Superior Dispersion and Property Enhancements in Nanocrystalline Cellulose-Polyolefin Biocomposites Prepared via Solid-State Shear Pulverization
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Cellulose, the main component of plant cell walls, constitutes the most abundant natural polymer resource available worldwide. It is the basic building block for textiles and for paper. Due to its remarkable strength with stiffness values exceeding 150 GPa, cellulose has garnered a lot of interest as a filler for polymers. Ever since the discovery of colloidal cellulose particles by Ranby in 1950’s, the process of producing defect-free, rod-like crystalline nanocellulose has undergone considerable changes. Such cellulosic nanocrystals are known by different names such as nanowhiskers, nanocrystals, nanofibrils and nanocrystallites. Here, we refer to them as nanocrystalline cellulose (NCC). Such nanocrystals have large aspect ratios, being 3-5 nm in diameter and 100-300 nm in length. The unique physical properties of NCC have thus inspired several literature studies to explore its application as novel green nano-reinforcement in the production of polymer nanocomposites. Green nanofillers offer several sustainable benefits such as low cost, light weight, less energy for processing and reduced wear to instruments.  

As a green filler, NCC has been incorporated into a variety of polymer matrices. Due to its hydrophilic nature, NCC is easily dispersed in water. Therefore, many studies have attempted to produce polymer-NCC composites with water-soluble polymers such as poly(vinyl alcohol). Favier et al. (Polym Adv Technol 1995;6:351–5) reported the first production of styrene-butadiene rubber (SBR)-NCC composites with water-based emulsion systems. In addition, NCC has been dispersed in several organic solvents, producing composites with enhanced mechanical properties. Compared to solution processing, relatively few studies have investigated the possibility of conventional melt-processing techniques such as twin-screw extrusion (TSE) for producing NCC-based nanocomposites. Achieving good dispersion of NCC in non-polar polyolefin matrices is a major challenge with TSE because of the hydroxyl groups on the filler surface and the often-agglomerated nature of NCC. Furthermore, NCC has poor thermal stability with degradation temperature as low as ~180 °C. This poses issues associated with filler degradation during melt processing for the production of composites.       

Poor filler dispersion and degradation of NCC are detrimental to mechanical performance of polyolefin-NCC composites. Ljungberg et al. (Polymer 2006;47:6285–92) and Bahar et al. (J Appl Polym Sci 2012;125:2882–9) produced composites of PP with NCC using solution-processing techniques observing minor to no property enhancements. Durfesne and coworkers (Polymer 2009;50:4552–63) employed TSE to produce polyethylene-NCC composites with only modest increment in mechanical properties due to large filler agglomeration during processing. Surface treatment with organic acid chloride aliphatic chains of different size did not result in any further improvement in properties. Oksman and coworkers (Compos Sci Technol 2006;66:2776–84) employed a novel liquid feeding technique in which a NCC dispersion in water with plasticizer (poly(vinyl alcohol)) is pumped into molten poly(lactic acid) during extrusion. Such techniques still cause severe filler aggregation with several added challenges in removing moisture and in suppressing polymer degradation. Recently, Lin et al. (Macromolecules 2013;46:5570–83) used a wrapping technique in which NCCs were coated with low molecular weight polyethylene oxide to suppress NCC degradation during processing. However, filler agglomeration prevails due to incompatibility and inability of melt-mixing to provide sufficiently large shear forces to break up filler agglomerates. Therefore, there is a need for a solvent-free, continuous and industrially scalable processing technique for the production of such green polymer biocomposites. 

Solid-state shear pulverization (SSSP) is a novel processing technique, which employs a modified twin-screw extruder where materials are processed under near-ambient temperature conditions. During SSSP, polymers are processed in their solid state, and large compressional and shear forces are imparted to the material. The repeated fragmentation and fusion of the material result in effective break-up of filler agglomerates. Near-ambient conditions in SSSP provide intimate mixing between polymer and nanofiller without regard to viscosity mismatch or thermodynamic limitations. Additionally, such conditions can prevent filler degradation of cellulosic materials, with effective particle break-up and dispersion, all of which are advantageous in the production of polyolefin-NCC biocomposites. In the past, these unique advantages of SSSP processing have been employed for the successful production of the following:
1. Polymer blends: 
SSSP processing has been successfully used for the compatiblization of immiscible polymer blends with in-situ formation of block copolymers as a result of inter-radical coupling during the mechanochemical treatment. 
2. Nanocomposites:
Fine dispersion and exfoliation of a variety of fillers ranging from platelet such as graphite and clay to agglomerated carbon nanotubes have been observed with dramatic mechanical property enhancements. 
3. Green composites:
Recently, SSSP has been employed for the production of green polymer composites based on renewable waste materials such as rice husk ash with major enhancements in mechanical properties. Well-dispersed rice husk ash acts as a substituent for commercially available silica commonly employed as filler for plastics. 
4. Polar functionalization of polyolefins:
Taking advantage of the unique radical chemistries associated with near-ambient temperature processing conditions in SSSP, polar functionalization of polyolefins (e.g., polypropylene) with ester or maleic anhydride moieties can be achieved with dramatically suppressed molecular weight reduction compared to melt processed systems.

[bookmark: _GoBack]Here we demonstrate the effective dispersion and major suppression of NCC degradation in green polyolefin-NCC biocomposites via SSSP with up to 10 wt% filler content. Excellent dispersion and retention of pristine cellulose color are observed in both low-density polyethylene (LDPE) and PP matrices through optical microscopy and scanning electron microscopy. Synergistic property enhancements due to effective dispersion are demonstrated via a variety of characterization techniques such as differential scanning calorimetry (DSC) and tensile testing. Well-dispersed NCC acts as an excellent nucleating agent for PP crystallization with dramatically reduced crystallization half- times. In short, the superior filler dispersion and suppressed filler degradation give rise to synergistic enhancements in Young’s modulus and excellent retention of elongation at break for 10 wt% NCC loadings in both PP and LDPE. Previously, poor outcomes were reported by Menez et al. when incorporating unmodified NCC in LDPE produced by TSE (Polymer 2009;50:4552–63). They observed only a modest 14 % increase in Young’s modulus and a 85 % decrease in elongation at break relative to the neat polymer. In comparison, SSSP processed LDPE-NCC composite with 10 wt% NCC show up to 69 % increase in Young’s modulus and no decrease in elongation at break relative to that of the neat polymer. To the best of our knowledge, the mechanical property enhancements shown by SSSP-processed polyolefin-NCC composites are superior to those reported in the research literature for similar composites made by melt processing. The degradation behavior of NCC, LDPE-NCC and PP-NCC systems is analyzed under nitrogen and air atmospheres using a thermogravimetric analyzer (TGA). Interestingly, LDPE-NCC composites show enhanced thermal stability relative to neat LDPE due to char formation from well-dispersed NCC. This study thus demonstrates the promise of SSSP processing in exploiting the full potential of this novel green nanofiller. 
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