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Abstract

:

With the increasing importance of environmental protection, high-performance biopolymer films have received considerable attention as effective alternatives to petroleum-based polymer films. In this study, we developed hydrophobic regenerated cellulose (RC) films with good barrier properties through a simple gas–solid reaction via the chemical vapor deposition of alkyltrichlorosilane. RC films were employed to construct a biodegradable, free-standing substrate matrix, and methyltrichlorosilane (MTS) was used as a hydrophobic coating material to control the wettability and improve the barrier properties of the final films. MTS readily coupled with hydroxyl groups on the RC surface through a condensation reaction. We demonstrated that the MTS-modified RC (MTS/RC) films were optically transparent, mechanically strong, and hydrophobic. In particular, the obtained MTS/RC films exhibited a low oxygen transmission rate of 3 cm3/m2 per day and a low water vapor transmission rate of 41 g/m2 per day, which are superior to those of other hydrophobic biopolymer films.
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1. Introduction


Petroleum-derived synthetic polymers, such as polystyrene (PS), polyethylene (PE), and polyethylene terephthalate (PET), have been the main sources of various polymer films because they are easily processable, low-cost, durable, and highly scalable materials [1,2,3]. Polymer films have numerous industrial applications, including in the food packaging industry. However, these plastic films, which exhibit poor degradability and are difficult to recycle, have given rise to significant disposal and pollution issues, which threaten human health and the environment [4,5,6]. In particular, the accumulation of traditional food packaging films made from nondegradable materials is proving to be a serious issue for the environment. To solve this problem, many efforts have been dedicated to developing natural biopolymer films that are biodegradable, sustainable, and possess good mechanical and barrier properties [7,8,9]. Despite the fact that biopolymer films provide an alternative solution to traditional food packaging films and have attracted considerable attention, they are characterized by several intrinsic disadvantages, including their low mechanical strength and poor barrier properties, which limit their use in commercial applications [10,11,12]. In particular, excellent gas and water vapor barrier properties are highly desirable for food packaging applications to ensure food safety.



Among the different nature-derived polymers, cellulose is the most abundant renewable natural polymer on Earth and is a promising biopolymer for various applications owing to its biodegradability, low cost, mechanical strength, and chemical stability [13,14,15]. Over the past decades, nanocellulose and RC materials have been extensively utilized as biodegradable, transparent, and freestanding biopolymer films [16,17,18]. Specifically, RC films are expected to replace synthetic-plastic-based food packaging films because they present the advantages of both synthetic and natural polymer films, namely high uniformity, good solution processability, excellent mechanical properties, biodegradability, and sustainability. The strong hydrogen bonds with a hydroxyl group (–OH) in cellulose are the predominant contributors to its outstanding mechanical strength and chemical stability [19,20]. On the other hand, cellulose films are hydrophilic due to the presence of a large number of hydroxyl groups on their surface, which makes them sensitive to moisture, resulting in poor oxygen and water vapor barrier properties.



A number of laboratories have been developing various strategies to fabricate hydrophobic cellulose films using layer-by-layer assembly methods, hydrophobic components, and surface modification approaches [21,22,23]. However, multilayer cellulose films obtained through layer-by-layer assembly contain petroleum-based plastic or aluminum as barrier materials, which limits their recyclability because of the difficulty in separating cellulose from the plastic or metallic layer [24,25]. Traditional barrier materials, such as silica, alumina, or metals, are detrimental to the recyclability of biopolymer films. Furthermore, the introduction of hydrophobic components results in aggregation and agglomeration in the cellulose matrix due to the poor compatibility between hydrophobic additives and hydrophilic cellulose [26,27]. Agglomerate structures lead to the lower mechanical strength and the nontransparency of cellulose films. Various surface modification techniques based on chemical agents and fluorinated coating materials have been developed to control the wetting properties of cellulose films because of their low surface energy [28,29]. Recently, Makarov et al. reported a facile method to modify the surface layer of cellulose paper with a N-methylmorpholine-N-oxide (NMMO) solvent [30]. Deep interactions between NMMO and cellulose fiber can lead to the strong swelling and dissolution of cellulose, leading to a decrease in air permeability and water absorption. Among the chemical agents, fluorinated chemicals are characterized by several major disadvantages, including their high manufacturing cost, processing problems, and their threat posed to human health and the environment [31]. Therefore, in order to overcome the disadvantages of fluorinated chemicals, there are several studies that have employed organic-silicon-based compounds to adjust hydrophobicity, lower humidity sensitivity, and increase interfacial adhesion [32,33,34,35]. The use of a variety of silane coupling agents allows for easy control over surface properties. Sfax et al. investigated the interaction of silane with a cellulose fiber surface, according to various alkoxysilanes [36]. The alkoxysilanes created a monolayer of silane covalently bonded to a cellulosic substrate through a condensation reaction. Castellano et al. studied the reaction conditions between cellulose fibers and trialkoxysilane, including cyanoethyltrimethoxysilane (CES) and γ-methacryloxypropyltrimethoxysilane (MPS) [37]. Under high temperature, siloxane could form silanol groups through partial hydrolysis, which could react with OH groups of cellulose. Rutter et al. constructed hydrophobic cellulose filter paper by using a mixture of vinyltrimethoxysilane and siloxane in its hydrolyzed form [38]. Polysiloxane covalently bonded with the surface of the filter paper, which showed good stability even at high temperatures. Ganicz et al. reported a new method of paper hydrophobization with a coating agent containing a water emulsion of triethoxymethylsilane [39]. As a result of the self-condensation of alkoxysilane, silica microparticles were deposited on the surface of cellulose paper to produce hydrophobic properties, which finally led to a decrease in air permeance. Previously, we developed cellulose nanocrystal (CNC)-coated TEMPO-oxidized cellulose nanofiber (TEMPO-CNF) films for enhancing barrier properties [7]. In this study, CNCs were used as a coating material to improve the water vapor barrier properties of TEMPO-CNF film. However, we encountered high energy consumption and extra time for CNC production through acid hydrolysis.



In this study, we report a very simple, rapid, and efficient approach for developing hydrophobic RC films with good optical transparency, high mechanical strength, and good barrier properties via a one-step chemical vapor deposition (CVD) method. We developed methyltrichlorosilane (MTS)-modified RC (MTS/RC) films through a highly efficient and low-cost gas–solid reaction process with MTS, addressing the specific challenges of oxygen/water vapor permeability. The reaction of vaporous MTS with an RC surface exhibiting numerous hydroxyl groups resulted in the formation of hydrophobic RC films. Our experiments reveal that hydrophobic MTS/RC films exhibit considerably better barrier properties than pristine RC films without surface modification. To the best of our knowledge, no previous works have reported organic-chlorosilane-modified RC films with good barrier properties. Overall, the simple approach described here can enhance our ability to create hydrophobic biopolymer films with excellent barrier properties.




2. Materials and Methods


2.1. Chemicals and Materials


Cellulose powder (cotton linters, medium fiber) and MTS (purity > 99%) were purchased from Sigma-Aldrich Co. (Seoul, Korea) Lithium hydroxide (LiOH, purity = 99%), urea (purity = 98%), and ethyl alcohol (purity = 95%) were purchased from Duksan Pure Chemicals Company. DIW was purified using an EXL3 pure and ultrapure water system (VIVAGEN CO., LTD., Seongnam, Korea). All the chemicals were used without further purification.




2.2. Characterization and Measurements


Field-emission scanning electron microscopy (FE-SEM, AURIGA, Zeiss, Oberkochen, Germany) was used to investigate the surface morphology of the pristine RC film as well as that of the RC/MTS films. FE-SEM (JEOL, JSM-7610F plus, Tokyo, Japan) equipped with EDS was used to perform the elemental mapping and energy-dispersive spectroscopy (EDS) characterization. The mechanical strength of the films was evaluated using a texture analyzer (CT3 25 K, Brookfield, WI, USA) with a 20 g load cell at a speed of 0.5 mm s−1. Before measuring mechanical strength, the samples were dried in an oven at 60 °C to perfectly remove residual moisture. The size of the samples was 30 mm in length and 10 mm in width. Seven samples of each film were tested in order to determine the tensile strength and Young’s modulus. All the mechanical strength measurement were performed at room temperature (23 °C) and 10% relative humidity (RH). An ultraviolet–visible (UV–vis) spectrophotometer (Neo-S2117, Neogen, Chicor, Korea) was employed to determine the transmittance of the films. The Fourier transform infrared (FT-IR) spectra of the pristine RC film, as well as the RC/MTS-10, RC/MTS-30, and RC/MTS-60 films, were acquired using an FT-IR spectrometer (Bruker Corporation, ALPHA II, Ettlingen, Germany) in ATR mode. X-ray photoelectron spectroscopy (XPS) was conducted using a K-alpha (Thermo scientific Inc., Oxford, UK) to investigate the chemical composition. Photoelectrons were generated by a monochromatic Al X-ray source (Al Kα line = 1486.6 eV) with a spot diameter of 400 µm at room temperature and a pressure of 4.8 × 10−7 Pa. The survey spectra were collected over the energy range of 0–900 eV. Origin Pro (version 8.5) software was utilized to analyze raw data. The binding energy was calibrated using the C1s at the 284.8 eV peak.




2.3. Fabrication of the RC Films


To prepare an 8 wt% cellulose solution, 4 g of cellulose was dissolved in 50 g of an aqueous solution composed of 4.6 wt% LiOH, 15 wt% urea, and 80.4 wt% deionized water (DIW) while stirring for 1 h. The prepared cellulose solution was immediately and rapidly frozen using liquid nitrogen. After the complete dissolution of the cellulose, it was thawed and centrifuged at 4000 rpm for 3 min to remove air bubbles from the dissolved cellulose solution. The prepared cellulose solution was poured into a glass mold (9 cm   ×   9 cm with a thickness of 1 mm) and immersed in an ethanol bath for 2 h to obtain an RC hydrogel. After 2 h, the obtained RC hydrogel was washed with excessive DIW for 12 h to remove the residual reagent. The RC hydrogel was dried at 40 °C and 90% RH in thermo-hygrostat to obtain the RC films.




2.4. Preparation of the Hydrophobic MTS-Modified RC Films


To fabricate the hydrophobic RC films, a vial containing the MTS solution (1 mL) and the dried RC film (7 cm   ×   7 cm with a thickness of 70 µm) was placed in a desiccator. The desiccator was then placed in an oven at 60 °C to vaporize the MTS. The gas–solid reaction was performed for 10, 30, or 60 min. Here, the MTS-modified RC films are referred to as MTS/RC-10, MTS/RC-30, and MTS/RC-60, respectively. Finally, the RC/MTS films were subsequently dried in a fume hood for 2 h to remove the unreacted silane as well as the by-product, hydrochloric acid, before use [40,41,42].




2.5. Contact Angle Measurements


The contact angles of pristine RC and MTS/RC films were measured using a contact angle analyzer (Phoenix 300, SEO, Suwon, Republic of Korea) at room temperature (23 °C) using the static method. A 10 µL DIW drop was placed on the surface of the pristine RC and MTS/RC films. Each sample was fixed on a microslide glass with 3M tape to prevent movement of the flat surface during wetting. Immediately afterward, the contact angle image was acquired using a charge-coupled device (CCD) camera. The contact angle measurement for each film was repeated at least three times.




2.6. Oxygen Transmission Rate (OTR) and Water Vapor Transmission Rate (WVTR)


To evaluate the oxygen barrier properties, the oxygen transmission rate (OTR) was measured using an oxygen permeation analyzer (OX-TRAN Model 2/21, Mocon, Brooklyn Park, MN, USA) in the range of 0.05–2000 ccm−3 day−1, according to the ASTM D 3895 standard. The pristine RC and MTS-modified RC films (sample area: 1 cm2) were mounted on an aluminum mask, and the OTR measurements were carried out under conditions of 23 °C and 0% RH. One side of the film was exposed to nitrogen gas, and the opposite side was exposed to flowing nitrogen gas (10 sccm). The amount of permeated oxygen was measured for 30 min using a detector when the transmission reached a steady state. Fifteen cycles were repeated, and it took 10 h to complete one test. The WVTR was measured following the ASTM E96 standard. Before measuring WVTR, calcium chloride (CaCl2) was baked on a hot plate at 120 °C for 6 h to perfectly remove residual the water existing in CaCl2. Additionally, baked CaCl2 was poured into a snap ring vial with a diameter of 12 mm, and the cap of the vial was sealed with filter paper, the pristine RC film, and the MTS/RC films. The sealed vials were stored at 23 °C and 50% RH for 24 h, and the weight of CaCl2 was measured to calculate the WVTR. Five samples of each film were tested in order to determine the WVTR.





3. Results


In this study, the MTS/RC films were fabricated using RC as a biopolymer film substrate and MTS as a hydrophobic coating layer. Figure 1A provides a schematic of the fabrication process for the hydrophobic MTS-modified RC films via the gas–solid silylation reaction. Firstly, the cellulose solution was poured into a glass mold and soaked in an ethanol coagulation bath to form the RC hydrogels. The size of RC films can be scaled by controlling the size of the glass mold [43,44,45]. After complete drying, the RC hydrogels were transformed into RC films with a thickness of 70 µm. Next, the RC film and MTS were placed in a closed chamber. Upon heating at 60 °C, the MTS reacted with the hydroxyl groups of the RC surface to form covalently attached hydrophobic layers [46,47]. Importantly, alkyltrichlorosilanes provide a relatively fast covalent coupling reaction without prehydrolysis steps, and they can thus readily couple with the hydroxyl groups of an RC surface through a condensation reaction [48,49]. To investigate the optical, mechanical, and wetting properties of the obtained MTS/RC films as a function of the MTS deposition time, MTS/RC films with different deposition times (namely 10, 30, or 60 min) were fabricated (MTS/RC-10, MTS/RC-30, and MTS/RC-60, respectively). As shown in Figure 1B, the pristine RC film and the MTS/RC films were found to be highly optically transparent. Interestingly, MTS/RC-60, which showed no evident thickness change compared with the pristine RC film, still exhibited optical transparency.



Figure 2 shows top-view FE-SEM images of the pristine RC film and the MTS/RC-10, MTS/RC-30, and MTS/RC-60 films. The pristine RC film shows a smooth morphology without any aggregated particles (Figure 2A). Importantly, the surface morphology of the MTS/RC-10 film is very similar to that of the pristine RC film, suggesting that MTS did not fully cover the RC surface (Figure 2B). However, as the MTS deposition time increased to 30 and 60 min, a different surface morphology with aggregated nanoparticles was clearly observed, probably due to the hydrolytic polycondensation of MTS (Figure 2C,D) [50,51]. As shown in Figure 2A, MTS could mainly react with the hydroxyl groups present on the surface of the RC film, because the RC film did not have a porous structure. With increasing reaction time, the polymeric siloxane structure was created through horizontal and vertical condensation to form an aggregate morphology on the top of the RC surface (Figure 1A) [52,53]. These results indicate that the MTS layers fully covered the RC surface when the MTS deposition time was 30 or 60 min. EDS analysis was performed to confirm the elemental composition of the RC and MTS/RC films. The element O was clearly detected on the pristine RC film due to its abundance in cellulose (Figure 2E). Notably, the presence of Si was only found on the MTS/RC-30 and -60 films (Figure 2F,G), indicating the successful grafting of silane groups onto the MTS/RC films.



To further confirm the introduction of MTS into the RC films, we carried out FT-IR analyses on the pristine RC film and the MTS/RC films obtained after different deposition times (Figure 3). The broad peak of the –OH stretching vibration at around 3300 cm−1 gradually disappeared with an increasing MTS deposition time, indicating that the surface hydroxyl group of cellulose reacted with MTS [31,42,54]. Compared with the pristine RC film, the MTS/RC films exhibited new peaks at 1272 and 782 cm−1, which could be assigned to the asymmetric stretching vibrations of Si–CH3 and the characteristic vibrations of Si–O–Si, respectively [46,55,56,57]. In contrast to MTS/RC-30 and -60, two peaks at 1272 and 782 cm−1 were not clearly detectable for the MTS/RC-10 film, probably due to the lack of silanization. Importantly, with an increase in the deposition time of MTS, the MTS/RC films showed more distinct peaks at 1272 and 782 cm−1. These results indicate that a stronger silicone coating was formed on the surface of the MTS/RC-60 films. These FT-IR data are in line with the FE-SEM images reported in Figure 2.



The surface element compositions of pristine RC and MTS/RC films were further examined with XPS analysis (Figure 4A–D). For the pristine RC, only the peaks of O and C, which are present in cellulose, were found without any impurities (Figure 4A). In contrast to the pristine RC film, two new peaks at 101.6 and 151.0 eV were observed in the spectrum of MTS/RC-60, which we attributed to Si 2p and Si 2s peaks. In addition, a clear peak in the high-resolution spectra XPS of Si 2p at 102.8 eV could be attributed to C–Si–O3 (Figure 4B) [42,58]. MTS that contains hydrolysable groups such as chloride can react with water to produce intermediate silanols, which can further react with other silanols or hydroxyl groups present on the surface of RC substrates. As a result, a silicon layer with Si–O–Si bonds, as well as monolayers with C–Si–O bonds, are formed on RC surfaces, resulting in hydrophobic and interconnected silicon coating on the RC substrates [46]. In comparison with the pristine RC film, the high-resolution XPS spectra O 1s and C 1s of the MTS/RC-60 showed two new peaks at 532.2 eV (Si–O–Si) and 284.4 eV (C–Si–O) (Figure 4C,D), clearly indicating the successful surface silanization on the MTS/RC-60 film [42,58,59,60]. After being modified by MTS, the bond energy of C–O–C/C–O–H shifted to 531.8 eV (Figure 4C) [61,62]. Additionally, the bond energy of C–C/C–H and C–O–H/C–O–C shifted to 285.0 and 286.6 eV, respectively (Figure 4D) [60,63,64,65,66]. XPS can be utilized to analyze the elemental composition of the surface in the range of 1–10 nm. It is important to note that the peaks of O and C present in pristine RC films were still observed on the MTS/RC-60 film (Figure 4C,D), indicating that a thin polysiloxane layer with a thickness below 10 nm formed on the RC surface.



We next examined the effects of the MTS deposition time on the wettability of the obtained MTS/RC films by measuring the water contact angle. The water contact angle was 58.9 ± 0.86° for the pristine RC film. After MTS modification, the water contact angles were found to be 64.4 ± 1.5, 75.2 ± 1.0, and 83.2 ± 1.3° for the RC/MTS-10, RC/MTS-30, and RC/MTS-60 films, respectively (Figure 5A). These results suggest that the presence of methyl groups in MTS endows RC films with hydrophobicity [47,67,68,69,70,71]. To clearly visualize the difference in wettability between various films, we dropped a colored aqueous solution on the pristine RC film and the MTS/RC films (Figure 5B). As expected, the MTS/RC-30 and MTS/RC-60 films exhibited a higher hydrophobicity than the pristine RC film and the MTS/RC-10 film.



As can be observed in Figure 6A, the transmittance of the MTS/RC-10 and MTS/RC-30 films remained almost completely unchanged compared with that of the pristine RC film. The transmittance of the MTS/RC films at 550 nm decreased from 88.7% to 87.0% as the MTS deposition time was increased to 30 min. Though the transmittance of the MTS/RC-60 film at 550 nm was determined to be 72.8%, this film still preserved optical transparency. It is important to note that the optical transmittance of MTS/RC films was comparable to that of previously reported biopolymer (chitosan, PLA, etc.)-based films [72,73,74,75]. Recently, Makarov et al. reported N-methylmorpholine-N-oxide (NMMO) surface treatment based on the partial dissolution of cellulose and its coagulation for modification of a paper surface [30]. In general, surface-modified RC films exhibit uniform surface morphology as well as high transmittance compared with surface-modified papers, probably due to a perfect dissolution and regeneration process. As shown in Figure 6B–D, the mechanical properties of the pristine RC film and the MTS/RC films were investigated by conducting tensile stress–strain measurements as a function of the MTS deposition time. The pristine RC film exhibited the highest tensile strength (182.6 MPa) among all the tested films. The tensile strength of the MTS/RC-30 and -60 films was found to be considerably lower, namely 146.4 and 125.9 MPa, respectively [76,77]. The decrease in tensile strength may have been due to the hydrochloric acid produced as a by-product of silanization. The acidic degradation of the cellulose chains can cause a decrease in MTS/RC film strength [51,78,79]. However, the pristine RC film and the MTS/RC films exhibited a nearly identical Young’s modulus (2.3 ± 0.4 GPa). It is important to note that the mechanical strength of the MTS/RC films is superior to those of previously reported nanocellulose-based hydrophobic films (48.8‒103.7 MPa), PLA-based hydrophobic films (~63.2 MPa), and hydrophobic paper composites (16‒20 MPa) [51,53,80,81].



To examine the effect of the MTS coating on the barrier properties, we measured the OTR and WVTR of the filter paper, the pristine RC film, and the MTS/RC films (Figure 7A,B). The pristine RC film exhibited an OTR of 11.3 ± 1.8 cm3/m2 per day, while the MTS/RC-10, MTS/RC-30, and MTS/RC-60 films exhibited an OTR of 4.1 ± 0.9, 3 ± 0.7, and 2.3 ± 0.6 cm3/m2 per day, respectively. The WVTR values of the filter paper and the pristine RC film were 1152.8 and 86.8 g/m2 per day at 23 °C and 50% RH, respectively. On the other hand, the MTS/RC-10, MTS/RC-30, and MTS/RC-60 films exhibited WVTR values of 52.1 ± 3.1, 41.7 ± 2.1, and 32.1 ± 1.3 g/m2 per day, respectively. These findings suggest that the MTS coating on the RC films could reduce the OTR and WVTR of the pristine RC film by 80% and 63%, respectively. The low OTR and WVTR of the MTS/RC films could be attributed to the hydrophobic MTS layer as well as its compact structure on the surface of the RC film [82,83]. These data are in line with the contact angle results presented in Figure 5. It is worth noting that the MTS/RC films have considerably superior barrier properties compared with those of previously reported natural polymer (CNF, starch, PLA, Natureflex, polysaccharide composite, etc.)-based films (Figure 7C) [84,85,86,87,88,89]. The oxygen and moisture barrier performance of the obtained MTS/RC films meets the packaging requirements for bakery products, fruits, and vegetables (Figure 7D).




4. Conclusions


In summary, we utilized a one-step CVD method to fabricate a high-performance hydrophobic bioplastic film that is optically transparent, mechanically strong, and has a good barrier performance. The interconnected silicon coating of both a silicon layer and a monolayer deposited on an RC surface via a gas–solid reaction led to the enhancement in hydrophobicity and barrier properties. The obtained MTS/RC films exhibited good mechanical properties as well as good oxygen/water vapor barrier performance. Notably, the hydrophobic MTS/RC-30 film possessed an optical transparency of 87% at 550 nm, a high tensile strength of 146 MPa, a low OTR of 3 cm3/m2 per day and a low WVTR of 41 g/m2 per day, which are superior to those of other hydrophobic biopolymer films reported in previous studies. These findings may be valuable for the production of high-performance natural polymer-based films.







Author Contributions


Conceptualization, G.K. and K.L.; methodology, G.K.; formal analysis, G.K.; investigation, Y.K. and J.P.; resources, Y.J.; data curation, S.L.; writing—original draft preparation, G.K. and J.Y.; writing—review and editing, G.K. and J.Y.; visualization, K.L.; supervision, J.K. and J.Y.; project administration, G.K. and J.Y.; funding acquisition, G.K. and J.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (2021R1A6A3A13039707), the Bio & Medical Technology Development Program of the National Research Foundation (NRF) funded by the Korean government (MSIP) (No. 2021M3A9I5021437) and the R&D Program for Forest Science Technology (Project No. “2023489B10-2325-AA01”) provided by Korea Forest Service (Korea Forestry Promotion Institute).




Institutional Review Board Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Barton, B.E.; Behr, M.J.; Patton, J.T.; Hukkanen, E.J.; Landes, B.G.; Wang, W.; Horstman, N.; Rix, J.E.; Keane, D.; Weigand, S.; et al. High-Modulus Low-Cost Carbon Fibers from Polyethylene Enabled by Boron Catalyzed Graphitization. Small 2017, 13, 1701926. [Google Scholar] [CrossRef] [PubMed]

	



Godumala, M.; Yoon, J.; Jeong, C.H.; Lee, C.; Jeong, J.E.; Park, S.; Woo, H.Y.; Cho, M.J.; Choi, D.H. An excellent bipolar host material exhibiting EQE of 24.0% with small efficiency roll-off in solution-processable thermally activated delayed fluorescence OLEDs. J. Mater. Chem. C 2019, 7, 13930–13938. [Google Scholar] [CrossRef]

	



Wang, S.; Wu, Z.S.; Zheng, S.; Zhou, F.; Sun, C.; Cheng, H.M.; Bao, X. Scalable fabrication of photochemically reduced graphene-based monolithic micro-supercapacitors with superior energy and power densities. ACS Nano 2017, 11, 4283–4291. [Google Scholar] [CrossRef] [PubMed]

	



Wang, G.X.; Huang, D.; Ji, J.H.; Völker, C.; Wurm, F.R. Seawater-Degradable Polymers—Fighting the Marine Plastic Pollution. Adv. Sci. 2021, 8, 2001121. [Google Scholar] [CrossRef]

	



Shi, M.; Sun, Y.; Wang, Z.; He, G.; Quan, H.; He, H. Plastic film mulching increased the accumulation and human health risks of phthalate esters in wheat grains. Environ. Pollut. 2019, 250, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Y.; Liu, Q.; Jia, W.; Yan, C.; Wang, J. Agricultural plastic mulching as a source of microplastics in the terrestrial environment. Environ. Pollut. 2020, 260, 114096. [Google Scholar] [CrossRef] [PubMed]

	



Kwon, G.; Lee, K.; Kim, D.; Jeon, Y.; Kim, U.J.; You, J. Cellulose nanocrystal-coated TEMPO-oxidized cellulose nanofiber films for high performance all-cellulose nanocomposites. J. Hazard. Mater. 2020, 398, 123100. [Google Scholar] [CrossRef]

	



Lee, K.; Jeon, Y.; Kim, D.; Kwon, G.; Kim, U.J.; Hong, C.; Choung, J.W.; You, J. Double-crosslinked cellulose nanofiber based bioplastic films for practical applications. Carbohydr. Polym. 2021, 260, 117817. [Google Scholar] [CrossRef]

	



Nair, S.S.; Chen, H.; Peng, Y.; Huang, Y.; Yan, N. Polylactic acid biocomposites reinforced with nanocellulose fibrils with high lignin content for improved mechanical, thermal, and barrier properties. ACS Sustain. Chem. Eng. 2018, 6, 10058–10068. [Google Scholar] [CrossRef]

	



Cavalcanti, D.K.K.; Banea, M.D.; Neto, J.S.S.; Lima, R.A.A.; Da Silva, L.F.M.; Carbas, R.J.C. Mechanical characterization of intralaminar natural fibre-reinforced hybrid composites. Compos. Part B 2019, 175, 107149. [Google Scholar] [CrossRef]

	



Panaitescu, D.M.; Frone, A.N.; Chiulan, I.; Nicolae, C.A.; Trusca, R.; Ghiurea, M.; Gabor, A.R.; Mihailescu, M.; Casarica, A.; Lupescu, I. Role of bacterial cellulose and poly (3-hydroxyhexanoate-co-3-hydroxyoctanoate) in poly (3-hydroxybutyrate) blends and composites. Cellulose 2018, 25, 5569–5591. [Google Scholar] [CrossRef]

	



Shankar, S.; Bang, Y.J.; Rhim, J.W. Antibacterial LDPE/GSE/Mel/ZnONP composite film-coated wrapping paper for convenience food packaging application. Food Packag. Shelf Life 2019, 22, 100421. [Google Scholar] [CrossRef]

	



Li, T.; Chen, C.; Brozena, A.H.; Zhu, J.Y.; Xu, L.; Driemeier, C.; Dai, J.; Rojas, O.J.; Isogai, A.; Wågberg, L.; et al. Developing fibrillated cellulose as a sustainable technological material. Nature 2021, 590, 47–56. [Google Scholar] [CrossRef] [PubMed]

	



Otoni, C.G.; Lodi, B.D.; Lorevice, M.V.; Leitão, R.C.; Ferreira, M.D.; de Moura, M.R.; Mattoso, L.H. Optimized and scaled-up production of cellulose-reinforced biodegradable composite films made up of carrot processing waste. Ind. Crops Prod. 2018, 121, 66–72. [Google Scholar] [CrossRef]

	



Hong, S.K.; Bae, S.; Jeon, H.; Kim, M.; Cho, S.J.; Lim, G. An underwater superoleophobic nanofibrous cellulosic membrane for oil/water separation with high separation flux and high chemical stability. Nanoscale 2018, 10, 3037–3045. [Google Scholar] [CrossRef]

	



Park, G.; Lee, K.; Kwon, G.; Kim, D.; Jeon, Y.; You, J. Green nanoarchitectonics for next generation electronics devices: Patterning of conductive nanowires on regenerated cellulose substrates. Cellulose 2022, 29, 2449–2460. [Google Scholar] [CrossRef]

	



Kim, D.; Gwon, G.; Lee, G.; Jeon, Y.; Kim, U.J.; Alothman, Z.A.; You, J. Surface-enhanced Raman scattering-active AuNR array cellulose films for multi-hazard detection. J. Hazard. Mater. 2021, 402, 123505. [Google Scholar] [CrossRef]

	



Kim, D.; Lee, K.; Jeon, Y.; Kwon, G.; Kim, U.J.; Oh, C.S.; Kim, J.; You, J. Plasmonic nanoparticle-analyte nanoarchitectronics combined with efficient analyte deposition method on regenerated cellulose-based SERS platform. Cellulose 2021, 28, 11493–11502. [Google Scholar] [CrossRef]

	



Tu, H.; Zhu, M.; Duan, B.; Zhang, L. Recent progress in high-strength and robust regenerated cellulose materials. Adv. Mater. 2021, 33, 2000682. [Google Scholar] [CrossRef]

	



Wan, C.; Jiao, Y.; Wei, S.; Zhang, L.; Wu, Y.; Li, J. Functional nanocomposites from sustainable regenerated cellulose aerogels: A review. Chem. Eng. J. 2019, 359, 459–475. [Google Scholar] [CrossRef]

	



Babiker, D.M.; Zhu, L.; Yagoub, H.; Lin, F.; Altam, A.A.; Liang, S.; Jin, Y.; Yang, S. The change from hydrophilicity to hydrophobicity of HEC/PAA complex membrane for water-in-oil emulsion separation: Thermal versus chemical treatment. Carbohydr. Polym. 2020, 241, 116343. [Google Scholar] [CrossRef] [PubMed]

	



Valdebenito, F.; García, R.; Cruces, K.; Ciudad, G.; Chinga-Carrasco, G.; Habibi, Y. CO2 adsorption of surface-modified cellulose nanofibril films derived from agricultural wastes. ACS Sustain. Chem. Eng. 2018, 6, 12603–12612. [Google Scholar] [CrossRef]

	



Dong, H.; Ling, Z.; Zhang, X.; Zhang, X.; Ramaswamy, S.; Xu, F. Smart colorimetric sensing films with high mechanical strength and hydrophobic properties for visual monitoring of shrimp and pork freshness. Sens. Actuators B Chem. 2020, 309, 127752. [Google Scholar] [CrossRef]

	



Hou, Q.; Wang, X.; Ragauskas, A.J. Preparation and characterization of nanocellulose–polyvinyl alcohol multilayer film by layer-by-layer method. Cellulose 2019, 26, 4787–4798. [Google Scholar] [CrossRef]

	



Mauroy, C.; Levard, C.; Moreau, C.; Vidal, V.; Rose, J.; Cathala, B. Elaboration of cellulose nanocrystal/ge-imogolite nanotube multilayered thin films. Langmuir 2018, 34, 3386–3394. [Google Scholar] [CrossRef] [PubMed]

	



Deng, S.; Ma, J.; Guo, Y.; Chen, F.; Fu, Q. One-step modification and nanofibrillation of microfibrillated cellulose for simultaneously reinforcing and toughening of poly (ε-caprolactone). Compos. Sci. Technol. 2018, 157, 168–177. [Google Scholar] [CrossRef]

	



Huntrakul, K.; Harnkarnsujarit, N. Effects of plasticizers on water sorption and aging stability of whey protein/carboxy methyl cellulose films. J. Food Eng. 2020, 272, 109809. [Google Scholar] [CrossRef]

	



Zhan, Y.; Hao, X.; Wang, L.; Jiang, X.; Cheng, Y.; Wang, C.; Meng, Y.; Xia, H.; Chen, Z. Superhydrophobic and flexible silver nanowire-coated cellulose filter papers with sputter-deposited nickel nanoparticles for ultrahigh electromagnetic interference shielding. ACS Appl. Mater. Interfaces 2021, 13, 14623–14633. [Google Scholar] [CrossRef]

	



Xu, J.; Zhang, T.; Jiang, Y.; Chen, Q.; Yang, D.; Qiu, F.; Yu, Z. Synthesis of microcrystalline cellulose/TiO2/fluorine/styrene-acrylate coatings and the application for simulated paper cultural relic protection. Cellulose 2020, 27, 6549–6562. [Google Scholar] [CrossRef]

	



Khomutinnikov, N.V.; Govyazin, I.O.; Ivanov, G.E.; Fedorova, E.M.; Makarov, I.S.; Vinogradov, M.I.; Kulichikhin, V.G. Experimental Study on the Manufacturing of Functional Paper with Modified by N-Methylmorpholine-N-oxide Surfaces. Polymers 2023, 15, 692. [Google Scholar] [CrossRef]

	



Tang, Z.; Li, H.; Hess, D.W.; Breedveld, V. Effect of chain length on the wetting properties of alkyltrichlorosilane coated cellulose-based paper. Cellulose 2016, 23, 1401–1413. [Google Scholar] [CrossRef]

	



Le, D.; Kongparakul, S.; Samart, C.; Phanthong, P.; Karnjanakom, S.; Abudula, A.; Guan, G. Preparing hydrophobic nanocellulose-silica film by a facile one-pot method. Carbohydr. Polym. 2016, 153, 266–274. [Google Scholar] [CrossRef] [PubMed]

	



Khanjanzadeh, H.; Behrooz, R.; Bahramifar, N.; Gindl-Altmutter, W.; Bacher, M.; Edler, M.; Griesser, T. Surface chemical functionalization of cellulose nanocrystals by 3-aminopropyltriethoxysilane. Int. J. Biol. Macromol. 2018, 106, 1288–1296. [Google Scholar] [CrossRef]

	



Xie, Y.; Hill, C.A.; Xiao, Z.; Militz, H.; Mai, C. Silane coupling agents used for natural fiber/polymer composites: A review. Compos. Part A Appl. Sci. Manuf. 2010, 41, 806–819. [Google Scholar] [CrossRef]

	



Musso, G.E.; Bottinelli, E.; Celi, L.; Magnacca, G.; Berlier, G. Influence of surface functionalization on the hydrophilic character of mesoporous silica nanoparticles. Phys. Chem. Chem. Phys. 2015, 17, 13882–13894. [Google Scholar] [CrossRef]

	



Abdelmouleh, M.; Boufi, S.; ben Salah, A.; Belgacem, M.N.; Gandini, A. Interaction of silane coupling agents with cellulose. Langmuir 2002, 18, 3203–3208. [Google Scholar] [CrossRef]

	



Castellano, M.; Gandini, A.; Fabbri, P.; Belgacem, M.N. Modification of cellulose fibres with organosilanes: Under what conditions does coupling occur? J. Colloid Interface Sci. 2004, 273, 505–511. [Google Scholar] [CrossRef]

	



Rutter, T.; Hutton-Prager, B. Investigation of hydrophobic coatings on cellulose-fiber substrates with in-situ polymerization of silane/siloxane mixtures. Int. J. Adhes. Adhes. 2018, 86, 13–21. [Google Scholar] [CrossRef]

	



Ganicz, T.; Olejnik, K.; Rózga-Wijas, K.; Kurjata, J. New Method of Paper Hydrophobization Based on Starch-cellulose-siloxane Interactions. BioResources 2020, 15, 4124–4142. [Google Scholar] [CrossRef]

	



Tai, M.H.; Mohan, B.C.; Yao, Z.; Wang, C.H. Superhydrophobic leached carbon Black/Poly (vinyl) alcohol aerogel for selective removal of oils and organic compounds from water. Chemosphere 2022, 286, 131520. [Google Scholar] [CrossRef]

	



Tai, M.H.; Mohan, B.C.; Wang, C.H. Freeze-casting multicomponent aerogel membrane with controllable asymmetric multilayer configuration for high flux gravity-driven separation of oil-water emulsion. Sep. Purif. Technol. 2022, 293, 121087. [Google Scholar] [CrossRef]

	



Yuan, B.; Guo, M.; Huang, Z.; Naik, N.; Hu, Q.; Guo, Z. A UV-shielding and hydrophobic graphitic carbon nitride nanosheets/cellulose nanofibril (gCNNS/CNF) transparent coating on wood surface for weathering resistance. Prog. Org. Coat. 2021, 159, 106440. [Google Scholar] [CrossRef]

	



Moradian, M.; Islam, M.S.; van de Ven, T.G. Insoluble regenerated cellulose films made from mildly carboxylated dissolving and kraft pulps. Ind. Eng. Chem. Res. 2021, 60, 5385–5393. [Google Scholar] [CrossRef]

	



Liyanage, S.; Acharya, S.; Parajuli, P.; Shamshina, J.L.; Abidi, N. Production and surface modification of cellulose bioproducts. Polymers 2021, 13, 3433. [Google Scholar] [CrossRef]

	



Vuoriluoto, M.; Hokkanen, A.; Mäkelä, T.; Harlin, A.; Orelma, H. Optical properties of an organic-inorganic hybrid film made of regenerated cellulose doped with light-scattering TiO2 particles. Opt. Mater. 2022, 123, 111882. [Google Scholar] [CrossRef]

	



Yu, L.; Zhang, Z.; Tang, H.; Zhou, J. Fabrication of hydrophobic cellulosic materials via gas–solid silylation reaction for oil/water separation. Cellulose 2019, 26, 4021–4037. [Google Scholar] [CrossRef]

	



Gong, X.; Wang, Y.; Zeng, H.; Betti, M.; Chen, L. Highly porous, hydrophobic, and compressible cellulose nanocrystals/poly (vinyl alcohol) aerogels as recyclable absorbents for oil–water separation. ACS Sustain. Chem. Eng. 2019, 7, 11118–11128. [Google Scholar] [CrossRef]

	



Krasinski, A.; Jachimczyk, P. Surface Modification of a Polyester-Augmented Cellulose Filter for Dehydration of Low-Sulfur Diesel. ACS Omega 2021, 6, 18065–18073. [Google Scholar] [CrossRef]

	



Rodríguez-Fabià, S.; Torstensen, J.; Johansson, L.; Syverud, K. Hydrophobization of lignocellulosic materials part II: Chemical modification. Cellulose 2022, 29, 8957–8995. [Google Scholar] [CrossRef]

	



Shen, W.; Zhang, L.; Li, X.; Yu, H.Z. Binary silanization and silver nanoparticle encapsulation to create superhydrophobic cotton fabrics with antimicrobial capability. Sci. Rep. 2019, 9, 1–10. [Google Scholar] [CrossRef]

	



Zhou, Z.; Liu, L.; Yuan, W. A superhydrophobic poly (lactic acid) electrospun nanofibrous membrane surface-functionalized with TiO2 nanoparticles and methyltrichlorosilane for oil/water separation and dye adsorption. New J. Chem. 2019, 43, 15823–15831. [Google Scholar] [CrossRef]

	



Zhai, T.; Zheng, Q.; Cai, Z.; Xia, H.; Gong, S. Synthesis of polyvinyl alcohol/cellulose nanofibril hybrid aerogel microspheres and their use as oil/solvent superabsorbents. Carbohydr. Polym. 2016, 148, 300–308. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, W.; Gu, J.; Tu, D.; Guan, L.; Hu, C. Efficient hydrophobic modification of old newspaper and its application in paper fiber reinforced composites. Polymers 2019, 11, 842. [Google Scholar] [CrossRef]

	



Wang, Y.; Li, Z.; Huber, L.; Wu, X.; Huang, S.; Zhang, Y.; Huang, R.; Liu, Q. Reducing the thermal hazard of hydrophobic silica aerogels by using dimethyldichlorosilane as modifier. J. Sol-Gel Sci. Technol. 2020, 93, 111–122. [Google Scholar] [CrossRef]

	



Orsolini, P.; Antonini, C.; Stojanovic, A.; Malfait, W.J.; Caseri, W.R.; Zimmermann, T. Superhydrophobicity of nanofibrillated cellulose materials through polysiloxane nanofilaments. Cellulose 2018, 25, 1127–1146. [Google Scholar] [CrossRef]

	



Lu, J.; Yan, S.; Song, W.; Jacob, K.I.; Xiao, R. Construction and characterization of versatile flexible composite nanofibrous aerogels based on thermoplastic polymeric nanofibers. J. Mater. Sci. 2020, 55, 8155–8169. [Google Scholar] [CrossRef]

	



Yu, Y.; Shi, X.; Liu, L.; Yao, J. Highly compressible and durable superhydrophobic cellulose aerogels for oil/water emulsion separation with high flux. J. Mater. Sci. 2021, 56, 2763–2776. [Google Scholar] [CrossRef]

	



Zhou, S.; You, T.; Zhang, X.; Xu, F. Superhydrophobic cellulose nanofiber-assembled aerogels for highly efficient water-in-oil emulsions separation. ACS Appl. Nano Mater. 2018, 1, 2095–2103. [Google Scholar] [CrossRef]

	



Wang, W.; He, J.; Yan, D.; Samundsett, C.; Phang, S.P.; Huang, Z.; Shen, W.; Bullock, J.; Wan, Y. 21.3%-efficient n-type silicon solar cell with a full area rear TiOx/LiF/Al electron-selective contact. Sol. Energy Mater. Sol. Cells 2020, 206, 110291. [Google Scholar] [CrossRef]

	



Bhairamadgi, N.S.; Gangarapu, S.; Caipa Campos, M.A.; Paulusse, J.M.; van Rijn, C.J.; Zuilhof, H. Efficient functionalization of oxide-free silicon (111) surfaces: Thiol–yne versus thiol–ene click chemistry. Langmuir 2013, 29, 4535–4542. [Google Scholar] [CrossRef]

	



Zhang, Y.; Zhuang, Y.; Yin, R.; Han, L.; Shen, Y.; Zhang, Z.; Xie, K.; Zhang, J.; Yuan, M.; Wang, J. A monolayer nanostructure based on polyhedral oligomeric silsesquioxane and graphene oxide for highly efficient separation of hemoglobin. Compos. Commun. 2021, 25, 100702. [Google Scholar] [CrossRef]

	



Chavez-Esquivel, G.; Cervantes-Cuevas, H.; Ybieta-Olvera, L.F.; Briones, M.C.; Acosta, D.; Cabello, J. Antimicrobial activity of graphite oxide doped with silver against Bacillus subtilis, Candida albicans, Escherichia coli, and Staphylococcus aureus by agar well diffusion test: Synthesis and characterization. Mater. Sci. Eng. C 2021, 123, 111934. [Google Scholar] [CrossRef] [PubMed]

	



Amali, A.J.; Hoshino, H.; Wu, C.; Ando, M.; Xu, Q. From metal–organic framework to intrinsically fluorescent carbon nanodots. Chem. Eur. J. 2014, 20, 8279–8282. [Google Scholar] [CrossRef] [PubMed]

	



Huang, Q.; Lin, X.; Zhu, J.J.; Tong, Q.X. Pd-Au@ carbon dots nanocomposite: Facile synthesis and application as an ultrasensitive electrochemical biosensor for determination of colitoxin DNA in human serum. Biosens. Bioelectron. 2017, 94, 507–512. [Google Scholar] [CrossRef] [PubMed]

	



Biesinger, M.C. Accessing the robustness of adventitious carbon for charge referencing (correction) purposes in XPS analysis: Insights from a multi-user facility data review. Appl. Surf. Sci. 2022, 597, 153681. [Google Scholar] [CrossRef]

	



Liang, F.; Sun, C.; Li, S.; Hou, T.; Li, C. Therapeutic effect and immune mechanism of chitosan-gentamicin conjugate on Pacific white shrimp (Litopenaeus vannamei) infected with Vibrio parahaemolyticus. Carbohydr. Polym. 2021, 269, 118334. [Google Scholar] [CrossRef] [PubMed]

	



Wu, G.; Liu, D.; Chen, J.; Liu, G.; Kong, Z. Preparation and properties of super hydrophobic films from siloxane-modified two-component waterborne polyurethane and hydrophobic nano SiO2. Prog. Org. Coat. 2019, 127, 80–87. [Google Scholar] [CrossRef]

	



Xie, Y.; Cai, S.; Hou, Z.; Li, W.; Wang, Y.; Zhang, X.; Yang, W. Surface hydrophobic modification of microcrystalline cellulose by poly(methylhydro)siloxane using response surface methodology. Polymers 2018, 10, 1335. [Google Scholar] [CrossRef]

	



Leal, S.; Cristelo, C.; Silvestre, S.; Fortunato, E.; Sousa, A.; Alves, A.; Correia, D.M.; Lanceros-Mendez, S.; Gama, M. Hydrophobic modification of bacterial cellulose using oxygen plasma treatment and chemical vapor deposition. Cellulose 2020, 27, 10733–10746. [Google Scholar] [CrossRef]

	



Huang, X.; Wang, A.; Xu, X.; Liu, H.; Shang, S. Enhancement of hydrophobic properties of cellulose fibers via grafting with polymeric epoxidized soybean oil. ACS Sustain. Chem. Eng. 2017, 5, 1619–1627. [Google Scholar] [CrossRef]

	



Ashir, M.; Sennewald, C.; Hoffmann, G.; Cherif, C. Development of woven spacer fabrics based on steel wires and carbon rovings. Fibres Text. East. Eur. 2017, 1, 49–55. [Google Scholar] [CrossRef]

	



Siripatrawan, U.; Kaewklin, P. Fabrication and characterization of chitosan-titanium dioxide nanocomposite film as ethylene scavenging and antimicrobial active food packaging. Food Hydrocoll. 2018, 84, 125–134. [Google Scholar] [CrossRef]

	



Sady, S.; Błaszczyk, A.; Kozak, W.; Boryło, P.; Szindler, M. Quality assessment of innovative chitosan-based biopolymers for edible food packaging applications. Food Packag. Shelf Life 2021, 30, 100756. [Google Scholar] [CrossRef]

	



Rigotti, D.; Soccio, M.; Dorigato, A.; Gazzano, M.; Siracusa, V.; Fredi, G.; Lotti, N. Novel biobased polylactic acid/poly (pentamethylene 2, 5-furanoate) blends for sustainable food packaging. ACS Sustain. Chem. Eng. 2021, 9, 13742–13750. [Google Scholar] [CrossRef]

	



Chen, F.; Chi, C. Development of pullulan/carboxylated cellulose nanocrystal/tea polyphenol bionanocomposite films for active food packaging. Int. J. Biol. Macromol. 2021, 186, 405–413. [Google Scholar] [CrossRef]

	



Cheng, Y.; Zhu, T.; Li, S.; Huang, J.; Mao, J.; Yang, H.; Gao, S.; Chen, Z.; Lai, Y. A novel strategy for fabricating robust superhydrophobic fabrics by environmentally-friendly enzyme etching. Chem. Eng. J. 2019, 355, 290–298. [Google Scholar] [CrossRef]

	



Shirgholami, M.A.; Shateri-Khalilabad, M.; Yazdanshenas, M.E. Effect of reaction duration in the formation of superhydrophobic polymethylsilsesquioxane nanostructures on cotton fabric. Text. Res. J. 2013, 83, 100–110. [Google Scholar] [CrossRef]

	



Patil, N.V.; Netravali, A.N. Bioinspired process using anisotropic silica particles and fatty acid for superhydrophobic cotton fabrics. Cellulose 2020, 27, 545–559. [Google Scholar] [CrossRef]

	



Chen, S.; Song, Y.; Xu, F. Highly transparent and hazy cellulose nanopaper simultaneously with a self-cleaning superhydrophobic surface. ACS Sustain. Chem. Eng. 2018, 6, 5173–5181. [Google Scholar] [CrossRef]

	



Olonisakin, K.; Li, R.; Zhang, X.X.; Xiao, F.; Gao, J.; Yang, W. Effect of TDI-assisted hydrophobic surface modification of microcrystalline cellulose on the tensile fracture of MCC/PLA composite, and estimation of the degree of substitution by linear regression. Langmuir 2021, 37, 793–801. [Google Scholar] [CrossRef]

	



Parvathy, P.A.; Sahoo, S.K. Hydrophobic, moisture resistant and biorenewable paper coating derived from castor oil based epoxy methyl ricinoleate with repulpable potential. Prog. Org. Coat. 2021, 158, 106347. [Google Scholar] [CrossRef]

	



Thakur, S.; Misra, M.; Mohanty, A.K. Sustainable hydrophobic and moisture-resistant coating derived from downstream corn oil. ACS Sustain. Chem. Eng. 2019, 7, 8766–8774. [Google Scholar] [CrossRef]

	



Guzman-Puyol, S.; Hierrezuelo, J.; Benítez, J.J.; Tedeschi, G.; Porras-Vázquez, J.M.; Heredia, A.; Athanassiou, A.; Romero, D.; Heredia-Guerrero, J.A. Transparent, UV-blocking, and high barrier cellulose-based bioplastics with naringin as active food packaging materials. Int. J. Biol. Macromol. 2022, 209, 1985–1994. [Google Scholar] [CrossRef] [PubMed]

	



Lange, J.; Wyser, Y. Recent innovations in barrier technologies for plastic packaging—A review. Packag. Technol. Sci. Int. J. 2003, 16, 149–158. [Google Scholar] [CrossRef]

	



Wu, M.; Yang, J.; Chen, S.; Lu, P.; Wang, R. TOCNC-g-PEI nanoparticle encapsulated oregano essential oil for enhancing the antimicrobial activity of cellulose nanofibril packaging films. Carbohydr. Polym. 2021, 274, 118654. [Google Scholar] [CrossRef] [PubMed]

	



Tumwesigye, K.S.; Oliveira, J.C.; Sousa-Gallagher, M.J. New sustainable approach to reduce cassava borne environmental waste and develop biodegradable materials for food packaging applications. Food Packag. Shelf Life 2016, 7, 8–19. [Google Scholar] [CrossRef]

	



Youssef, H.F.; El-Naggar, M.E.; Fouda, F.K.; Youssef, A.M. Antimicrobial packaging film based on biodegradable CMC/PVA-zeolite doped with noble metal cations. Food Packag. Shelf Life 2019, 22, 100378. [Google Scholar] [CrossRef]

	



Narasagoudr, S.S.; Hegde, V.G.; Vanjeri, V.N.; Chougale, R.B.; Masti, S.P. Ethyl vanillin incorporated chitosan/poly(vinyl alcohol) active films for food packaging applications. Carbohydr. Polym. 2020, 236, 116049. [Google Scholar] [CrossRef]

	



Suresh, S.N.; Puspharaj, C.; Natarajan, A.; Subramani, R. Gum acacia/pectin/pullulan-based edible film for food packaging application to improve the shelf-life of ivy gourd. Int. J. Food Sci. Technol. 2022, 57, 5878–5886. [Google Scholar] [CrossRef]








[image: Polymers 15 01901 g001 550] 





Figure 1. (A) Fabrication of the hydrophobic MTS/RC films via CVD. Firstly, the cellulose solution was poured into a glass mold and coagulated into RC films. Next, the dried RC film was placed in a desiccator, and MTS was vapor-deposited on the surface of the RC film for 10, 30, or 60 min. (B) Photographs of the pristine RC film and the MTS/RC-10, MTS/RC-30, and MTS/RC-60 films. Inset scale bar: 2 cm. Thickness of the RC and MTS/RC films: 70 µm. 
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Figure 2. Top-view FE-SEM images of (A) the pristine RC film and (B–D) the MTS/RC-10, -30, and -60 films as a function of the MTS deposition time (10, 30, and 60 min). EDS elemental mapping images of (E) the pristine RC film, (F) MTS/RC-30, and (G) MTS/RC-60. 






Figure 2. Top-view FE-SEM images of (A) the pristine RC film and (B–D) the MTS/RC-10, -30, and -60 films as a function of the MTS deposition time (10, 30, and 60 min). EDS elemental mapping images of (E) the pristine RC film, (F) MTS/RC-30, and (G) MTS/RC-60.



[image: Polymers 15 01901 g002]







[image: Polymers 15 01901 g003 550] 





Figure 3. FT-IR spectra of the pristine RC film and the MTS/RC films with different MTS deposition times (10, 30, and 60 min). 
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Figure 4. (A) XPS spectra of pristine RC and MTS/RC-60 film. (B) High-resolution spectrum Si 2p of MTS/RC-60 film. (C,D) High-resolution spectra O 1s and C 1s of pristine RC and MTS/RC-60 films. 
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Figure 5. (A) Water contact angle values for the pristine RC film and the MTS/RC-10, MTS/RC-30, and MTS/RC-60 films. (B,C) Photographs of (B) the top and (C) the side of a 10 µL rhodamine-B-dyed water drop (10 mg/mL) that was dropped on the surface of the pristine RC film and the RC/MTS films. 
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Figure 6. (A) Optical transmittance of the pristine RC film and the MTS/RC-10, MTS/RC-30, and MTS/RC-60 films. (B–D) Mechanical properties of the pristine RC film and the MTS/RC films. (B) Stress–strain curve, (C) tensile strength, and (D) Young’s modulus of the pristine RC film and the MTS/RC-10, MTS/RC-30, and MTS/RC-60 films. 
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Figure 7. (A) OTR values and (B) WVTR values for the filter paper, pristine RC film, and MTS/RC films for various MTS reaction times. (C) Comparison of the OTR and WVTR of the reported food packaging films and MTS/RC films (red stars). (D) OTR and WVTR requirements for different food products and the OTR and WVTR of the MTS/RC films (red stars). 
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