CNC was measured at 55.17 %, which is comparable to that measured for neat PVA (64.98 %) and its nanocomposites containing C:G hybrid nanofillers (58,9-64.29 %), while the elongation at break for PVA-GON was measured at 14.17 Comment citer ce document : El Miri, N., El Achaby, M., Fihri, A., Larzek, M., Zahouily, M., Abdelouahdi, K., Barakat (George et al., 2014). The neat PVA film had a much greater EMC than its nanocomposites with different nanofillers. The EMC of the neat PVA was observed at 28.93 %, which can be attributed to the hydrophilic nature of the PVA polymer (George et al., 2012). Unlike the neat PVA, the PVA-CNC and PVA-GON nanocomposites exhibited an EMC of 21.84 % and 20.30 %, respectively, which is lower than that observed for the neat PVA and higher than that observed for the PVA-C:G nanocomposites. From Figure 8, the nanocomposites of PVA-C:G-2:1, PVA-C:G-1:1 and PVA-C:G-1:2 showed an EMC of 15.36, 15.63 and 10.19 %, respectively. Therefore, it can be concluded that the moisture resistance of the PVA polymer largely improved with the addition of C:G hybrid nanofillers, especially for C:G-1:2 hybrid nanofiller. This improvement can be attributed to the presence of strong hydrogen bonding interactions between the PVA matrix and C:G hybrid nanofillers, which minimizes the interaction of water with the nanocomposites (George et al., 2012(George et al., , 2014)). This trend was also reported by George et al. (2014) who demonstrated that the hydrogen bonding interactions could reduce the number of sorption sites available for moisture absorption in the hydrophilic polymer based nanocomposites, reducing the EMC at a high RH. Herein, the well-dispersed

Comment citer ce document : El Miri, N., El Achaby, M., Fihri, A., Larzek, M., Zahouily, M., Abdelouahdi, K., Barakat The prevention of moisture absorption is very beneficial applications like food packaging, especially for moisture-sensitive food products. 

Conclusions

The reinforcing efficiency of graphene oxide nanosheets (GON) in polymer nanocomposites has been largely limited, because this water-dispersible nanofiller, at high loading level, tends to agglomerate within the polymer matrix. In this work we demonstrated that the combination of cellulose nanocrystals (CNC) and GON in a novel hybrid nanofiller (C:G hybrid) was highly effective to overcome the agglomeration phenomenon. After their combination, the CNC were found to be adsorbed on the surface of GON, forming a new network structure via hydrogen bonding interactions between the functional groups present in the surface of each nanomaterial. Three C:G hybrid nanofillers were prepared by varying the weight ratio of CNC and GON (2:1, 1:1 and 1:2) and their incorporation into PVA matrix was successfully achieved via solvent casting method leading to PVA-C:G-2:1, PVA-C:G-1:1 and PVA-C:G-1:2 nanocomposite films. Due to the strong interfacial interaction and the synergistic effect

Comment citer ce document : El Miri, N., El Achaby, M., Fihri, A., Larzek, M., Zahouily, M., Abdelouahdi, K., Barakat Simultaneously, the glass and melting temperatures as well as the moisture sorption of the resulting nanocomposites were also improved. It was found also that the C:G hybrid nanofiller containing a high amount of GON (C:G-1:2) showed a superior reinforcing efficiency in the PVA nanocomposites. Comparatively, the results obtained for the C:G hybrid nanofiller reinforced nanocomposite films were largely superior compared to those found for nanocomposites containing either CNC or GON nanofillers, at the same loading level. This finding was attributed to the synergistic effect of 1-D elongated CNC and 2-D exfoliated GON, which improves the dispersion homogeneity by avoiding the agglomeration phenomenon within the polymer, resulting in nan ocomposites with enhanced properties compared to those prepared from single nanofiller (CNC or GON). The preparation of this novel hybrid nanofiller and its incorporation into the polymer matrix provided a novel method to develop innovative materials, mainly by improving the mechanical properties of nanocomposite films in applications where good strength, ductility and reduced moisture absorption are required. Food packaging is one example of such applications.
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  . For this purpose, the weight loading level of C:G hybrid nanofiller was fixed at 5 wt%, and the obtained results were compared with those found by adding 5 wt% of either CNC or GON. Additionally, in order to understand the synergistic effect generated from the combination of both kinds of nanomaterials, three C:G hybrid nanofillers have been prepared by varying their weight ratio (i.e C:G-2:1, C:G-1:1 and C:G-1:2). The preparation of these hybrid nanofillers and their incorporation into the polymer matrix provide a promising route for developing innovative materials, mainly by improving the mechanical properties of nanocomposite films in applications where good strength and flexibility are required, such as in food packaging applications.

  Instruments). Atomic Force Microscopy (AFM) measurements were carried out using a Veeco Dimension ICON. Tapping mode was used to capture height images at a scan rate of 1.5 Hz. Samples for AFM observations were prepared by depositing a droplet of diluted suspensions onto freshly cleaved mica sheets, and allowing the solvent to dry in air.The morphology observation was performed using a Scanning Electron Microscope (SEM) (FEI, Quanta 200-ESEM) operating at an accelerating voltage of 20 kV. Immediately before being analyzed, samples were coated by a thin conductive carbon layer to help improve SEM observations. Fourier Transform Infrared Spectroscopy (FTIR) measurements were performed on an ABB Bomem FTLA 2000 spectrometer equipped with a Golden Gate single attenuated total refle tion ( TR) ell. The expe iments we e a ied out in the ange of 4 -4 m -1

  Soykeabkaew et al. (2012). Briefly, strips with specific dimensions (10 mm × 40 mm) were dried at 105 °C for 2 hours in an oven. After being weighted, the dried films were inserted in a climatic chamber containing a saturated NaCl solution with controlled relative humidity (RH) of 75 ± 0.5% at 25 °C. Thereafter, the samples were removed at specific intervals (each Comment citer ce document : El Miri, N., El Achaby, M., Fihri, A., Larzek, M., Zahouily, M., Abdelouahdi, K., Barakat, A., Solhy, A. (2016). Synergistic effect of cellulose nanocrystals/graphene oxide nanosheets as functional hybrid nanofiller for enhancing properties of PVA nanocomposites. Carbohydrate Polymers, 137, 239-248. DOI : 10.1016/j.carbpol.2015.10the duration of 6 hours and weighted using a digital balance. The moisture uptake of the samples was calculated as follows:

Figure 1 :

 1 Figure 1: Photographs of aqueous suspensions and zeta potential values of CNC, GON

Figure 2 :

 2 Figure 2: Tapping mode AFM images and schematic illustrations of CNC, GON and C:G

  The exact dimensions of C:G hybrid nanofillers cannot be measured accurately. The size of these nanofillers was controlled by the initial size of CNC and GON, and the thickness cannot be measured because the CNC were attached to the surfaces and edges of GON, forming a 3-D interconnected network microstructure, as schematically illustrated in the bottom of Figure2.Previous works investigating the graphene-based hybrid nanofillers demonstrated that, in all cases, the graphene nanosheets were decorated after their combination with other nanomaterials such as aramid nanofibers[START_REF] Fan | Aramid nanofiber-functionalized graphene nanosheets for polymer reinforcement[END_REF], Fe 3 O 4

Figure 3 :

 3 Figure 3: MEB images of (a,b) GON and (c,d) C:G hybrid (C:G-1:1) and (e) FTIR

Figure 4 :

 4 Figure 4: (a) Digital images and (b) FTIR spectra of neat PVA and its

Figure 5 :

 5 Figure 5: (a) SEM micrographs of PVA nanocomposites with CNC, GON and C:G

  PVA and its nanocomposite are shown in Figure4b. It is well known that the -OH band is sensitive to hydrogen bonding and can be compelled to a shifted wavenumber in FTIR spectra. As shown in Figure4b, the addition of the C:G hybrid nanofiller within the PVA matrix resulted in shifting the hydroxyl band in the range of 3500-3000 cm -1 , indicating the existence of hydrogen bonding interactions between the oxygen containing functional groups on the surface of C:G hybrid nanofiller and the hydroxyl groups on the PVA macromolecular chains. This trend was also observed in CNC-or GON-filled PVA nanocomposite films (Figures 4b), in which hydrogen bonding interactions can occur between the oxygen functional groups of each nanofiller with PVA chains. Similar trends have been reported for CNC-filled PVA(Fortunati et al., 2013b;[START_REF] Peresin | Nanofiber composites of polyvinyl alcohol and cellulose nanocrystals: manufacture and characterization[END_REF],GON-filled PVA (Huang et al., 2012), and Ag-decorated CNC hybrid nanofiller filled PVA(Fortunati et al., 2013a) nanocomposite films.

Figure

  Figure5ashows SEM images of the cryofractured surface of PVA-CNC, PVA-GON,

Figure 6 :

 6 Figure 6: (a) Glass transition temperature and (b) melting temperature obtained from

  :G-2:1, C:G-1:1 and C:G-1:2 was observed at 256, 244 and 246 °C, respectively. This behavior was due to the thermal instability of dispersed C:G hybrid nanofillers; an example for C:G-1:1 is shown in the inset of Figure6c.Importantly, the weight loss observed for C:G hybrid nanofiller around 250 °C (≈ 45 %) is absent in the nanocomposite samples, suggesting a good interaction between the oxygen functional groups of the C:G nanofillers and the macromolecular chains of PVA polymer. Comparatively, in nanocomposite films containing only CNC or GON, the T onset was lower than that of all nanocomposites containing C:G hybrid nanofillers (226 °C for CNC and 240 °C for GON), which was ascribed to the fine dispersion of the C:G hybrid nanofillers within the PVA polymer, thus confirming that the synergistic effect between CNC and GON existed in PVA-C:G nanocomposites.

  Figures 7c-f. From these data, it can be seen that all nanocomposites containing C:G hybrid

Figure 7 :

 7 Figure 7: (a,b)Typical stress-strain curves of PVA and its nanocomposites with CNC,

  additional strength to the nanocomposites(George et al., 2014). Similar trends were observed by[START_REF] Fan | Aramid nanofiber-functionalized graphene nanosheets for polymer reinforcement[END_REF] in GON/CNT hybrid nanofiller reinforced PVA nanocomposites, which were attributed to the synergistic effect phenomenon that was generated from the combination of GON and CNT.Interestingly, the elongation at break of the PVA was not largely affected by the addition of different C:G hybrid nanofillers (C:G-2:1, C:G-1:1 and C:G-1:2). These results indicated that the as-developed PVA-C:G nanocomposite films are ductile materials, as the toughness of PVA-C:G nanocomposites was largely improved in comparison with the neat PVA (Figure7f. This is unusual, as GON-filled nanocomposites become brittle materials with a reduced elongation at break (Figure7e). Recently, it was demonstrated that the polymer matrix cannot lose its ductility when a hybrid nanofiller is added(George et al., 2014;[START_REF] Pradhan | Synergistic effect of carbon nanotubes and clay platelets in reinforcing properties of silicone rubber nanocomposites[END_REF][START_REF] Wang | Role of starch nanocrystals and cellulose whiskers in synergistic reinforcement of waterborne polyurethane[END_REF][START_REF] Xu | Properties of novel polyvinyl alcohol/cellulose nanocrystals/silver nanoparticles blend membranes[END_REF]. The research group of George et al. (2014) demonstrated that the presence of Ag nanoparticles on the surface of CNC helps the polymer to keep its ductility, because the Ag nanoparticles can act as a physical crosslink between the CNC and polymer chains, thus helping polymer chains to move and can keep its elongation properties, with improvement of the other mechanical Comment citer ce document : El Miri, N., El Achaby, M., Fihri, A., Larzek, M., Zahouily, M., Abdelouahdi, K., Barakat, A., Solhy, A. (2016). Synergistic effect of cellulose nanocrystals/graphene oxide nanosheets as functional hybrid nanofiller for enhancing properties of PVA nanocomposites. Carbohydrate Polymers, 137, 239-248. DOI : 10.1016/j.carbpol.2015.10, PVA chains can form hydrogen bonds with CNC rather than with GON, because the surface of GON is totally and densely covered with CNC, as shown by AFM and SEM observations (Figures 2 and

  %. It is suggested that films suitable for food packaging should preferably strong and flexible. This trend is observed in PVA nanocomposite films reinforced with C:G hybrids fabricated in the present work.From Figure7, the studied tensile properties were affected by the variation of mass ratio of CNC and GON in the C:G hybrid nanofillers. Notably, the reinforcing efficiency of C:G-1:2 is higher than that of C:G-1:1 and C:G-2:1, because the PVA-C:G-1:2 nanocomposite shows the superior improvement of the tensile properties, while the relatively inferior improvement is observed for the PVA-C:G-2:1 nanocomposite, thus confirming that the synergetic effect was more pronounced in the hybrid nanofiller containing a high amount of GON (C:G-1:2). This can be attributed to the flat surface of the GON which led to an enhanced mechanical interlocking with the polymer chains and an enlarged interphase zone at nanofiller-polymer interface[START_REF] El Achaby | Preparation and characterization of melt-blended graphene nanosheetspoly (vinylidene fluoride) nanocomposites with enhanced properties[END_REF]. This effect was less pronounced in the C:G hybrid nanofiller containing a low amount of GON (C:G-2:1) because the presence of a high amount of CNC can completely cover the surface of GON, and the interphase zone at nanofiller-polymer interface can be reduced. This is possible because the C:G hybrid nanofiller containing equal amounts of CNC and GON shows an intermediate reinforcing efficiency.

  hybrid nanofiller acted as an interpenetrated network within the PVA matrix and prevented moisture absorption in the nanocomposite films when exposed to a particular RH.

Figure 8 :

 8 Figure 8: Moisture uptake of PVA and its nanocomposite films with CNC, GON and C:G

  om the ombination of the two kinds of nanofille s ( N and GON), the Young's modulus, tensile strength and toughness of all the resulting PVA-C:G nanocomposites were largely enhanced, and the elongation at break basically remained compared to pure PVA.

  . J., Pei, X. Q.,Liu, Y., & Fu, S. Y. (2014). Tribological performance of carbon nanotube-graphene oxide hybrid/epoxy composites. Composites Part B:Engineering, 57,120-125. Soykeabkaew, N., Laosat, N., Ngaokla, A., Yodsuwan, N., & Tunkasiri, T. (2012). Reinforcing potential of micro and nano-sized fibers in the starch-based biocomposites. Composites Science and Technology, 72, 845-852. Szabo, T., Berkesi, O., Forgo, P., Josepovits, K., Sanakis, Y., Petridis, D., & Dekany, I. (2006). Evolution of surface functional groups in a series of progressively oxidized graphite oxides. Chemistry of Materials, 18, 2740-2749. Tang, C., Chen, N., Zhang, Q., Wang, K., Fu, Q., & Zhang, X. (2009). Preparation and properties of chitosan nanocomposites with nanofillers of different dimensions. Polymer Degradation and Stability, 94, 124-131. Tang, C., Hackenberg, K., Fu, Q., Ajayan, P. M., & Ardebili, H. (2012). High ion conducting polymer nanocomposite electrolytes using hybrid nanofillers. Nano Letters, 12, 1152-1156. Teixeira, E. d. M., Bondancia, T. J., Teodoro, K. B. R., Corrêa, A. C., Marconcini, J. M., & Mattoso, L. H. C. (2011). Sugarcane bagasse whiskers: extraction and characterizations.Industrial Crops and Products, 33, 63-66. Valentini, L., Cardinali, M., Fortunati, E., Torre, L., & Kenny, J. M. (2013). A novel method to prepare conductive nanocrystalline cellulose/graphene oxide composite films.MaterialsLetters, 105, 4-7. Wang, Q., Li, G., Zhang, J., Huang, F., Lu, K., & Wei, Q. (2014b). PAN nanofibers reinforced with MMT/GO hybrid nanofillers. Journal ofNanomaterials, 2014, 298021. 

  ., Huang, S., Tjiu, W. W.,Fan, W., & Liu, T. (2012). Facile preparation of waterdispersible graphene sheets stabilized by acid-treated multi-walled carbon nanotubes and their poly(vinyl alcohol) composites. Journal of MaterialsChemistry, 22, 2427Chemistry, 22, -2434. . 

  Magnetic and mechanical properties of polyvinyl alcohol (PVA) nanocomposites with hybrid nanofillers-graphene oxide tethered with magnetic Fe 3 O 4 nanoparticles. Chemical Engineering Journal, 237, 462-468. Zhang, J., Zhang, C., & Madbouly, S. A. (2015). In situ polymerization of bio-based thermosetting polyurethane/graphene oxide nanocomposites. Journal of Applied Polymer Science, 132, doi:10.1002/app.41751. Zhang, S., Yin, S., Rong, C., Huo, P., Jiang, Z., & Wang, G. (2013). Synergistic effects of functionalized graphene and functionalized multi-walled carbon nanotubes on the electrical and mechanical properties of poly(ether sulfone) composites. European Polymer Journal, 49, 3125-3134. Zhao, M. Q., Zhang, Q., Huang, J. Q., & Wei, F. (2012). Hierarchical nanocomposites derived from nanocarbons and layered double hydroxides -properties, synthesis, and applications. Advanced Functional Materials, 22, 675-694. Highlights -Cellulose nanocrystals (CNC) and graphene oxide (GON) were combined to get a novel hybrid nanofiller -3D network microstructure was formed by the combination of CNC and GON two kinds of nanomaterials -Hybrid nanofiller was used to enhance the tensile properties of PVA nanocomposites -Large increase of tensile properties of PVA was observed due to the synergistic effect Comment citer ce document : El Miri, N., El Achaby, M., Fihri, A., Larzek, M., Zahouily, M., Abdelouahdi, K., Barakat, A., Solhy, A. (2016). Synergistic effect of cellulose nanocrystals/graphene oxide nanosheets as functional hybrid nanofiller for enhancing properties of PVA nanocomposites. Carbohydrate Polymers, 137, 239-248. DOI : 10.1016/j.carbpol.2015.10

Table 1 :

 1 List of some hybrid nanofillers recently used as reinforcement for high performance polymer nanocomposites.

	, A.,

Moisture uptake of PVA nanocomposite films

  , A., Solhy, A. (2016). Synergistic effect of cellulose nanocrystals/graphene oxide nanosheets as functional hybrid nanofiller for enhancing properties of PVA nanocomposites. Carbohydrate Polymers, 137, 239-248. DOI : 10.1016/j.carbpol.2015.10.072Moisture uptake rate (MUR) was analyzed in order to evaluate the effect of C:G hybrid nanofillers on PVA films at a constant relative humidity (RH). The MUR is a highly important property to consider in certain industries like food packaging. In this application,

	3.5 films should prevent or at least reduce MUR for food preservation. In general, a reduced
	M MUR is required for moisture-sensitive food products (Bilbao-Sainz, Avena-Bustillos, Wood, Williams, & McHugh, 2010; George & Siddaramaiah, 2012). Figure 8 plots the MUR for all studied films as a function of storage time (3-6 hours) upon conditioning at 75 % RH. For all films, it is apparent that the MUR remained constant after a storage time of 5 hours of a n u s c r i p t conditioning, which is known as the equilibrium moisture content (EMC) at a particular RH
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