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Abstract

:

This article focuses on the study related to the estimation of packaging material properties of cellulose–wax nanocomposite using molecular dynamics simulation (MDS). Cellulose based packaging material is gaining lot of importance due to its good material properties and low cost. Cellulose with small amount of plant-derived wax (nonacosane-10-ol and nonacosane-5,10-diol) offers higher mechanical strength and modulus of elasticity compared to the conventional synthetic polymer materials. In this article, in addition to the estimation of mechanical properties, the thermal stability of the proposed ecofriendly cellulose–wax composite is evaluated by estimating the glass transition temperature which essentially provides critical information on the glassy state and rubbery state of this biopolymer. The glass transition temperature of this composite changes significantly compared to that of pure cellulose (which also suffers from poor mechanical strength). Transport properties such as diffusion volume and diffusion coefficient of oxygen, nitrogen, and water are estimated using the results obtained from MDS. The diffusion coefficients of these species within the cellulose–wax composite are analyzed using the diffusion volume and interaction energies of these constituents with the wax and cellulose.
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1. Introduction


Packaging material is predominantly selected based on its permeability to gases, water vapor, oil, grease, heat, light, and microorganisms which can directly or indirectly affect the product quality and shelf life. Different polymer materials, either synthetic or natural, have been engineered to confer antimicrobial features [1,2,3]. Packaging material made of biopolymers is gaining more importance to overcome the problem of disposability and degradability of synthetic polymer-based packaging material. With food packaging materials, consumers always prefer and demand use of natural biomaterials compared to synthetic materials. There is a huge gap in the differences between the properties of synthetic polymer materials and natural biomaterials. While it is not possible to completely replace polymer-based packaging materials, extensive research is being done to use blends of natural biomaterials with polymers which also addresses the issue of minimizing plastic footprint and offers sustainable solutions in some scenarios. Among several packaging materials, cellulose which is the most abundantly available biopolymer in nature is being used along with other additives in many commercial and food packaging applications. Cellulose without any modification or additives is not used as packaging materials but is used in making paper and boards. In addition to being biodegradable, by selectively adding additives, cellulose-based packaging materials can offer good barrier properties, biocompatibility, antioxidant activity, antimicrobial properties, and excellent mechanical properties [3,4,5,6,7]. Cellulose along with other biopolymers can also assemble into different forms and shapes such as powders, films, gels, and solutions which enables to be used in versatile packaging material meant for different purposes [8,9]. Additives are in general added to cellulose not only to achieve desired end properties of the packaging material but also to reduce the cost of the composite material. In addition to achieving good physical and barrier properties, some of the most recent objectives in adding additive are to preserve freshness of the product, increase shelf life of the product, and also help in monitoring the quality changes in food products by using the so-called intelligent packaging ingredients [10,11]. While cellulose is blended with other synthetic polymers such as polyethylene (PE) and polypropylene (PP), it is also used in stand-alone packaging material synthesis along with other active and intelligent additives [12,13,14,15]. Fernandes and Madhuranthakam [16] showed from molecular simulations that cellulose coated with natural wax material consisting of nonacosane-10 ol and nonacosane-5,10 diol (called as adulose) enhanced the mechanical properties when used for packaging material. In addition to having high Young’s modulus and ultimate stress, adulose is also superhydrophobic, which enables its use as a packaging material in many different applications. The additives used in the formation of adulose are plant-derived wax [17,18], which when combined with cellulose makes this composite to be a completely biomaterial-based sustainable packaging material.



In this article, mechanical properties, thermal stability, and diffusion of certain species in adulose are studied using molecular dynamics simulations (MDS). MDS is an effective tool for predicting and estimating the barrier properties, mechanical and thermal behavior of materials. Using the results obtained from MDS, mechanical properties are studied by conducting stress strain simulations while thermal stability is studied by estimating and evaluating the glass transition temperature (Tg). Diffusion of oxygen, nitrogen, and water molecules in adulose is studied by calculating the diffusion coefficient and fraction free volume (FFV) which are important barrier property attributes. The results from this article complement the findings on adulose from Fernandes and Madhuranthakam [16] which in turn gives a complete understanding of the role of nonacosane-10 ol and nonacosane-5,10 diol in cellulose.




2. Results and Discussion


The system with cellulose chains is relaxed and equilibrated for 200 ns while the systems with the two different types of wax are relaxed and equilibrated for 10 ns. Cellulose has longer chain length compared to the wax molecules due to which MDS for cellulose is performed for longer simulation time. A reasonable value for equilibration time is also decided based on the constant density/volume profiles obtained in these simulations. Figure 1a shows the relaxed and equilibrated amorphous cellulose system and Figure 1b shows the density profile with respect to equilibration time. Similarly Figure 1c,d show the equilibrated adulose system and density profiles respectively.



The density of the equilibrated amorphous cellulose is obtained to be 1.3733 g/cm3. This is in very good agreement with the range of 1.34 to 1.39 g/cm3 reported by Mazeau and Heux [19]. Both nonacosane-10-ol and nonacosane-5,10-diol are derivatives of nonacosane which has a density of 0.808 g/cm3. The density of nonacosane-10-ol is 0.840 g/cm3 and the density of adulose is obtained as 1.008 g/cm3 from the MDS. Both nonacosane-10-ol and nonacosane-5,10 diol are plant-derived waxes that have least mechanical strength but offers advantages with respect to achieving enhanced properties when used as a filler in cellulose and polyethylene-based composites [16,20]. Djokovic et al. [21] found that a small addition of oxidized Fisher-Tropsh wax (which is a synthetic chemical) can improve the mechanical properties of polyethylene.



Figure 2a,b show the results obtained from the stress strain simulations for cellulose, while Figure 2c,d show the corresponding results obtained for adulose. Using a nonlinear least squares MATLAB program, a second order polynomial (with zero intercept) is fit to the stress–strain data obtained from the molecular simulations. The ultimate stress and ultimate strain (corresponding to the point U in Figure 2b,d are obtained from the corresponding maximum values for the fitted polynomial. The yield stress and yield strain that constitutes the elastic limit represented by the point Y in Figure 2b,d is found by fitting a straight line (with zero intercept passing through the origin “O”) to the portion of the second order polynomial beyond which the slope does not change. The Young’s modulus of the material is obtained from the slope of this fitted line. This procedure can be easily understood by referring to the stress–strain curves obtained for cellulose and adulose as shown in Figure 2b,d respectively. The summary of the mechanical properties for cellulose and adulose corresponding to the Figure 2b,d is shown in Table 1.



Table 1 clearly shows that the elastic modulus, ultimate stress, and yield stress of adulose are less than those of cellulose. Similarly, the yield strain and ultimate strain of adulose are also comparatively less than that of cellulose. Fernandes et al. [16] showed that the mechanical properties of adulose were almost similar or even better than that of cellulose under conditions of the cellulose being coated with the chains of nonacosane-10-ol and nonacosane-5,10-diol. There are two important differences that are noteworthy in comparing the results from Fernandes et al. [16] and the results obtained in the current work. The first difference is Fernandes et al. used linear chains of cellulose and the waxes in the MDS which is different from the more practical scenario of tangled chains and amorphous cellulose used in this article. The second difference is that Fernandes et al. used a layer by layer of two waxes around the cellulose chains while in this work a nanocomposite of well mixed amorphous cellulose chains with the waxes is used. On the other hand, with 29% of nonacosane-10 ol alone with polyethylene blend, Madhuranthakam et al. [20] showed that enhanced mechanical properties were obtained. However, the elastic modulus of adulose is observed to be greater than that of polyethylene or polyethylene–wax composite which makes adulose to be a good choice when targeted to be used as a packaging material with less flexibility. At the same time, adulose is more elastic than cellulose which facilitates use of adulose in at least some of the packaging materials in lieu of the synthetic non-biodegradable plastic packaging materials. Adulose derives maximum mechanical strength from the cellulose chains, and it is observed that other desirable properties for adulose are obtained as explained in the following sections.



While the strength of the materials considered in this study is assessed by analyzing its mechanical properties, the stability of these materials is further investigated by conducting thermophysical simulations. Glass transition temperature (Tg) is calculated from these simulation results. Tg values of amorphous cellulose and adulose are obtained by using a piece-wise bilinear fit to the temperature versus specific volume data obtained from the thermophysical simulations.



Figure 3a,b show the profiles for the temperature versus specific volume obtained from the thermophysical simulations for cellulose and adulose respectively. Figure 3a shows that the Tg of cellulose is 675 K while Tg of adulose is obtained as 466 K. Cellulose exhibits different transitions based on its crystallinity and amount of water associated with it. Within cellulose, there are α-cellulose, β-cellulose, and amorphous cellulose types and each of them have a different range of Tg values. Wang et al. [22] reported that Tg of amorphous cellulose is 448 K using simulations while Szczes’niak et al. [23] obtained a Tg of 493 K from experiments where cellulose powder was used. Mazeau and Heux [19] obtained a Tg of amorphous cellulose to be 650 K and suggested an addition of 40 K due to the time scale at which experimental measurements were made. In our study, a 200 ps dynamics corresponds to approximately frequencies in the order of 1 MHz. The results obtained in this study are in close agreement with Mazeau and Heux [19] based on the MDS parameters used for amorphous cellulose. Glass transition temperature is an important thermophysical property which is attributed to the flexibility of a polymer due to the movement of the backbone chains which in turn occurs due to rotational and translational motion. This movement further leads to the generation of free volume or unoccupied space with an opposite effect i.e., higher free volume leads to lower Tg values and vice versa. For the amorphous cellulose studied in this work, a high value of Tg is observed. The free volume of cellulose is obtained by using a molecular probe with certain radius RP that moves on the van der Waals surface. The fraction free volume, FFV is defined according to Equation (1).


  FFV =    V F     V F  +  V O     



(1)







In Equation (1), VF is the free volume of the polymer, VO is the volume occupied by the polymer and the sum of VF and VO is the total volume of the polymer. The free volume estimation is also helpful in understanding the diffusion characteristics of different species in cellulose/adulose. With a probe radius of 0.1 Å, the FFV for cellulose is obtained to be 28.24%, while for adulose it is 75.47%. The low value of Tg for adulose can be understood from the perspective of FFV values obtained from MDS. By adding nonacosane-10-ol and nonacosane-5,10 diol to the cellulose, with a portion of these molecules occupying the free space in cellulose, it is observed that there is a huge increase in the volume. The volume of cellulose is 32,977 Å3 while volume of adulose is 113,310 Å3. From the thermophysical results, with the Tg of adulose being far less than that of cellulose it is clear that adulose can be used as packaging material for a wide range of applications.



The barrier properties of adulose is further assessed by studying the diffusion of oxygen, nitrogen, and water using MDS. Oxygen, nitrogen, and carbon dioxide are in general used in modified atmosphere packaging. Diffusion rates of these species are very important to decide on the type of application in which adulose can be used as a packaging material. The requirement of high or low diffusion rates of these species strongly depends on the characteristics of the material stored and also its intended shelf life or end-use applications. If the packaging material is used for storing fresh food then a low diffusion or permeability rate of oxygen is desired as it can reduce the oxygen pressure inside due to which the shelf life of the product increases. Self-diffusion of oxygen simulations showed that 100 molecules of oxygen would represent similar to a bulk oxygen system [20]. With respect to the number of water molecules used, the SPC/E model gives reliable diffusion rates very close to the experimentally observed values independent of the number of water molecules used in the simulation [24]. In this study, 100 molecules of oxygen, nitrogen, and water are used to estimate the diffusion coefficient in cellulose and adulose. The MSD of the corresponding molecules are obtained from which the diffusion coefficient is estimated. More accurate estimation is obtained using the linear portion of the MSD. Figure 4a–c shows adulose with oxygen, nitrogen, and water molecules respectively. In Figure 4, tau is the simulation time difference and the linear portion of the MSD corresponds to tau values in the range of 0 to 0.99 ns. Figure 5 shows the MSD obtained for adulose with oxygen system (similar curves are obtained for adulose with nitrogen and water systems).



The diffusion coefficients at 300 K and 1.01325 bar obtained from the MDS are shown in Table 2 along with the FFV percentages (calculated according to Equation (2)) using a probe radius of 0.1 Å.



The experimental diffusion coefficients of oxygen, nitrogen, and water in cellulose depends on several factors such as solubility, permeability, pressure, temperature, and source from which cellulose is extracted. The diffusion coefficients for oxygen, nitrogen and water in cellulose obtained in this work are comparable to the values reported by Minellia et al. [25] and Wang et al. [26]. The diffusion coefficients obtained for oxygen, nitrogen, and water in adulose systems are greater than those obtained for cellulose systems. This can be understood from the FFV values estimated from MDS and shown in Table 2. The atomic radius of oxygen and nitrogen are 60 and 65 pm due to which the FFV values obtained for them in both cellulose and adulose are almost same which in turn resulted in obtaining similar diffusion coefficient values. The diffusion coefficient of oxygen in adulose is 2.39 × 10−10 m2/s which is 50% less than that of diffusion coefficient of oxygen in polyethylene (5.062 × 10−10 m2/s) [20]. This makes adulose to be a competing candidate for the packaging material with enhanced barrier properties compared to that of polyethylene-based packaging material. The FFV for water is observed to be less than that of oxygen or nitrogen in cellulose/adulose due to an increase in the hydrogen bonds formed by water molecules with cellulose. A hydrogen bond is defined as the attraction of a covalently bonded hydrogen atom with another electronegative atom. In this study, a hydrogen bond is defined geometrically as having a hydrogen-acceptor distance of less than 2.8 Å, minimum donor angle to be 120° and minimum acceptor angle to be 90°. The number of hydrogen bonds directly or indirectly affect not only the mechanical properties but also the anti-aging performance [27]. Figure 6 shows the profiles for hydrogen bonds obtained for cellulose, cellulose with water, adulose, and adulose with water systems.



The statistical average of the number of hydrogen bonds for cellulose, cellulose with water, adulose, and adulose with water systems is found to be 392, 581, 417, and 595 respectively. Further the higher diffusion coefficients of oxygen and nitrogen in cellulose can be understood by estimating the interaction energy. Interaction energy (Eint) indicates the intensity of the interaction between the diffusion molecule and the main chains (cellulose or wax molecules). It is calculated by using the Equation (2).


   E  int   =  E  total   −  E  cellulose   −  E  wax   −  E i   



(2)




where Etotal is the total energy of the system, Ecellulose is the energy of the cellulose chains, Ewax is the energy of the nonacosane-10-ol and nonacosane-5,10 diol and Ei is the energy of the diffusing species i (oxygen or nitrogen or water in this case). Any species “i” will have stronger interaction if the corresponding Eint value is very high with a negative magnitude. A higher energy barrier has to be overcome for molecules with high Eint values which in turn also means that their corresponding diffusion coefficients will be low. Figure 7 shows the energy profiles obtained for oxygen and nitrogen in cellulose and adulose.



As shown in Figure 7a,b, oxygen and nitrogen have high negative interaction energies in cellulose compared to that of adulose. This means oxygen and nitrogen have strong interaction to cellulose chains compared to adulose which also explains the higher diffusion coefficient observed in adulose compared to that of cellulose.




3. Methods and Materials


All molecular dynamics simulations were performed using the Material Science (MS) Suite version 4.4.135 of Schrödinger 2022-1 release (Schrödinger, LLC, New York, NY USA) with OPLS4 force field [28]. The amorphous cellulose chains (the repeating unit for cellulose homopolymer is beta-D-glucose and 12-mers are used in this simulation), nonacosan-10-ol, nonacosan-5,10 diol, oxygen, nitrogen and water molecules chemical structures were drawn using the 2D sketcher which were further converted to 3D using the MS Maestro interface. Adulose with 95% cellulose, 3% nonacosan-10-ol, and 2% nonacosan-5,10-diol (all weight percent) was built using the Disordered System builder in the MS Suite. A unit cell with 5 nm × 5 nm × 5 nm was used. Twenty-four chains of cellulose each consisting of 149 atoms were embedded with 48 molecules of each of the waxes (nonacosan-10-ol and nonacosan-5,10 diol). Using the Multi-Stage Simulation workflow in MS suite, all the structures were initially relaxed and equilibrated for 200 ns. The relaxation and equilibration involved conducting MD simulation for 10 ns initially at 300 K and 1.01325 bar with NPT ensemble followed by Brownian minimization for 100 ps and finally MD simulation for 200 ns with NPT ensemble at 300 K and 1.01325 bar. The analysis of bulk properties for the final system was performed after equilibration. The stress strain calculations were performed using the option of pure uniaxial condition, with a strain rate of 1.0 × 108 s−1 and using a strain step size of 0.001 for 1000 steps. The stress–strain simulations were run for a maximum strain of 0.9. The corresponding results are used for estimating the Young’ modulus, yield stress, yield strain, ultimate stress, and ultimate strain. In the simulation protocol, a simulation time of 10 ps with a time step of 2.0 fs is used and a trajectory recording interval of 5 ps is set at a temperature of 300 K. The number of hydrogen bonds and the interactive energies for all scenarios are estimated and used to understand the behavior of the cellulose nanocomposite. Simulations related to thermophysical properties for evaluating glass transition temperature were conducted by cooling the cellulose and adulose systems from 700 K to 200 K in steps of 5 K constrained to convergence from each previous step. These simulations were performed for 10 ns at a pressure of 1.01325 bar, for three maximum cycles and corresponding to a 5% convergence. A trajectory of temperature versus specific volume was obtained from all thermophysical property simulations. Using a bilinear fit for the rubbery region and glassy region, the corresponding glass transition temperature was obtained for cellulose and adulose. Barrier properties of the cellulose nanocomposite are studied and estimated by conducting diffusion simulations. The main diffusion species considered in this study are oxygen, nitrogen and water. Einstein’s method of estimating the diffusion coefficient from the mean square displacement (MSD) curve was used [29]. According to Einstein’s equation, the diffusion coefficient (D) of a species is calculated as shown in Equation (3).


  D =  1  6 N     lim   t → ∞    d  dt     ∑   i = 1  N  〈    [   r i   ( t )  −  r i   ( 0 )   ]   2  〉  



(3)




where N is the number of molecules of that species, ri(0) and ri(t) are the initial position coordinate and position coordinate of particle i at any time, t respectively.




4. Summary and Conclusions


Cellulose-based nanocomposite that consists of plant-derived waxes, nonacosane-10-ol and nonacosane-5,10-diol was simulated to assess its potential for using as packaging material. Molecular dynamics simulations were conducted from which different properties of this material were obtained. Mechanical properties simulations showed that adulose has Young’s modulus of 4.2248 GPa which is greater than that of polyethylene while less than that of pure cellulose. Other mechanical properties such as the ultimate stress, ultimate strain, yield stress, and yield strain were obtained for adulose. From the thermophysical property simulations, the glass transition temperature of adulose was found to be 466 K which is less than that of cellulose which was found to be 675 K. Addition of very small amount of waxes to cellulose led to a significant decrease in the Tg values. Furthermore, the amount of wax added to cellulose can be manipulated and optimized for obtaining Tg values that are amenable to process adulose and use it as a substitute for polyethylene packaging material. Barrier properties of adulose showed that it can be a potential candidate for using in packaging applications. The diffusion coefficient of oxygen, nitrogen, and water molecules through adulose were obtained to be 2.39 × 10−10, 2.45 × 10−10, and 1.61 × 10−11 m2/s respectively which are at least 50% less than that of corresponding diffusivities reported in polyethylene. It can be concluded that adulose is an ecofriendly sustainable packaging material with good mechanical, thermal, and barrier properties.







Author Contributions


Conceptualization, C.M.R.M. and S.Q.F.; formal analysis, C.M.R.M. and S.Q.F.; funding acquisition, C.M.R.M.; investigation, C.M.R.M., I.F. and A.P.; methodology, C.M.R.M., I.F., and A.P.; resources, C.M.R.M.; software, C.M.R.M.; validation, C.M.R.M., S.Q.F., I.F., and A.P.; writing—original draft, C.M.R.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


Financial support provided by Abu Dhabi University is highly appreciated.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Fu, Y.; Dudley, E.G. Antimicrobial-coated films as food packaging: A review. Compr. Rev. Food Sci. Food Saf. 2021, 20, 3404–3437. [Google Scholar] [CrossRef] [PubMed]

	



Al-Tayyar, N.A.; Youssef, A.M.; Al-Hindi, R. Antimicrobial food packaging based on sustainable Bio-based materials for reducing foodborne Pathogens: A review. Food Chem. 2020, 310, 125915. [Google Scholar] [CrossRef] [PubMed]

	



Francolini, I.; Silvestro, I.; Di Lisio, V.; Martinelli, A.; Piozzi, A. Synthesis, Characterization, and Bacterial Fouling-Resistance Properties of Polyethylene Glycol-Grafted Polyurethane Elastomers. Int. J. Mol. Sci. 2019, 20, 1001. [Google Scholar] [CrossRef]

	



Yu, Z.; Ji, Y.; Bourg, V.; Bilgen, M.; Meredith, J.C. Chitin- and cellulose-based sustainable barrier materials: A review. Emergent Mater. 2020, 3, 919–936. [Google Scholar] [CrossRef]

	



Boonsiriwit, A.; Itkor, P.; Sirieawphikul, C.; Lee, Y.S. Characterization of Natural Anthocyanin Indicator Based on Cellulose Bio-Composite Film for Monitoring the Freshness of Chicken Tenderloin. Molecules 2022, 27, 2752. [Google Scholar] [CrossRef] [PubMed]

	



Nie, J.; Wu, Z.; Pang, B.; Guo, Y.; Li, S.; Pan, Q. Fabrication of ZnO@Plant Polyphenols/Cellulose as Active Food Packaging and Its Enhanced Antibacterial Activity. Int. J. Mol. Sci. 2022, 23, 5218. [Google Scholar] [CrossRef]

	



Ramezani, M.G.; Golchinfar, B. Mechanical Properties of Cellulose Nanocrystal (CNC) Bundles: Coarse-Grained Molecular Dynamic Simulation. J. Compos. Sci. 2019, 3, 57. [Google Scholar] [CrossRef]

	



Cazón, P.; Velazquez, G.; Ramírez, J.A.; Vázquez, M. Polysaccharide-based films and coatings for food packaging: A review. Food Hydrocoll. 2017, 68, 136–148. [Google Scholar] [CrossRef]

	



Helanto, K.E.; Matikainen, L.; Talja, R.; Rojas, O.J. Bio-based polymers for sustainable packaging and biobarriers: A critical review. BioResources 2019, 14, 4902. [Google Scholar]

	



Stepanova, M.; Korzhikova-Vlakh, E. Modification of Cellulose Micro- and Nanomaterials to Improve Properties of Aliphatic Polyesters/Cellulose Composites: A Review. Polymers 2022, 14, 1477. [Google Scholar] [CrossRef]

	



Ardila-Diaz, L.D.; De Oliveira, T.V.; Soares, N.D.F.F. Development and Evaluation of the Chromatic Behavior of an Intelligent Packaging Material Based on Cellulose Acetate Incorporated with Polydiacetylene for an Efficient Packaging. Biosensors 2020, 10, 59. [Google Scholar] [CrossRef] [PubMed]

	



Sdrobiş, A.; Darie, R.N.; Totolin, M.; Cazacu, G.; Vasile, C. Low density polyethylene composites containing cellulose pulp fibers. Compos. Part B Eng. 2012, 43, 1873–1880. [Google Scholar] [CrossRef]

	



Ummartyotin, S.; Pechyen, C. Microcrystalline-cellulose and polypropylene based composite: A simple, selective and effective material for microwavable packaging. Carbohydr. Polym. 2016, 142, 133–140. [Google Scholar] [CrossRef] [PubMed]

	



Ai, B.; Zheng, L.; Li, W.; Zheng, X.; Yang, Y.; Xiao, D.; Shi, J.; Sheng, Z. Biodegradable Cellulose Film Prepared from Banana Pseudo-Stem Using an Ionic Liquid for Mango Preservation. Front. Plant Sci. 2021, 12, 625878. [Google Scholar] [CrossRef]

	



Fotie, G.; Limbo, S.; Piergiovanni, L. Manufacturing of Food Packaging Based on Nanocellulose: Current Advances and Challenges. Nanomaterials 2020, 10, 1726. [Google Scholar] [CrossRef]

	



Fernandes, S.Q.; Madhuranthakam, C.M.R. Molecular Dynamics Simulation of a Superhydrophobic Cellulose Derivative Targeted for Eco-Friendly Packaging Material. Macromol. Theory Simul. 2020, 30, 2000056. [Google Scholar] [CrossRef]

	



Ensikat, H.J.; Ditsche-Kuru, P.; Neinhuis, C.; Barthlott, W. Superhydrophobicity in perfection: The outstanding properties of the lotus leaf. Beilstein J. Nanotechnol. 2011, 2, 152–161. [Google Scholar] [CrossRef]

	



Nikolić, B.M.; Todosijević, M.; Djordjevic, I.; Stankovic, J. Nonacosan-10-ol and n-Alkanes in Leaves of Pinus pinaster. Nat. Prod. Commun. 2020, 15, 1934578X2092607. [Google Scholar] [CrossRef]

	



Mazeau, K.; Heux, L. Molecular Dynamics Simulations of Bulk Native Crystalline and Amorphous Structures of Cellulose. J. Phys. Chem. B 2003, 107, 2394–2403. [Google Scholar] [CrossRef]

	



Madhuranthakam, C.M.R.; Pandiyan, S.; Penlidis, A. Performance Evaluation of Nonacosan-10-ol-Based Polyethylene Packaging Material Using Molecular Dynamics Simulations. Polymers 2022, 14, 1779. [Google Scholar] [CrossRef]

	



Djoković, V.; Mtshali, T.; Luyt, A. The influence of wax content on the physical properties of low-density polyethylene-wax blends. Polym. Int. 2003, 52, 999–1004. [Google Scholar] [CrossRef]

	



Wang, Y.; Yang, T.; Li, J. Glass Transition Temperature and Mechanical Properties in Amorphous Region of Transformer Insulation Paper by Molecular Dynamic Simulations. In Proceedings of the IEEE International Symposium on Electrical Insulation, San Juan, NA, USA, 10 June 2012; pp. 164–168. [Google Scholar] [CrossRef]

	



Szcześniak, L.; Rachocki, A.; Tritt-Goc, J. Glass transition temperature and thermal decomposition of cellulose powder. Cellulose 2007, 15, 445–451. [Google Scholar] [CrossRef]

	



Fan, L.; Wang, Y.; Jiao, K. Molecular Dynamics Simulation of Diffusion and O2 Dissolution in Water Using Four Water Molecular Models. J. Electrochem. Soc. 2021, 168, 034520. [Google Scholar] [CrossRef]

	



Minelli, M.; Baschetti, M.G.; Doghieri, F.; Ankerfors, M.; Lindström, T.; Siró, I.; Plackett, D. Investigation of mass transport properties of microfibrillated cellulose (MFC) films. J. Membr. Sci. 2010, 358, 67–75. [Google Scholar] [CrossRef]

	



Wang, W.; Wang, Y.; Li, X. Molecular Dynamics Study on Mechanical Properties of Cellulose with Air/Nitrogen Diffusion Behavior. BioResources 2018, 13, 7900–7910. [Google Scholar] [CrossRef]

	



Liao, R.; Zhu, M.; Zhou, X.; Zhang, F.; Yan, J.; Zhu, W.; Gu, C. Molecular dynamics study of the disruption of H-bonds by water molecules and its diffusion behavior in amorphous cellulose. Mod. Phys. Lett. B 2012, 26, 1250088. [Google Scholar] [CrossRef]

	



OPLS4|Schrödinger. Available online: https://www.schrodinger.com/products/opls4 (accessed on 4 April 2022).

	



Allen, M.P.; Tildesley, D.J. Computer Simulation of Liquids; Clarendon Press: Oxford, UK, 1987. [Google Scholar]








[image: Ijms 23 09501 g001 550] 





Figure 1. (a) Equilibrated amorphous cellulose (each chain is represented by a different color), (b) density-time profile for cellulose, (c) equilibrated adulose (cellulose chains are shown in green, nonacosane-10 ol molecules are shown in purple, nonacosane-5,10 diol molecules are shown in blue), (d) density-time profile for adulose. 
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Figure 2. (a) Effective strain vs. effective stress data for cellulose. (b) Stress–strain model fit for cellulose. (c) Effective strain vs. effective stress data for adulose. (d) Stress–strain model fit for adulose. 
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Figure 3. Temperature versus specific volume profiles for (a) cellulose (b) adulose. 
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Figure 4. Equilibrated and relaxed adulose with (a) oxygen, (b) nitrogen, and (c) water molecules (red spheres are oxygen, grey spheres are nitrogen, red sphere with two white spheres are water molecules). 
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Figure 5. MSD curve obtained for adulose with oxygen molecules (black solid line is the data, green region is the standard deviation, and the red line is the fitting). 
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Figure 6. Time versus number of hydrogen bonds for cellulose, cellulose with water, adulose, and adulose with water systems. 
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Figure 7. Time versus interaction energy for oxygen and nitrogen in (a) cellulose and (b) adulose. 
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Table 1. Mechanical properties of cellulose and adulose.






Table 1. Mechanical properties of cellulose and adulose.





	System
	Elastic Modulus (GPa)
	Ultimate Strain (%)
	Ultimate Stress (GPa)
	Yield Strain (%)
	Yield Stress (GPa)





	Cellulose
	6.3391
	0.0326
	0.1253
	0.011
	0.07



	Adulose
	4.2248
	0.024
	0.0632
	0.0089
	0.0375



	Polyethylene [13]
	2.3792
	0.1328
	0.1878
	0.0433
	0.1030
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Table 2. Diffusion coefficients and FFV for oxygen, nitrogen, and water in cellulose and adulose.






Table 2. Diffusion coefficients and FFV for oxygen, nitrogen, and water in cellulose and adulose.





	System
	Diffusion Coefficient (m2/s)
	FFV (%)





	Cellulose-oxygen
	8.51 × 10−11
	26.31



	Cellulose-nitrogen
	8.35 × 10−11
	28.88



	Cellulose-water
	8.2 × 10−12
	24.94



	Adulose-oxygen
	2.39 × 10−10
	30.67



	Adulose-nitrogen
	2.45 × 10−10
	31.49



	Adulose-water
	1.61 × 10−11
	30.33
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