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Abstract

:

Diffusion barrier composite films based on microfibrillated cellulose (MFC) and clay were developed with attention paid to the influence of thermal annealing and a fluorine-free surface silylation on their microstructure, water contact angle (WCA), mechanical properties, oxygen transmission rate (OTR), and water vapor transmission rate (WVTR). The OTR of MFC at 23 °C increased from 1.2 to 25.3 cm3/m2/day/bar as relative humidity increased from 50% to 80%. Annealing increased the film’s crystallinity, surface roughness, and hydrophobicity, while decreasing its OTR by 20% at 80%RH. The addition of clay led to a 30% decrease of OTR at 80%RH due to partial exfoliation and to a 50% decrease when combined with annealing. Silylation increased the hydrophobicity of surface of the film and its combination with clay and annealing led to a WCA of 146.5°. The combination of clay, annealing, and silylation considerably reduced the OTR at 80%RH to a value of 8 cm3/m2/day/bar, and the WVTR at 23 °C and 50%RH from 49 g/m2/day for MFC to 22 g/m2/day. The reduction of OTR and WVTR was found to correlate with the increase in surface hydrophobicity of the film, which was attributed to the reduced access of water molecules within the MFC network.
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1. Introduction


Packaging materials are used to preserve food and minimize food waste throughout the distribution chain [1], with their primary role being barriers against the permeation of small molecules such as oxygen and water, but also grease, germs, and aroma [2]. Petroleum-based polymers are widely used for this purpose owing to their superior combination of permeability, mechanical strength, and low market prices [3,4]. Still, such materials present major sustainability concerns mainly regarding their production routes based on non-renewable raw materials and end of life scenarios. Biobased polymers, such as cellulose-based (e.g., cellophane, cellulose acetate, cellulose ethers), polysaccharides (e.g., starch, chitosan, xylan), and protein-based, have attracted increasing attention as potentially sustainable alternatives. Nevertheless, these materials provide a good barrier against oxygen only below 50% of relative humidity [2,5] and their processing cost remains high. This is the case of microfibrillated cellulose (MFC), which forms a dense network of crystalline nano- and micro-fibrils with intra- and intermolecular hydrogen bonds [6]. MFC films are highly impermeable in the dry state, but the hydrophilic, OH-terminated surface of the fibrils favors the formation of hydrogen bonds with surrounding water molecules. The resulting diffusion of water swells the amorphous regions and increases the interfibril free volume, which in turn increases the permeability of the network and reduces its mechanical stability [7,8]. Etale et al. comprehensively discussed water interactions with cellulose [9].



Several strategies have been developed to improve the barrier and mechanical properties of MFC films at high humidity. These include thermal treatments, a diversity of surface modification approaches such as coating and grafting with polymers, or the addition of high aspect ratio, intrinsically impermeable fillers within the MFC network [10,11,12]. Magalhaes et al. provided a comprehensive discussion on recent green extraction strategies and chemical surface modification of cellulose derivatives [13]. Saedi et al. conducted a review of physical and chemical surface modifications applied to cellulose, aimed at enhancing the mechanical and barrier properties of cellulose-based composites [14]. Thermal treatments increase the crystallinity and reduce the interfibril distance [15], the water uptake capacity [16], and the oxygen and water vapor permeability [10] in particular at a high relative humidity [11]. Another approach to reduce the sensitivity of the MFC network to moisture is to replace the surface hydroxyls by hydrophobic groups, which has been demonstrated using silylation [17,18,19], acetylation [20], esterification [21], amidation [22], polymer grafting [23], or using ceric ammonium nitrate for interfacial bonding and encapsulation in a hydrophobic polymer matrix [24]. The addition of impermeable, platelet-type fillers, including hydrophobized graphene oxide [25] and clay [11,26,27], was also shown to efficiently reduce the permeability to gases of cellulose films, typically up to five-fold. Authors claimed that these reductions correlated with an increase in hydrophobicity, which retarded the formation of hydrogen bonds with water molecules and reduced their diffusion rate at the cellulose surface or filler-cellulose interface [10,25]. Researchers have explored other methods to enhance the barrier properties of cellulose-based composites. Nuruddin et al. investigated the potential use of cellulose/polymer coatings for barrier applications [28]. They found that cellulose/PVA films showed exceptional barrier performance, much higher than high-barrier ethylene-vinyl alcohol copolymer films. Additionally, the application of the coating enhanced the oxygen and carbon dioxide barrier performance of PP films. Through the water evaporation-induced dense packing method, Wang et al. produced a high-strength, transparent cellulose film with excellent gas barrier properties [29].



These previous investigations revealed the benefits of specific processes on the diffusion barrier performance of MFC but did not exploit potential synergies between such processes. To this end, the present work explores the role of thermal annealing, the addition of clay, and a fluorine-free hydrophobic silane treatment on the barrier to oxygen and water vapor of MFC films at high relative humidity. Attention is also paid to investigating the impact of these treatments on the microstructure and mechanical properties of the MFC-clay films, and to the interplay between their hydrophobicity and permeability. We demonstrate that the combination of these treatments leads to composite films with superior diffusion barrier performance, in particular at a high relative humidity. The present findings are thus of fundamental value considering the huge effort ongoing worldwide to create bio-based alternatives to conventional oil-based packaging materials, with the main challenge being the need achieve a barrier performance that is comparable to the non-renewable materials [4,30].




2. Materials and Experimental Methods


2.1. Materials and Processes


MFC was supplied in aqueous gel form with a solid content of 10 wt% (Exilva F01-V, Borregaard, Sarpsborg, Norway). The diameter of the MFC fibers was in the range 20 nm–1 µm (Figure S1 in supplementary information), and their length varied between 5 to 40 μm [31]. Natural sodium montmorillonite cloisite clay was selected (Cloisite, BYK Additives, Wesel, Germany). The silanes were hexadecyltrimethoxysilane, with C16 alkyl chains (HDTMS, Sigma-Aldrich, Taufkirchen, Germany, 98% purity) and tetraethylorthosilicate (TEOS, Sigma-Aldrich, Germany, 98% purity). Such fluorine-free substances represent a challenge when trying to create superhydrophobic surfaces; however, they come with the benefit of avoiding the potential toxicity related to fluorine. Solvents were ethanol (abcr GmbH, Karlsruhe, Germany) and ammonia hydroxide (Sigma-Aldrich, 99% purity). All products were used as received without further purification.



The MFC suspension was diluted to 0.5 wt% in millipore water and the suspension was homogenized at a speed of 12,000 rpm for 5 min using a high-speed disperser (Ultra-Turrax, IKA, Staufen, Germany). Aqueous clay suspensions (concentration of 0.5 wt%) were prepared using temperature controlled pulsed probe sonication at 30 °C for 5 min with an amplitude 30% and with 5 s on and 5 s off pulses (Branson digital sonifier model 450, Emerson Electric, MO, USA). Specific amounts of MFC and clay to achieve a clay concentration of 10 wt% were mixed under magnetic stirring for 2 h and further homogenized at 12,000 rpm for 10 min. The mixtures were subsequently cast in Teflon petri dishes and left at 30 °C for five days until they formed a film that peeled off from the petri dishes. The samples are denoted in the following as MFC/clay (90/10). The film thickness was measured from cross sectional scanning electron micrographs of films and found to be in the range of 50 to 60 µm. The samples were then annealed in an oven at 150 °C for 3 h, cooled to room temperature, and kept in a desiccator. Some film samples were not subjected to the annealing treatment and were kept as references.



The silylation of the MFC and MFC-clay films was adapted from the one-step sol-gel method described by Medina-Sandoval et al. [17] and Xie et al. [18], who developed superhydrophobic membranes using TEOS to create, in situ, a hierarchical surface roughness and HDTMS as a hydrophobic moiety. In this process a silica sol is formed by hydrolysis of these two silane precursors. A silica gel is subsequently formed from the dehydration and condensation reactions of the hydrolyzed TEOS, which further condenses with the hydrolyzed HDTMS, resulting in hydrophobic alkyl chains attached to the silica gel. In the present work, the MFC and MFC-clay films were immersed in the initial silane solution so that the hydroxyl groups on the cellulose and clay surfaces reacted with the polysiloxane units, leading to the hydrophobization of the films. The hydroxyl groups located at the edges of clays were reported to be the most reactive sites for silane grafting [32,33]. In detail, film samples were soaked for 30 min in a solution prepared by adding TEOS (0.25 g) and HDTMS (0.3 g) into 20 mL of ethanol, followed by dropwise addition of aqueous ammonia (2 mL) under magnetic stirring. The modified films were rinsed with ethanol three times in order to fully remove unreacted moieties and heated to 100 °C for 1 h to promote the condensation of the silanes.




2.2. Characterization Methods


Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR, Thermo Fisher Scientific Nicolet 6700, Waltham, MA, USA) was used to analyze the surface of the modified films. The spectra were acquired with 32 scans at a resolution of 4 cm−1 in the range 4000–650 cm−1. The surface of the films was investigated by scanning electron microscopy (SEM, ZEISS Gemini SEM 300, Oberkochen, Germany) at an acceleration voltage of 3 kV and a working distance of 5 mm. Prior to SEM analysis, a 10 nm thick layer of gold was sputtered on the film surface to prevent charging effects. The crystal structure of MFC and MFC/clay was investigated by X-ray diffraction (XRD, D8 Discover diffractometer, Bruker AXS, Billerica, MA, USA) with Cu Kα radiation (wavelength of 1.542 Å) in reflection mode, and with a step size of 0.02°. Cast films of MFC and MFC/clay and clay in powder form were used. The Origin software was used for data processing, including the subtraction of a blank run from the spectra of the sample, and their normalization with the absolute intensity of the most intense peak. The topography of the films was characterized by atomic force microscopy (AFM, Cypher VRS, Oxford Instrument, Abingdon, UK) in tapping mode with a Si cantilever (AC160TSA). The root mean square roughness (RMS) defined as the RMS average of the height deviations from the mean value was measured on a 2 × 2 µm2 area. The water contact angle (WCA) of the films was measured using distilled water and a goniometer (Easy Drop, Krüss, Hamburg, Germany). The goniometer utilizes a backlight and high-resolution camera to capture the image of the sessile drop dispensed by a precision syringe with a volume of 600 µL, from which the WCA is obtained. Dynamic mechanical analysis (DMA, Q800, TA Instruments, New Castle, DE, USA) was performed on the cast films in tensile configuration between 20 °C and 200 °C at a heating rate of 3 °C min–1, an excitation frequency of 1 Hz, and applied strain of 0.1%. Three samples were tested for each type of film. Tensile testing was performed on rectangular specimens cut from cast films with a 500 N load cell at a nominal speed of 10 mm/min at room temperature (Universal Testing Machine, Schenck Trebel, renewed by Walter&Bai AG, Löhningen, Switzerland). The initial gauge length of the specimens was 25 mm and their width was 10 mm. The oxygen transmission rate (OTR) and water vapor transmission rate (WVTR) of the cast films were measured with a coulometric cell (Systech 8001, Systech Illinois, San Diego, CA, USA) and an electrolytic P2O5 cell (Systech 7000, Systech Illinois, California, USA), respectively, using a steel mask with a circular opening of 5 cm2. The OTR tests were carried out at 23 °C using pure oxygen and at 50% and 80% relative humidity (RH) and the WVTR tests were carried out at 23 °C and at 50%RH. Two samples were tested for OTR and two different samples were tested for WVTR for each type of films.





3. Results and Discussion


3.1. Structure and Morphology Analysis of MFC-Clay Composite Films


Figure 1a shows the FTIR spectra of reference and heat-treated films. In all cases, the characteristic peaks of cellulose structures are systematically visible (O–H stretching between 3600 and 3300 cm−1, C–H stretching at 2900 cm−1, C–C stretching around 1640 cm−1, CH2 stretching at 1432 cm−1 and 900 cm−1, C–H bending at 1373 cm−1, asymmetric vibrations of C–O–C and stretching of C–O at 1100, 1053, and 1028 cm−1) [34,35]. The peak intensity at 3325 cm−1 was reduced after heat treatment due to the decrease in the number of free hydroxyl groups, a consequence of the increase of crystalline cellulose [36]. The ratio between the absorbance bands at 3325/1320 cm−1 increased with heat treatment, which has been attributed to increasing intra- and interconnection among the microfibrils via hydrogen bonding [37,38]. A slight shift of the 3325 cm−1 peak to wavenumbers around 3340 cm−1 for the MFC/clay composites was also detected, due to the hydrogen bonding interaction between the OH groups of the clay and MFC [39,40]. Figure 1b shows the spectra of the silylated films. The bands at 2840–2918 cm−1, which correspond to the introduction of alkyl chains, confirmed the successful grafting of HDTMS. The band at 1024 cm−1 corresponds to the asymmetric stretching of the siloxane network on the surface of the modified films, although this peak overlaps with the peak for the MFC C–O bonds. In addition, the band at 791 cm−1 corresponds to Si–O–C stretching from the covalently attached alkyl chains on the surface. This demonstrates that the silylation process of the films surface with HDTMS was achieved [18].



Figure 2 shows the XRD spectra of the clay and the reference and heat-treated films. The silylated films were not investigated as it was shown that this treatment does not change the crystal structure of cellulose in MFC [34]. The clay displays characteristics peaks at 7.5°,19.6°, 28.6°, and 35.4° corresponding to the (001), (100), (004), and (110) lattice planes of clay, respectively [41,42]. MFC exhibits characteristic peaks around 16° (combined peak) and 22.7°, which correspond to the (1    1  ¯   0)/(110) and (200) lattice planes, respectively [43], and this structure was not affected by the thermal treatment. For the untreated and annealed MFC/clay films, the (001) peak of clay at 7.5° shifted to a lower angle (6.7°). The interlayer distance, also termed d-spacing (d001), between the clay platelets was calculated using Bragg’s equation, and the values are reported in Table 1:


  n λ = 2   d   001   s i n θ  



(1)




where n is the diffraction order, λ the wavelength, and θ the diffraction angle. The interlayer distance was found to increase in the MFC/clay and heat-treated composites. This was attributed to a partial exfoliation of clay platelets and intercalation of cellulose microfibrils [44]. In addition, the (100) and (004) lateral lattice planes of clay are not visible, which could be due to the fact that the clay platelets are horizontally stacked within the film structure [11].



The crystallinity index, CI, of MFC, which provides the relative amount of crystalline material in cellulose, was estimated from the XRD spectra from the widely used empirical method of Segal et al. [45], and the values are reported in Table 1:


CI = (I22.7 − I18)/I22.7



(2)




where I22.7 and I18 are the intensities at 2θ of 22.7° and 18°, respectively. The high-intensity peak at 22.7° corresponds to the crystalline fraction. The intensity at the minimum between the (101) and the (002) peaks around 18° was taken as the indicator of amorphous content. The CI of the MFC and MFC/clay films slightly increased after heat treatment, presumably owing to the increase of the cellulose crystallites size. This was checked using the Debye–Scherrer equation [46]:


  D = K λ / β c o s θ  



(3)




where D is the crystallite size, K is the Scherrer constant, and β is the full width of the peak at half maximum intensity (FWHM). As reported in Table 1, the size of the crystallites in the MFC fibers indeed increased upon heat treatment, confirming the co-crystallization mechanism of hornification [10].



Figure 3 shows the electron micrographs of the surface of all investigated films. The reference MFC film (Figure 3a) is characterized by entangled MFC fibers, with no significant morphology changes after heat-treatment (Figure 3b). The clay platelets in the composite film appear to be well-dispersed in the closely packed MFC network (Figure 3c,d). Silica particles are clearly seen on the surface of the silylated films (Figure 3e–g) with a tendency toward aggregation for the heat-treated films (Figure 3f,h).



The AFM topography images are shown in Figure 4 and the values of the measured RMS roughness are reported in Table 2. These images reveal that the surface of the reference MFC film (Figure 4a) is formed by typical random network of nanofibrils while the heat treated MFC film (Figure 4b) shows closely knitted fibrils with increased roughness. The incorporation of clay (Figure 4c) hardly changed the roughness of the film, but again the heat-treated composite films (Figure 4d) were rougher. The roughness largely increased after silylation due to the formation and aggregation of silica particles on the surface of the films (Figure 4e–h).




3.2. Water Contact Angle


Images of water droplets on all investigated films are shown in Figure 5 and corresponding WCA are reported in Table 2. The OH-terminated MFC was hydrophilic with a WCA of 38.5°. After heat treatment, the WCA of the MFC film considerably increased to a value close to the hydrophobic limit of 90°. This was attributed to the increase of the roughness [47,48] and to the decrease in the number of free hydroxyls groups upon heat treatment [16]. The addition of clay also significantly increased the WCA, in this case essentially due to the increase in roughness, and again further heat treatment led to a large WCA increase. The largest increase of WCA was obtained after silylation, up to a value of 146.5° for the heat-treated composite film with non-polar C16 alkyl chains attached over the surface. This is a remarkable result for a fluorine-free chemistry. This value is close to the superhydrophobic limit of 150°, which indeed required both increased roughness and hydrophobicity of the surface [49].




3.3. Mechanical Analysis


The storage modulus of all films between 20 °C and 200 °C is shown in Figure 6. The storage modulus of the MFC film was equal to 6.5 GPa at room temperature and gradually decreased to 4.6 GPa at 180 °C. These values are lower than what is reported in the literature (8.7 GPa for a clay-MFC film [27]), which may be due to the variation in the MFC fiber size [50,51]. The heat-treated MFC was stiffer, especially at higher temperatures, owing to its improved crystallinity and presumably to the reduction of the inter fibril distance [15]. The modulus of the MFC-clay film was lower at low temperatures (6.2 GPa at 20 °C), but the decrease with temperature was less pronounced, with a value of 5.2 GPa at 180°C due to the structural organization and inherent characteristics of clay platelets and mechanically robust cellulose nanofibers. All these effects were rather small, compared with the effect of silylation, leading to a 20% decrease of the modulus for all types of films at low temperature, but an improved stability, especially for the heat-treated film, which modulus was almost constant up to 150 °C. Further work is needed to understand such a plasticization effect, which we tentatively attribute to the scission of intermolecular and/or intramolecular hydrogen bonds within the cellulose fibrils upon silylation [52]. This effect was confirmed by the tensile tests shown in Figure S2. These tests also revealed that the high ductility of MFC, with a strain at break around 11%, was reduced with the addition of clay and with the heat treatment, whereas its strength was increased.




3.4. Oxygen and Water Vapor Transmission Rates


Figure 7 shows the OTR of all films at 23 °C and at 50%RH and 80%RH, and the WVTR of selected films at 23 °C and at 50%RH vs. their WCA values. The OTR of MFC was equal to 1.2 cm3/m2/day/bar at 50%RH and increased to 25.3 cm3/m2/day/bar at 80%RH. This massive increase results from the disruption and swelling of the H-bonded MFC network by the water molecules as already extensively reported [7,8].



The OTR values of all films at 50%RH was in the range of 1.2–3.5 cm3/m2/day/bar irrespective of heat treatment and silylation. Addition of 10 wt% of clay into the MFC led to a 30% reduction of OTR at 80%RH, presumably owing to the creation of a tortuous clay path for oxygen molecules that reduced the permeability beyond a simple linear scaling [11]. The tortuosity is controlled by the orientation and aspect ratio of the individual clay platelets, as defined in the classic Nielsen model for polymer nanocomposites with uniform and impermeable platelets homogeneously dispersed in the matrix [53]:


      OTR    MFC / clay        OTR   MFC     =   1 − ϕ    1 +    α   2     2   3       S   ′   +   1   2     ϕ    



(4)




where OTRMFC/clay and OTRMFC are the OTR values of the MFC/clay and MFC films, respectively, φ is the volume fraction of clay, α is the aspect ratio, and S′ is the orientation factor of the clay platelets. Assuming that the clay platelets are randomly oriented within the MFC network (i.e., S′ = 0) and that their volume fraction is equal to 5.6% (value calculated from the weight fraction of 10%, assuming a density of clay and MFC equal to 2.8 g/cm3 and 1.5 g/cm3, respectively), one obtains from the OTR values at 80%RH an aspect ratio α equal to 41.8. This value is consistent with a partial exfoliation of the clay particles already detected with the XRD analysis. Indeed, it is much higher than that of the original clay, expected to be close to 1, but much less than that of a fully exfoliated clay with aspect ratio in the range of 100–1000.



Annealing at 150 °C led to a 20% reduction of the OTR of the MFC film at 80%RH to a value of 20.8 cm3/m2/day/bar, and to a 50% reduction to 12.7 cm3/m2/day/bar when it was combined with the addition of clay. The thermal treatment increased the crystallinity and the hydrophobicity of the films due to increased roughness, similarly to previous findings [10]. Silylation further reduced the OTR of the films at 80%RH to a value of 8 cm3/m2/day/bar when combined with clay and annealing, i.e., only five times higher than the OTR at 50%RH, compared with the close to twenty times increase for the pristine MFC. The limited increase of the crystallinity of the cellulose fibrils and the partial exfoliation state of the clay particles had a moderate impact on the barrier improvement, different to the roughening and hydrophobization of the film surface, which played a crucial role in reducing the water adsorption of the films.



Figure 7b shows the correlation between the hydrophobicity of the surface and the WVTR of the film. The WVTR of the pristine MFC film was equal to 49 g/m2/day, which reduced similarly to the OTR with addition of clay, heat treatment, and silylation, to a value of 22 g/m2/day when all these treatments were combined. Kim et al. systematically studied the water adsorption on hydrophilic and hydrophobic surfaces of silicon [54]. They reported that in the case of the hydrophilic, OH-terminated Si surface, water molecules form an ordered network due to strong hydrogen bond interactions with the OH groups. The structure of this H-bonded network gradually changes toward a bulk liquid network as humidity increases. On the contrary, in the case of the H-terminated hydrophobic Si surface, the absence of H-bonds between water molecules and surface leads to physisorbed water molecules H-bonded to each other. In this case the water layer is highly disordered, forming isolated clusters even at high relative humidity. Other investigations show that superhydrophobic surfaces oppose the adsorption of water molecules and thus reduce their diffusion in the bulk [55,56,57]. Similar phenomena were also observed for droplets of liquid crystalline phase (tactoids). Coalescing tactoids form on hydrophobic surfaces, while hydrophilic surfaces produce base-deposited films of tactoids [58]. The present investigation confirms the favorable influence of hydrophobization on reducing the permeation of water molecules in the MFC network, which also benefits in reducing the permeation of oxygen molecules.





4. Conclusions


Diffusion barrier films based on MFC were developed and the influence of clay particles, thermal annealing, and a fluorine-free silylation on their microstructure, mechanical properties, OTR, and WVTR was systematically investigated. The analysis of the experimental data leads to the following conclusions.



Annealing at 150 °C increased the crystallinity of MFC and decreased the OTR of the MFC films at 80%RH by 20%, from 25.3 to 20.7 cm3/m2/day/bar. It significantly increased the surface roughness and hydrophobicity of the film, with a WCA value of 86.4°. The addition of 10 wt% of clay had no major impact on the crystallinity of MFC and the film surface morphology and properties. However, it led to a 30% decrease of OTR at 80%RH due to a partial exfoliation, and to a 50% decrease when combined with annealing, to a value of 12.7 cm3/m2/day/bar. Silylation did not change the roughness, but considerably increased the surface hydrophobicity of the film with a WCA of 127.5°. The combination of these three treatments further increased the roughness of the film, leading to a WCA of 146.5°, a very high value for a fluorine-free surface that is close to the superhydrophobic threshold. The addition of clay and the thermal treatment did not markedly change the Young’s modulus of the MFC film between 20 and 200 °C, and increased the strength at the expense of the ductility. In contrast, silylation led to a 20% decrease of the modulus for all types of films at low temperature, which remained rather stable up to 150 °C especially for the heat-treated film.



The combination of clay, annealing, and silylation had a limited impact on the OTR of the films at 50%RH, which was in the range 1.2–3.5 cm3/m2/day/bar. However, it considerably reduced the OTR at 80%RH to a value of 8 cm3/m2/day/bar when all treatments were combined. Such a combination also decreased the WVTR of the films at 50%RH, from 49 g/m2/day for MFC to 22 g/m2/day. A correlation was moreover observed between the increase in hydrophobicity of the film surface and the reduction of its OTR and WVTR. This was attributed to the reduced access of water molecules within the MFC network and resulting reduction of the permeation of oxygen molecules.



This research provided insights on specific combinations of processes, which altogether enhanced the barrier properties of MFC-based materials. Results presented in this paper could pave the way to further implementation of biobased and fluorine-free materials towards more sustainable food packaging applications.
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Figure 1. FTIR spectra of clay, MFC, MFC/Clay and heat treated MFC and MFC/Clay films (a) and of TEOS−HDTMS modified MFC, MFC/Clay and heat treated MFC/clay films (b). The presence of alkyl chains (2840−2918 cm−1) and Si−O−C bonds (791 cm−1) are highlighted in the dashed rectangle areas. 
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Figure 2. XRD patterns of clay, MFC, MFC/Clay, and heat treated MFC and MFC/Clay films. 
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Figure 3. Electron micrographs of MFC (a), heat treated MFC (b), MFC/clay (c), heat treated MFC/clay (d), TEOS-HDTMS modified MFC (e), TEOS-HDTMS modified heat treated MFC (f), TEOS-HDTMS modified MFC/clay (g), and TEOS-HDTMS modified heat treated MFC/clay (h) films. 
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Figure 4. AFM topography images of MFC (a), heat treated MFC (b), MFC/clay (c), heat treated MFC/clay (d), TEOS-HDTMS modified MFC (e), TEOS-HDTMS modified heat treated MFC (f), TEOS-HDTMS modified MFC/clay (g), and TEOS-HDTMS modified heat treated MFC/clay (h) films. 
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Figure 5. Water droplets and contact angle on MFC (a), heat treated MFC (b), MFC/clay (c), heat treated MFC/clay (d), TEOS-HDTMS modified MFC (e), TEOS-HDTMS modified heat treated MFC (f), TEOS-HDTMS modified MFC/clay (g) and TEOS-HDTMS modified heat treated MFC/clay (h) films. 
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Figure 6. Storage modulus of MFC films, with and without clay, heat treatment and TEOS−HDTMS modification. 
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Figure 7. OTR at 23 °C and at 50%RH and 80%RH (a), and WVTR at 23 °C and at 50%RH (b) vs. water contact angle (WCA) of MFC and MFC/Clay films before and after heat treatment and silylation. 
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Table 1. CI, crystallite size of MFC and d-spacing of clay in MFC-clay films.
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	Film Material
	CI

[−]
	Crystallite Size D

[nm]
	d-Spacing d001

[nm]





	MFC
	0.77
	3.83
	-



	Heat-treated MFC
	0.79
	3.95
	-



	Clay
	-
	-
	1.16



	MFC/Clay
	0.76
	3.85
	1.32



	Heat-treated MFC/Clay
	0.78
	3.98
	1.30










 





Table 2. RMS roughness and WCA data of MFC and MFC-clay films.
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	Film Material
	RMS Roughness

[nm]
	WCA

[°]





	MFC
	24.7
	39.1 ± 2.5



	Heat-treated MFC
	35.2
	83.5 ± 2.9



	MFC/Clay
	25.7
	50.7 ± 1.4



	Heat-treated MFC/Clay
	31.1
	73.3 ± 2.5



	Silylated MFC
	25.9
	125.1 ± 2.2



	Heat treated and silylated MFC
	35.4
	133 ± 1.3



	Silylated MFC/Clay
	36.5
	138.8 ± 2.3



	Heat-treated and silylated MFC/Clay
	43.7
	146.5 ± 1.0
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