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Abstract

:

Bacterial cellulose (BC) with increased hydrophobicity is required for several applications including packaging. Surface functionalization of BC may provide good resistance to moisture, increased barrier properties or improved compatibility to polymer matrices. For this purpose, chemical grafting of BC in mild, eco-friendly conditions was carried out using different agents. BC membranes were surface functionalized with vinyl-triethoxy silane (VS) or 3-aminopropyl triethoxysilane (APS), by acylation and acrylation. The efficiency of the surface treatments was highlighted by Fourier transform infrared spectroscopy and X-ray photoelectron spectroscopy, by contact angle measurements and by dynamic mechanical analysis. The morphological investigation by atomic force microscopy and scanning electron microscopy revealed an increased compactness for surface functionalized BC, which correlated well with the different increase of the contact angle. BC treated with APS and VS showed more than a twofold increase in contact angle value. Similarly, the crystallinity degree was reduced to 69.6% and 72.9% after APS and VS treatments as compared with 84.1% for untreated BC, confirming the grafting reaction and the decrease in hydrogen bonding. All the applied treatments delayed the degradation of BC. However, the highest increase in thermal stability was observed for silanes treated membranes. Effective, eco-friendly methods for improving the surface hydrophobicity of bacterial cellulose for food packaging were proposed in this study.
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1. Introduction


Bacterial cellulose (BC), a 3D network of very strong nanofibers, has been extensively studied for biomedical applications [1,2,3,4]. Due to its special properties, i.e., biocompatibility, flexibility, high water retention and good cell adhesion, BC is currently commercialized as a wound dressing material for tissue regeneration [1,2,3]. Due to its moldability and good mechanical properties, comparable to that of thin blood vessels [4], BC may be used in coronary surgery as artificial vessels. Recent works has shown that surface modified BC can also be a valuable material for other applications, such as food packaging [5,6,7], ultrafiltration [8] or heavy metal ion removal [9]. Surface functionalization of BC membranes for increased hydrophobicity is needed for these applications, for example for moisture resistant packaging films with good barrier against water penetration [5].



Several attempts to increase BC surface hydrophobicity have been reported [5,10,11,12,13,14,15]. Dried BC membranes were immersed in the colloidal suspension of flavonoid silymarin-zein nanoparticles and showed increased hydrophobicity and antimicrobial activity, being studied for food packaging [5]. Dried BC membranes were also functionalized by 3-aminopropyl triethoxysilane (APS) in hexane, and showed enhanced cell attachment and proliferation, being studied for wound dressing application [10]. Wet BC membranes were modified by APS in ethanol at room temperature, and it showed effective antibacterial and antifungal activities against Escherichia coli, Staphylococcus aureus, Bacillus subtilis and Candida albican [11]. An extra-curing step at 110 °C was proposed for APS functionalized BC membranes to ensure the chemical grafting of bioactive moieties onto the surface of BC and to avoid the leaching of the biocidal agent [12].



BC was also surface functionalized for increasing the compatibility between hydrophilic BC and hydrophobic polymers, for the manufacture of bioplastics [13,14,15,16]. Thus, BC nanoribbons, released from the membrane by a wet mechanical process, were surface modified by organic acids with different length (acetic, hexanoic and dodecanoic acids) [13] or by acetylation using a solvent-free process [16]. Pristine BC membranes were also acetylated using a solvent-free process [14] or in toluene by solvent exchange [15].



Acetylation and grafting of aminoalkyl silanes are the most studied methods for compatibilization in polymer—BC composites or for improving the antimicrobial activity of bacterial cellulose. These treatments might be the choice in the case of BC membranes for food packaging too. BC is highly hydrophilic, similar to the cellulose fibers from plants and the functionalization of its surface is required for a better resistance to moisture, improved barrier properties and the preservation of these properties in contact with food. Although the physical and chemical modification of cellulosic films was carried out for distinct applications, the surface functionalization of BC for food packaging is still not studied in detail. The purpose of our work was to select a suitable treatment to increase the hydrophobicity of BC membranes for food packaging. To this aim, chemical grafting of BC under environmentally friendly conditions was carried out using different agents. Water or ethanol as “green” reaction medium and room or slightly higher temperature was chosen as eco-friendly conditions for these treatments. BC membranes were functionalized with two silanes, APS and vinyl-triethoxy silane (VS), by acylation and acrylation in water or ethanol/water mixture. Untreated and surface treated BC membranes were characterized by Fourier transform infrared (FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS) and contact angle to emphasize the surface functionalization. X-ray diffraction (XRD) was used to detect the possible changes in crystallinity or structure and thermo-gravimetric analysis (TGA) to assess the influence of these treatments on the thermal stability of BC. A thorough study was carried out to highlight the morphological changes using atomic force microscopy (AFM), Peak force—Quantitative nanomechanical mapping (PFQNM) and scanning electron microscopy (SEM).




2. Materials and Methods


2.1. Materials


BC membranes were used as received from the National Institute for Chemical Pharmaceutical Research and Development (Bucharest, Romania). Reagent grade 3-aminopropyl triethoxy silane (99%), vinyl-triethoxy silane (≥97%) and acrylic acid (99%) were purchased from Sigma-Aldrich (‎St. Louis, MO, USA). Glacial acetic acid, acetic anhydride (≥98%), sulfuric acid (99%), and ethanol were procured from Chimreactiv (Bucharest, Romania). Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) copolymer (PHBV) with 2 wt.% hydroxyvalerate was purchased from Goodfellow (Cambridge Limited, Cambridge, UK). All the reagents were used without further purification.




2.2. Surface Treatment of BC Membranes


Silane grafting was carried out using 6 wt.% APS or VS in an ethanol/water (90/10) mixture. The BC membranes were placed in the silane (APS or VS) solutions and gently stirred for 3 h in closed recipients at room temperature, then, they were placed in an oven and cured for 1 h at 120 °C. These APS and VS treated BC membranes (denoted as BC-APS and BC-VS, respectively) were washed several times with a mixture of ethanol and water to remove the un-reacted silanes. A 5 wt.% acrylic acid in water solution was used for the treatment: the BC membrane was left to soak in this solution for 24 h at room temperature and then heated for 1.5 h at 60 °C. Acetylation of BC membranes was carried out with (75 wt.%) glacial acetic acid and (8 wt.%) acetic anhydride, using sulphuric acid as a catalyst, at room temperature for 60 min under stirring. Acrylated and acetylated BC membranes were thoroughly washed with distilled water and were denoted as BC-AA and BC-Ac, respectively. All the treated BC membranes were dried in a vacuum oven for 24 h at 70 °C, resulting dried surface treated BC membranes.



BC-PHBV membranes were prepared by the immersion of untreated and surface treated BC membranes in a chloroform solution of PHBV copolymer (1 wt.%). Thereafter they were dried at room temperature for 48 h.




2.3. Characterization of BC Membranes


2.3.1. AFM Investigation


The surface morphology of treated and untreated BC membranes was investigated by atomic force microscopy, PF QNM mode, using a Bruker MultiMode 8 instrument (Santa Barbara, CA, USA). AFM images were captured in air at room temperature with a scan angle of 90° and a scanning rate from 0.6 to 0.9 Hz. A silicon tip with a spring constant of 40 N/m and a resonant frequency of 300 kHz was used for the measurements.




2.3.2. Scanning Electron Microscopy


SEM images of BC membranes were obtained with a scanning electron microscope FEI Quanta Inspect FEG (FEI, Hillsboro, OR, USA) at an accelerating voltage of 30 kV with a resolution of 1.2 nm. BC membranes were fixed on adhesive tapes and sputter-coated with gold for 30 s before examination.



SEM images of BC-PHBV nanocomposites were captured with an environmental scanning electron microscope FEI Quanta 200, with tungsten electron source, at an accelerating voltage of 25 kV. All the nanocomposites were sputter-coated with gold for 30 s before examination.




2.3.3. Contact Angle (CA) Measurements


CA measurements were carried out using a CAM 200 (Biolin Scientific, Gothenburg, Sweden,) equipped with a high-resolution camera (Basler A602f) and an auto-dispenser, at room temperature and ambient humidity. The CA value was measured 1–2 s after the drop contacted the surface of the membrane. Five drops of deionized water were dispensed on each sample and the reported CA was an average of five values. The images of the droplets were acquired with the high-resolution camera using CAM software.




2.3.4. XRD Analysis


The crystalline structure of BC before and after treatments was characterized by XRD using a Dron-UM diffractometer (horizontal goniometer, Bragg-Brentano geometry, (Burevestnik R&D Company, St. Petersburg, Russia) with Co Kα radiation (wavelength λ = 1.79021 Å) at 2θ values from 4° to 36°, with a scanning rate of 0.01°/s. Samples were analyzed in reflection mode. The degree of crystallinity (CI) was calculated as the ratio between the area under the crystalline peaks (Acr) and the total area, under the crystalline peaks and amorphous halo (Aam):


  C I  ( % )  =    A  c r      A  c r   +  A  a m     × 100  



(1)







The diffraction angle (2θ) was converted into interplanar distance (d) using Bragg’s equation.




2.3.5. FTIR Spectrosopy


The FTIR-ATR analysis was carried out on a Tensor 37 spectrophotometer from Bruker (Billerica, MA, USA), with an ATR setup. Data were collected at room temperature from 4000 to 400 cm−1 with 16 scans per spectrum at a resolution of 4 cm−1. FTIR tests were conducted in duplicate.




2.3.6. X-ray Photoelectron Spectroscopy


XPS measurements were performed to understand better the chemical changes induced by the treatments on the surface of BC. A K-Alpha spectrometer (Thermo Scientific, Waltham, MA, USA) equipped with a monochromated Al Kα source (1486.6 eV) and operating in an ultrahigh vacuum (base pressure of 2 × 10−9 mbar) was used for this purpose. Charging effects were compensated by a flood gun. The pass energy for the survey spectra was 200 eV, and for the high-resolution spectra it was 20 eV.




2.3.7. Thermogravimetric Analysis


TGA was performed on a SDT Q600 V20.9 (TA Instruments Inc., Lindon, UT, USA) using nitrogen as the purge gas at a flow rate of 100 mL/min. The samples (5–7 mg) were packed in aluminum pans and tested from the ambient temperature to 700 °C at a heating rate of 10 °C/min.




2.3.8. Dynamic Mechanical Analysis (DMA)


The composite membranes were analyzed using a DMA Q800 (TA Instruments) operating in tensile mode. The specimens (12.75 mm × 7.0 mm × 0.03 mm) were heated from −45 to 160 °C, at a heating rate of 3 °C/min, with a frequency of 1 Hz, and 5 µm amplitude. The experiments were performed on parallel specimens to ensure consistency.






3. Results


3.1. Morphological Investigation by Atomic Force Microscopy and Scanning Electron Microscopy


AFM images of BC membranes before and after the treatments are shown in Figure 1. BC has a loose network structure with entangled nanosized fibers and many holes. The different treatments induced different changes: a slightly more compact network was observed for BC-Ac and BC-AA and very compact structure for the BC treated with silanes. However, the width of the fibers was not modified by the treatments and it varied from 40 to 110 nm, similar to other observations [17]. To get more insight into the surface properties of the membranes after the treatments, the surface roughness was analyzed using the topographic images of the membranes and AFM NanoScope software. Higher root mean square roughness (RRMS) values were determined for the untreated BC membranes (RRMS = 103 nm) compared to the treated ones, where RRMS was less than 50 nm. This means that the fibers were brought closer together by the treatments, forming a smoother film with increased compactness, as also observed in the AFM images.



Surface functionalized BC membranes were also analyzed by SEM (Figure 2). SEM images emphasized some new aspects. Less single long nanofibers were detected on the surface of functionalized membranes, especially in the case of silane treated membranes where the nanofibers are grouped together and seem to be covered by a thin film. Higher magnitude SEM images (Figure 3) support this hypothesis, especially for AA and silanes treatments. Moreover, nanometric particles were observed on the surface of these samples. Cell impurities, which were not removed during the post-treatment of BC membranes, may join nanofibers as observed in Figure 2a (top left corner) for the untreated membrane but the large number of “impurities” observed on the surface of BC treated by AA or silanes is unusual. Besides cell debris these particles may come from cyclic or linear oligomers generated during the treatments. Indeed, previous works have shown that oligomers may be formed starting from silanes in different conditions [18,19].




3.2. Contact Angle Measurements


The high hydrophilicity and porosity of BC membranes determine the absorption of water droplets during the CA measurements [20] and short time between the droplet release and image recording is necessary. It is expected that after treatments, the BC membranes will become more resistant to water and the droplets will remain for longer time on their surface. However, for comparison reasons, the same conditions were used for CA measurements in the case of treated membranes as for untreated ones i.e., the images were taken 1–2 s after the droplet reached the surface of the membrane. In these conditions, a CA value of about 30° was obtained for the untreated BC membrane (Figure 4).



Much higher CA values were obtained for the functionalized BC membranes, 42° for BC-AA, 54° for BC-Ac, 68° for BC-APS and 75° for BC-VS, corresponding to an enhanced hydrophobic character. The BC-AA showed a lower CA value due to the hydrophilic character of AA. Previous work has shown that AA was used to increase the hydrophilicity of polyester fabrics [21].



The images of the droplets for CA calculations were also given in Figure 4 for each type of BC membrane. Silane treatments were the most efficient in increasing the hydrophobicity of BC membranes; a twofold increase in CA value was obtained in the case of APS and a 2.5 times increase in the case of VS treatment.




3.3. XRD Analysis


XRD patterns of untreated and surface treated BC are shown in Figure 5. Bacterial cellulose contains both Iα and Iβ allomorphs, while Iα is the dominant modification [22]. The Bragg’s angles, interplanar distances (d), and the degree of crystallinity are presented in Table 1 for the pristine membrane and for the treated ones (BC-Ac, BC-AA, BC-APS and BC-VS).



The four peaks characteristic to the crystallographic planes (100), (010), (112), and (110) in cellulose I were observed for untreated BC (Figure 5), and they were similar to previously reported data [22,23]. After treatments, the same crystalline structure was obtained, which is characteristic of cellulose I.



Although the position of the main peaks and the interplanar distances were roughly maintained after the treatments, some changes were observed in the intensity of the peaks. A decrease in the peaks’ intensity was observed after the treatments with AA, APS and VS; this suggests a decrease of crystallinity (CI). The most important decrease of crystallinity (14%–17%) was induced by the silanes treatments (Table 1). One explanation for the CI decrease after these treatments may be the decrease of the number of hydrogen bonds. It is known that the high degree of crystallinity of BC is determined by the regular arrangement of glucan chains favored by the high number of inter- and intra-molecular hydrogen bonds [24]. The treatments may disturb these bonds due to the esterification/silanization of the hydroxyl groups involved in hydrogen bonding. Previous work [23] has shown that the additives introduced in the fermentation media (during BC biosynthesis), which form chemical bonds with cellulose, had a high effect on BC crystallinity and led to a reduced crystallinity; those additives with no affinity to cellulose did not change the BC crystallinity. Therefore, it can be supposed that the treatments with AA, APS and VS, which led to the most important decrease of crystallinity (Table 1), were the most efficient treatments and caused the biggest changes in the chemical structure on BC surface. The influence of the treatments on the BC structure was also analyzed by FTIR-ATR.




3.4. FTIR Analysis


Figure 6 shows the FTIR spectra of the surface treated BC compared to that of pristine BC. All FTIR spectra were normalized using the C−H stretching vibration from 2897 cm−1. The broad band from 3000 to 3500 cm−1 corresponds to the hydroxyl groups involved in the intra-chain and inter-chain hydrogen bonds within cellulose: O3H…O5 intramolecular hydrogen bond at 3340 cm−1, O2H…O6 and O6H...O3 intramolecular and intermolecular hydrogen bonds at 3410 cm−1 and 3294–3300 cm−1, respectively [25]. A decreased intensity of this band in the case of the treated BC membranes compared to the untreated one showed the involvement of OH groups in the grafting reactions and the decreased hydrophilicity, in agreement with the contact angle measurements.



The broad peak at 1642–1654 cm−1 was ascribed to the O–H bending of the absorbed water. Knowing that BC contains a small amount of cell debris, this peak is probably overlapped with the amide-stretching bands of proteins [26]. The band from 2850 to 2950 cm−1 is generally ascribed to asymmetric and symmetric C–H stretching vibrations of methyl and methylene groups. Several peaks were noticed in this range for pristine BC (2918, 2895 and 2852 cm−1) but only the peak at 2895 cm−1 was more visible in the case of surface treated BC, regardless the treatment. This suggests that the exocyclic CH2 group may be involved in physical or chemical interactions during the treatments [27]. However, no important changes were detected at 1428, 1370 and 1316 cm−1, which are related to the C–H deformation.



Some differences between the FTIR spectra of surface treated BC and that of pristine BC may also be related to the efficiency of the treatments. New peaks, which are characteristic to the stretching vibration of C=O group in esters, appeared in the FTIR spectra of BC-Ac and BC-AA at 1737 and 1730 cm−1, respectively. These groups have resulted from the reaction of the carboxylic acids with the OH groups of cellulose [28,29]. In addition, new small peaks were observed at 1604 and 790 cm−1 in BC-VS; they arose from the C=C stretching and show that the vinylsilane was coupled to the BC [30]. Moreover, a shoulder which appeared at 1410 cm−1 in the spectrum of BC-VS due to the grafting with VS, may be ascribed to the vinyl group (=CH2 scissors [31]). A new peak occurred in the spectrum of BC-APS at 1560 cm−1 and it was assigned to the bending of –NH2 [32] at the amino group. This is a proof of the successful bonding of APS to BC.



The characteristic bands of Si–O–Cellulose occur at 1100–1200 cm−1 and are covered by the strong peaks characteristic to the C–O–C vibration in cellulose [12]. Only in the FTIR spectrum of BC-VS, a shoulder was observed at around 1150 cm−1 (Figure 6—detail), that may be ascribed to the stretching of Si–O–Si or Si–O–CH3 bonds. Therefore, XPS analysis was performed to further demonstrate the presence of silanes on the surface of BC.




3.5. XPS Analysis


XPS survey spectra of untreated and surface treated BC are shown in Figure 7.



The elemental compositions of the surface layer (~7 nm) of BC are shown in Table 2 and confirm the presence of the O and C as main elements. The O/C ratio in untreated BC (0.62) is different from the theoretical ratio for pure cellulose (0.83), probably because of the impurities and contamination; the BC membranes were used as received, after a simple wash and drying and may have been contaminated during the transport and storage. Similar O/C ratio (0.65) was reported for BC after TEMPO oxidation [33]. Besides O1s (532 eV) and C1s (285 eV) peaks, the spectrum of untreated BC contains traces of other elements, such as nitrogen (N) (Table 2), at 399 eV. Earlier studies have shown that traces of N may appear because of the residual proteins from BC-producing bacteria [10].



Similar O/C ratios were obtained for BC-Ac and BC-AA, 0.64 and 0.61, respectively and almost no traces of other elements. With an equal proportion of O and C atoms, acetic acid should not influence the O/C ratio of the original BC membrane and the slightly lower proportion of O atoms with respect to C atoms (2/3) in acrylic acid seems to have no significant influence on O/C ratio.



New peaks were detected in the survey spectra of silanes treated samples (BC-APS and BC-VS) at 150 and 101 eV, which corresponds to Si2s and Si2p, respectively. This confirms the presence of silanes on the surface of BC and the effectiveness of these treatments. The lower atomic % of Si in the case of BC-APS compared to BC-VS (4.8% instead of 8.0%) may come from different causes: the lower proportion of Si in the aminosilane formula with respect to vinylsilane, or different adsorption on the fiber surface and reactivity. Indeed, a lower degree of silanization on some natural fibers surface was reported for APS compared to other silanes [34]. In order to clarify this aspect, the degree of surface substitution (DSS) was determined using the atomic concentrations of Si determined by XPS, survey scans [35]. DSS represents the number of silyl groups/anhydroglucose unit and may quantify the grafting efficiency in the case of APS and VS treatments. The atomic concentrations of Si were converted in mass concentrations (x) and replaced in the formula of DSS [36]:


  D S S =   m G × x   m S i × 100 − m s i l a n × x    



(2)




where mG is the molecular weight of one anhydroglucose unit, mSi is the molecular weight of silicon and msilan the molecular weight of the grafted silane moieties. The mass concentrations of Si were 9.5% and 15.3% for BC-APS and BC-VS, respectively. The calculated DSS values, 0.9 and 1.7, indicate a high degree of silanization on the surface of BC and explain the excellent increase of the contact angle observed in the case of BC-APS and BC-VS. The maximum theoretical value of DSS is 1.5 since only half of the three hydroxyl groups per glucose unit are accessible on the surface of BC nanofibers [35]. For the VS treatment, DSS slightly exceeds this value, which suggests the occurrence of self-condensation as concurrent reaction to the grafting of BC and the presence of small amount of silane dimmers/oligomers on BC-VS surface. This is also sustained by the AFM and SEM images of BC-VS sample.




3.6. TGA Analysis


A good thermal stability of cellulose membranes is important for further impregnation or compounding with polymers, which have, usually, high melting point. Bacterial cellulose shows a good thermal stability, better than that of commercial microcrystalline cellulose [37], but the physical and chemical treatments may influence its thermal behavior [5,37,38]. The thermogravimetric curves for the treated and original BC are shown in Figure 8 and the main characteristic parameters are given in Table 3. All the samples had less than 5% weight loss up to 200 °C, as showed in the inset of Figure 8.



The DTG diagram of the original BC shows a three-step decomposition process: the first step was up to about 150 °C and was attributed to the release of free and bound water and the main degradation step including depolymerization, dehydration, and decomposition of the cyclic structures [37] was observed from about 200 to 400 °C. In this main decomposition stage, about 75% of the mass of the original BC was lost. The shoulder observed on the right side of the main peak corresponds to the pyrolysis of cellulose [39]. The charred residue obtained from the original BC was 15%.



Similar shaped DTG curves were obtained for the surface treated BC samples but with different characteristic temperatures and residue at 700 °C (Table 3). All the treated BC membranes showed higher onset thermal degradation temperature (Ton) than the original BC. Ton was defined as the intersection point between the lines drawn tangent to the two branches of the TGA curve. The highest increase was noted for BC-APS, with 15 °C, BC-AA and BC-VS showing an increase of Ton with about 10 °C. This means that the applied treatments delayed the degradation of BC in the first stages. The maximum degradation temperature (Td) was higher for the BC treated with AA, APS and VS, BC-Ac showing a lower Td compared to untreated BC. The silane treatments determined the highest increase of thermal stability; they increased the Td value of the original BC with about 10 °C and led to the highest residue. The increase of the residue at 700 °C with 100% for the BC-APS and BC-VS confirms the efficiency of the silane treatments and the chemical modification of BC, which was also highlighted by FTIR and XPS results. Correlating the better thermal stability with the higher char residue obtained in the case of silanes treated BC, it may be supposed that a charred layer rich in Si and C was formed on the surface of BC nanofibers protecting them from further degradation, as in the case of nanofibrillated cellulose treated with other silicon compounds [40].



It is worth mention that an onset degradation temperature of more than 320 °C for surface treated BC is a very good thermal stability for an organic substrate, not achieved by other biopolymers.




3.7. Caracterization of BC-PHBV Nanocomposites


SEM micrographs of BC-PHBV nanocomposite membranes are given in Figure 9. All BC membranes were covered by a thin layer of polymer since the network of cellulose fibers was also observed. A uniform covering was noticed for BC-VS-PHBV membrane (Figure 9e) and places with more or less polymer were observed for all the others. This highlights the better distribution of the polymer in the case of VS treated BC probably because of a better polymer-fiber interface. Cellulose fibers bonded in strands, a couple of microns in width, were observed in the case of BC-APS-PHBV (Figure 9d—inset). These strands may be formed because of the crosslinking of grafted silanes.



The effectiveness of BC surface functionalization was verified by measuring the mechanical properties of BC-PHBV nanocomposite membranes. Figure 10 shows the loss modulus curves of pristine BC-PHBV and treated BC-PHBV samples.



Two relaxation peaks were noticed for PHBV, the first one in the low temperature range (16–19 °C) and another one at higher temperature (95–102 °C). The low temperature peak corresponds to the glass transition (Tg) of PHBV. The slight differences between pristine BC-PHBV and the nanocomposites with treated BC come from the different treatments on BC. The broadening of this peak in the case of the nanocomposites with treated BC is also a result of the structural heterogeneity introduced by the surface treatment of membranes. A large shift of this peak towards lower temperature (−10 °C) was observed for BC-AA-PHBV nanocomposite showing increased flexibility, probably because of the presence of oligomeric products, also observed by SEM. The higher temperature peak corresponds to the crystal—crystal slippage occurring in PHBV in this temperature range [41]. No significant changes in the position of the second relaxation peak were observed in the case of surface treated BC-PHBV nanocomposites as compared to the pristine BC-PHBV membrane.





4. Conclusions


Different agents were used to modify the surface properties of BC, which is required by several applications. For example, BC membranes with increased hydrophobicity and moisture resistance may be used in food packaging after surface functionalization. For the selection of a suitable treatment, BC membranes were surface grafted using two different organosilanes, acetic anhydride and acrylic acid. FTIR and XPS analyses confirmed the efficiency of the surface treatments. All the treatments increased the compactness of the membranes and reduced the number and size of the holes. Still, this behavior was more pronounced in the case of silanized BC, conforming to the higher increase in hidrophobicity pointed out by contact angle measurements after the silane treatments. BC treated with silanes also showed a lower crystallinity, with about 15%, compared to the pristine BC. This may be due to the grafting reaction and the reduction of hydrogen bonds. Improved flexibility was noticed for BC-AA-PHBV nanocomposite membrane and a more homogeneous covering with polymer in the case of BC-VS-PHBV membrane. Moreover, higher onset thermal degradation temperature was registered for all treated BC compared to the pristine BC, the highest thermal stability being noticed for silanized membranes. Overall, the BC functionalization with silanes is an eco-friendly, effective method to obtain BC with increased hydrophobicity for food packaging applications.
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Figure 1. AFM topographic and peak force error images of BC (a), BC-Ac (b), BC-AA (c), BC-APS (d), BC-VS (e). 






Figure 1. AFM topographic and peak force error images of BC (a), BC-Ac (b), BC-AA (c), BC-APS (d), BC-VS (e).



[image: Coatings 08 00221 g001]







[image: Coatings 08 00221 g002 550] 





Figure 2. SEM images of BC (a), BC-Ac (b), BC-AA (c), BC-APS (d), BC-VS (e). 
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Figure 3. Detailed SEM images: BC (a), BC-Ac (b), BC-AA (c), BC-APS (d), BC-VS (e). 
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Figure 4. Contact angle values of untreated (BC) and treated membranes (BC-Ac, BC-AA, BC-APS and BC-VS); the images of the droplets for CA calculations were added for each type of membrane. 
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Figure 5. XRD patterns of the 2θ range of interest for untreated and surface treated BC. 
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Figure 6. FTIR spectra of pristine and treated BC; detail—1200–1100 cm−1. 






Figure 6. FTIR spectra of pristine and treated BC; detail—1200–1100 cm−1.



[image: Coatings 08 00221 g006]







[image: Coatings 08 00221 g007 550] 





Figure 7. XPS survey spectra of treated BC. 
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Figure 8. TGA (a) and DTG (b) curves of treated and original BC, inset—initial degradation step. 
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Figure 9. SEM micrographs of nanocomposites BC-PHBV (a), BC-Ac-PHBV (b), BC—AA-PHBV (c), BC-APS-PHBV with an inset showing the strands (d), BC-VS-PHBV (e). 
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Figure 10. Loss modulus of different treated BC-PHBV nanocomposites. 
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Table 1. XRD data for untreated and treated BC.
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	Samples
	2θ * [°]
	d100/d010/d112/d110 [nm]
	CI [%]





	BC
	16.8/19.4/23.4/26.3
	0.614/0.530/0.441/0.393
	84.1



	BC-Ac
	16.8/19.9/23.8/26.3
	0.615/0.510/0.435/0.393
	84.9



	BC-AA
	16.8/19.3/23.6/26.3
	0.615/0.534/0.438/0.393
	74.2



	BC-APS
	16.7/19.5/23.9/26.3
	0.615/0.529/0.432/0.393
	69.6



	BC-VS
	16.7/19.4/23.5/26.3
	0.615/0.530/0.439/0.393
	72.9







Note: * the wavelength of Co Kα radiation used in the tests was 1.79021 Å.
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Table 2. Atomic concentrations of elements on the surface of untreated and treated BC acquired by XPS, survey scans.
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	Samples
	O1s (%)
	C1s (%)
	Si2p (%)
	N1s (%)
	O/C





	BC
	37.7
	61.0
	–
	1.2
	0.62



	BC-Ac
	38.9
	61.1
	–
	–
	0.64



	BC-AA
	37.4
	61.5
	–
	1.1
	0.61



	BC-APS
	30.6
	61.8
	4.8
	2.8
	0.50



	BC-VS
	31.3
	59.0
	8.0
	1.7
	0.53
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Table 3. TGA results for untreated and treated BC.
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	Samples
	Ton (°C)
	Td (°C)
	Residue at 700 °C





	BC
	316.3
	353.4
	15.0



	BC-Ac
	319.2
	343.3
	13.7



	BC-AA
	327.4
	356.1
	15.4



	BC-APS
	331.5
	367.9
	32.8



	BC-VS
	325.4
	362.5
	29.3











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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