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Abstract. 
The production and surface modification of cellulose nanocrystals (CNC) from Agave tequilana Weber waste (ATW) and their effect on the melt rheology of PLA were investigated. For that, CNC were obtained from ATW residues by acid hydrolysis and grafted with 2-ethyl hexyl acrylate (2-EHA) to promote compatibility with nonpolar polymers, such as PLA. The morphology of CNC occurred as rods, spheres, and the so-called porous network observed by scanning electron microscopy (SEM) and electron transmission microscopy (TEM), and the crystallinity of the cellulose fibers was ~73% and increased up to ~94% for CNC followed by X-ray diffraction (XRD). The acid hydrolysis and alkali extraction process produce changes on the native cellulose type I from ATW bagasse resulting in a mixture of cellulose type I and II and was preserved after CNC isolation and surface grafting. Polymer grafting was assessed using Fourier-transform infrared spectroscopy (FTIR) and X-ray electron spectroscopy (XPS). Upon surface modification, the grafted CNC presented better thermal stability than CNC pristine evaluated by thermogravimetric analysis (TGA), and the surface energy of the CNC was decreased which could promote CNC dispersion within polymers. Both pristine and surface modified CNC were melt mixed with PLA to produce nanocomposites at different concentrations of CNC. Dynamic time sweep tests showed that the introduction of CNC and CNC/2-EHA decreased the complex viscosity of PLA due to polymer degradation during compounding.



1. Introduction
Traditionally, CNC have been mainly obtained by acid treatments on cellulose obtaining crystalline nanoparticles virtually free of defects [1]. The conventional sources of cellulose for the production of CNC are wood and cotton fibers; however, crop wastes are alternative sources for obtaining CNC [2–5]. Thus, CNC has been produced from crop waste such as rice [6], banana [2], and coconut [5].
On the other, the blue agave (Agave tequilana Weber) is extensively cultivated for the production of the alcoholic drink denominated tequila. The agave bagasse is the result of agave heads cooked, crushed, and sugar extracted having an estimated cellulose content about 49 wt.% [7] with an estimated production of ~400,000 ton/year [8] which represents serious environmental problems [9]. There are very few studies concerning the CNC production from Agave tequilana Weber bagasse with promising results [10].
CNC can be used as a reinforcer for polymer matrices because of their excellent mechanical properties and unique morphology [11]. However, surface modification of CNC is required to improve its dispersion within hydrophobic matrices and to promote adhesion at the CNC-polymer interface [12, 13]. In this sense, CNC has been grafted with acetic anhydride [14], fatty acids [15, 16], poly(glycidyl methacrylate) [17], and other acrylic monomers to produce nanocomposites based on hydrophobic polymers such as low-density polyethylene (LDPE) and PLA [18]. Polymer nanocomposites containing modified CNC exhibited usually improved properties in comparison with those containing pristine CNC.
On the other hand, rheological characterization of polymer nanocomposites is a powerful technique to evaluate the dispersion of nanoparticles and to investigate the influence of the processing conditions of nanocomposites on the dispersion of the nanoparticles in the polymer matrices; since rheological properties depend strongly on the structure, surface characteristics, size, and shape of the nanoparticles [19].
Some studies have been conducted regarding the rheological behavior of PLA/pristine CNC nanocomposites reporting a significant increase in the complex viscosity, storage, and loss modulus for nanocomposites compared with pure PLA [20, 21]. Furthermore, it has been reported that the use of grafted CNC (i.e., hydrophobic grafts) improved the rheological properties of the nanocomposites due to the better dispersion of CNC within the polymer matrix [22].
In this study, CNC were obtained from ATW bagasse by acid hydrolysis and surface modified with poly(2-ethyl hexyl acrylate) to produce a biodegradable reinforcer for polymer matrices [23]. Poly(2-ethyl hexyl acrylate), a biocompatible polymer, was chosen due to its ability to hydrolysis degradation [23]; in addition, the monomers are able to react with the –OH groups from nanocellulose through free radical graft copolymerization [18]. The main physicochemical characteristics of pristine CNC and grafted CNC/2-EHA were determined. The dispersion of pristine and modified CNC within melt compounded PLA nanocomposites was assessed by SEM and TEM. In addition, the influence of CNC loading and surface modification of CNC on the complex viscosity as a function of time of PLA nanocomposites was evaluated.
2. Experimental
2.1. Materials
Raw fibers of ATW bagasse (Sol y Agave de Arandas, SA de CV, Jalisco, Mexico) were used to obtain cellulose using sulfuric acid (Fermont), sodium hydroxide (Fermont), and commercial sodium hypochlorite solution (NaClO). Inhibitor-free 2-EHA (Aldrich) and cerium and ammonium nitrate (CAN) (Aldrich) were used in the grafting reaction. PLA (NatureWorks 2002D) was used to prepare nanocomposite (ρ = 1.25 g/cm3, MFI = ~4–8 g/10 min at 190°C, according to the technical data sheet).
2.2. Procedures
2.2.1. Production of CNC Form ATW Bagasse
First, cellulose fibers were isolated from ATW bagasse fibers by acid hydrolysis and alkaline extraction [2, 24]: briefly, 1 g of ATW bagasse was mechanically dispersed in 19 mL of boiling H2SO4 solution (1% vol.) for 1 h and subsequently washed with distilled water; then 1 g of the above fibers was mechanically mixed with 10 mL of NaClO solution at room temperature (3.5 vol.%) until reaching a pH of ~9.2 and washed with distilled water until reaching a pH of ~7. Next, 1 g of the above fibers was mechanically mixed with 10 g of NaOH solution (20 wt.%) for 1 h and washed with distilled water; and finally, 1 g of the above fibers was bleached with 12 mL of NaClO solution at room temperature (0.5 vol.%) for 1 h and washed until reaching a pH of ~7. The resulting material was dried at room temperature for 24 h.
CNC were produced following the procedures reported by Bondeson et al. [1] and Hamad and Hu [25]: 10.2 g of cellulose was dispersed mechanically in 100 mL of deionized water (DI) in an ice bath, and then concentrated H2SO4 was slowly added until reaching a concentration of 63.5 wt.%. Subsequently, stirring was increased and the mixture was heated (44°C) for 130 min. The reaction was stopped by pouring 2000 mL of cold DI water. The suspension was allowed to precipitate for 24 h producing two phases. The clear phase was discharged and the turbid phase was washed with 2000 mL deionized water and centrifuged (15 min at 3500 rpm); this process was repeated three times. Supernatants from the second and third centrifugation cycles were collected and dialyzed against DI water using dialysis membranes (molecular weight 14,000 Da) until a neutral pH (1–4 days) was reached. Samples were sonicated using an ultrasonic probe (Sonics, Vibra-Cell, 5 min in an ice bath); the suspension was stored at 4°C and lyophilized to determine the concentration of the suspension.
2.2.2. 2-EHA Grafting on CNC
The 2-EHA grafting was performed using the procedure proposed by Canché-Escamilla et al. [26]: 250 mL of the CNC suspension (~0.3% w/v) was nitrogen bubbled for 1 h at 30°C. Subsequently, 0.75 g of 2-EHA (2-EHA : CNC, 1 : 1) and 0.8 g of CAN (dissolved in 4.6 mL of 1 N HNO3) was added and stirred for 3 h at 30°C. The grafted CNC are washed/centrifuged with DI water three times. The suspension was frozen and lyophilized. Subsequently, the product was mixed with acetone and stirred for 24 h to dissolve the ungrafted homopolymer. The suspension was filtered and dried in a vacuum oven for 24 h at 50°C.
2.2.3. PLA/CNC Nanocomposites
PLA/CNC nanocomposites were obtained in two steps. First, a PLA/CNC (pristine or grafted) master batch (CNC 10 wt.%) was produced in a Brabender mixing chamber (model PLE-330) at 163°C and 30 rpm for 7 min. The masterbatch was then diluted with virgin PLA (0.5, 1, and 2 CNC wt.%) using a Brabender conical twin-screw extruder (model PLE-330). Processing temperatures were 150, 150, and 145°C in the extruder zones, the screws speed was 5 rpm, and a circular die (5 mm in diameter) was used at 140°C. Samples were compression molded (Carver laboratory press, at 180°C for 5 min, 2043 kPa clamping force for 5 min, water cooled) to produce 120 × 120 × 1 mm plates for further characterization.
2.2.4. Characterization
The CNC morphology was determined by SEM on dried and lyophilized samples using metal supports and copper tape. The samples were coated with a thin gold layer and observed in a SEM (JEOL JSM-6360, Japan, 10 kV). The CNC were also observed on a JEOL 1010 transmission electron microscope (TEM), at an accelerating voltage of 100 kV, to examine the shape and size of dried CNC. A drop of the diluted solution (0.001% w/v) was deposited onto a carbon-coated copper grid and dried afterwards at room temperature for 12 h before the observation in the microscope. The morphology of PLA/CNC nanocomposites was observed thru the cryogenic fracture surface by SEM. The CNC embedded into the PLA matrix were also examined by TEM. Thin composite samples sliced with a microtome were deposited onto copper grids for observation in the microscope. The particle dimensions were determined using the Image-Pro Plus 6 software.
XRD patterns of the samples were determined using a Diffractometer Bruker D8 Advance (CuKα, λ = 1.5418 Ǻ, 40 keV and 30 mA), and the crystallinity index was calculated using the Segal equation [27]:
where  is the maximum intensity of the (200) lattice diffraction (2θ = 22.6° in the case of cellulose I),  is the maximum intensity of the () diffraction for cellulose II at 2θ = 20.1°, and  is the intensity of the diffraction peak at 2θ = 18° (cellulose I) and 2θ = 16° (cellulose II) [28, 29].
FTIR analysis was performed using a Thermo Scientific Model Nicolet 8700 spectrometer in the transmission mode, with a resolution of 4 cm−1 and 100 scans on 2 mg sample/135 mg KBr tablets. The XPS analysis was performed using Thermo Scientific K-Alpha Surface Analysis equipment, using a monochromatic Kα line, at 40 W and 12 kV.
The thermal stability of the CNC was determined on a Perkin-Elmer TGA 7 equipment. Samples were heated from 30°C to 700°C with a heating rate of 10°C/min under a nitrogen flow (100 mL/min).
The Owens-Wendt approximation was used to calculate the dispersive and polar contributions of the surface energy of the samples using the contact angles of sessile drops of diiodomethane, ethylene glycol, and water on tablets of pristine and grafted CNC. The liquid surface tension values were taken from literature [14] and are listed in the footnote for Table 1. 100 mg CNC tablets were obtained using a KBr die applying a compression force of 30 kN for 15 min at room temperature. Contact angle measurements were performed at room temperature using a goniometer (Ramé-Hart Instrument Co.).
Table 1: Contact angles (°), dispersive (), polar () components, and surface energy () of CNC and CNC/2-EHA.
	

	Sample	Contact angle θ (°)	 (mJ/m−2)	 (mJ/m−2)	 (mJ/m−2)
	Diiodomethane	Ethylene glycol	Water
	

	CNC	26.5 ± 1.6	27.2 ± 4.5	44.8 ± 5.4	30.7	22.9	53.6
	CNC/2-EHA	25.2 ± 2.7	52.7 ± 9.0	73.2 ± 1.4	36.8	5.5	42.3
	


, , and  correspond to the dispersive and polar components and the total surface tension, which are 49.5, 1.3, and 50.8 mJ/m−2 for diiodomethane; 29, 19, and 48 mJ/m−2 for ethylene glycol; and 21.8, 51, and 72.8 mJ/m−2 for water, respectively [14].


Dynamic time-sweep tests were carried out using an AR-2000 rotational stress-controlled rheometer (TA Instruments, New Castle, DE, USA) employing the parallel plate geometry of 25 mm. The linear viscoelastic region (LVR) was initially confirmed by strain amplitude sweeps at constant frequency. Time-sweep experiments at strain amplitude of 0.05 and frequency of 0.5 rads−1 were conducted at 165°C for 3600 s using a gap between plates of 0.7 mm inside LVR. Specimens (25 mm disks) were obtained from compression molded plate.
3. Results and Discussion
The cellulose yield from ATW bagasse was 38% and for the CNC was 28% from obtained cellulose (10% from ATW bagasse); the above are similar to the study reported by Bondeson et al. [1] and Hamad and Hu [25], who used similar processing conditions to those used in this study but from Picea Norway microcrystalline cellulose and commercial softwood, both were CNC cellulose type I. The conversion of 2-EHA was 7.2%, the addition percentage was 5.4%, and the grafting efficiency was 81.5%. The reduced reactivity of 2-EHA [30] could contribute to the low 2-EHA conversion. The relative high grafting efficiency is due to the Ce(IV) ions which generate mainly free radicals on the backbone of cellulose [31, 32].
Figure 1(a) shows SEM photographs of a raw ATW fiber which is composed by several cellulose microfibers; after the acid hydrolysis and alkaline extraction, the cellulose fibers were obtained (Figure 1(b)). Figure 1(c) shows clusters of pristine CNC dried directly from a CNC solution; a close-up reveals that the CNC are stacked parallel among them (Figure 1(d)). Similarly, a sample of the CNC/2-EHA was observed after surface modification process, CNC/2-EHA were identified as aggregates covered by the grafted polymer (red dotted circles on Figures 1(e) and 1(f)). In addition, SEM was performed on lyophilized samples to determine possible changes in the morphology of CNC due to drying process; surprisingly, pristine CNC are seen as a lamellar structure (Figure 1(g)), which consists of a large number of thin CNC layers (~1.7 μm thick). No CNC agglomerates or microsize fibers were observed within the thin sheets suggesting that CNC were self-assembled into thin sheets during the lyophilization process; similar observations were reported by Li et al. [33] for cellulose I CNC. The self-assembly of CNC is produced due to the confinement of CNC at the boundaries of ice crystal during freezing process favoring the formation of a chiral nematic structures; the factors affecting the production of lamellar structure are the aspect ratio, concentration, hydrogen bonds, crystallinity, and surface charge of CNC [34].
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Figure 1: SEM micrographs of (a) raw ATW fiber, (b) extracted cellulose fiber, (c, d) CNC, (e, f) CNC/2-EHA, (g) lyophilized CNC, and (h) lyophilized CNC/2-EHA.


A completely different morphology is observed for the CNC/2-EHA (Figure 1(h)) upon lyophilization, which is presented as aggregates of nanoparticles; no self-assembly was observed as pristine CNC due to the reduction of hydrogen bonds as a result of the polymer grafting.
Morphological details were obtained by TEM; Figure 2 shows TEM images of the pristine CNC and CNC/2-EHA. The results indicate that pristine CNC exhibited three different morphologies: rods (Figure 2(a)) with length ranging 590 nm and diameter ranging 100 nm, spheres (Figure 2(b)) with apparent diameters in the order of 20 nm, and the so-called porous network (Figure 2(c)) with apparent diameter ranging 80 nm. The former morphologies has been related to the self-assembly process of short cellulose rods through interfacial hydrogen bonds and depends on the preparation method of cellulose fiber [35], source of cellulose, and production process of CNC [4, 36]. On the other hand, the formation of the porous network morphology is the result of the combination of several factors such as the lyophilization process, degree of dispersion of the CNC in water, and drying in the preparation of TEM sample [36, 37]. A more detailed study is required to determine the proportion of each kind of morphology in the obtained CNC; it is worthy to mention that the isolation of CNC fractions exhibiting different morphology is not possible by traditional methods of separation such as filtration or centrifugation so far [36, 37].
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Figure 2: TEM micrographs of CNC (a–c), and CNC/2-EHA (d, e) exhibiting different morphologies.


Our results are quite different from the those reported by Espino et al. who produced CNC from ATW bagasse fiber in the form of rods with lengths of 335 ± 165 nm and diameters of 12 ± 4 and by means of acid hydrolysis [10], it is possible that the high shearing during preparation reduced the CNC size. On the other hand, two morphologies were found for CNC/2-EHA: rods (Figure 2(d)) with lengths and apparent diameters in the order of 500 nm and ~140 nm, respectively and spheres (Figure 2(e)) with apparent diameters of ~20 nm. Rods and spheres of CNC/2-EHA were observed like separated units; surface modification prevented agglomeration as reported by others [38].
Surface grafting was assessed by FTIR and XPS. Figure 3 shows the FTIR spectra of CNC and CNC/2-EHA which present a band in the region of 3500 to 3400 cm−1 corresponding to the –OH groups of the cellulose; the intensity of this band decreased upon 2-EHA grafting. An intense band is observed in ~2897 cm−1 attributable to stretching vibrations of the C-H bonds for both CNC and CNC/2-EHA. In addition, CNC/2-EHA presented a band at ~2930 cm−1 corresponding to the characteristic stretching of the C-H bonds of the pendant groups [18].




			
				
				
				
				
			
			
				
				
				
				
			
			
				
				
				
				
			
			
				
				
				
				
			
			
				
				
				
				
			
			
				
				
				
				
			
			
				
				
				
			
		
			
				
					
			
		
			
				
					
			
		
			
				
			
		
			
				
			
		
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		Figure 3: FTIR spectra of CNC and CNC/2-EHA.


The vibrations of deformation, wagging, and flexion of anhydroglucopyranose units are observed from 1800 to 800 cm−1 and are consistent with other reports [3, 5, 37, 39, 40]. The band at ~892–898 cm−1 is associated to β-glycosidic linkages of cellulose [3] and to cellulose type II [39]. The CNC/2-EHA spectrum exhibited a strong band at 1730 cm−1, corresponding to the stretching of the carbonyl group of grafted 2-EHA [26, 41].
XPS was performed on the samples corroborate the 2-EHA grafting. Figure 4 shows the survey spectra (a) and the deconvolution of the C1s peak for the CNC (b) and CNC/2-EHA (c). Survey spectra present the peaks for O1s, C1s, and Sp2. The C1s peak deconvolution was carried out using the PeakFit v4.12 software and the Gaussian-Lorentzian method generating several groups: C1 corresponding to C-C and C-H bonds, C2 to C-O bonds of alcohols and ethers, C3 to O-C-O and C=O bonds, and C4 corresponding to O-C=O ester bond [15]. The O/C ratio of CNC was 0.54 which is similar to that reported by other authors [15, 42]; lower values of O/C could be attributable to impurities [43]. The O/C ratio for CNC/2-EHA was 0.45, which is lower than that CNC, due to the increase in the amount of carbon atoms from 2-EHA. On the other hand, the contribution of the C1 group of CNC/2-EHA decreased slightly in comparison with CNC upon grafting, from 49.4% to 47.8%, possibly due to the impurities removing upon surface grafting [42].
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Figure 4: XPS survey spectra (a) and high resolution of C1s photoelectron spectra of CNC (b) and CNC/2-EHA (c).


The C2 group exhibited a slight decrease in the CNC/2-EHA (30%) sample compared with CNC (29.4%) due to the loss of one glycol group of the anhydroglucopyranose at the position of carbons 2 or 3 as a consequence of grafting [44]. C3 was observed to slightly increase after grafting from 13.3% for CNC to 14.3% for CNC/2-EHA, due to the formation of carbonyl groups in the cellulose unit and those from the grafted polymer chains [45]. The percentage of the bond type C4 increased from 7.3% to 8.5% for CNC and CNC/2-EHA, respectively, due to the contribution of the ester groups of the poly(2-EHA). Sulfur is present in both samples as result from sulfate groups during acid hydrolysis; sulfate groups remained after the grafting reaction since grafting position of on C2 or C3 of anhydroglucose [44], while sulfate groups are joined to C6 position [37].
On the other hand, TGA was used to estimate the grafting content and thermal stability of samples. Figure 5 shows the TGA thermograms (a) and DTGA (b) for CNC and CNC/2-EHA. Figure 5(a) shows three major mass loss events attributable to the elimination of adsorbed water (~50–120°C), cellulose degradation (~269–384°C), and the generation of carbonized residues (~450°C). The thermal degradation of the cellulose occurs in two stages: (a) the reduction of the chain size due to the rupture of bonds by the generation of free radicals, carboxyl groups, and carbonyls and (b) the depolymerization of the cellulose by the rupture of the glycosidic units and the formation of levoglucosan [40]. Figure 5(b) shows the derivative TGA traces for CNC exhibiting two decomposition events associated to the decomposition of sulfonated CNC and CNC (~125–180°C and 398–448°C, resp.). CNC/2-EHA exhibited two decomposition events related to thermal decomposition of CNC and grafted polymer (270–395°C and 396–448°C, resp.), as reported by others [38]. The grafting of poly(2-EHA) on the CNC surface improved the thermal stability of CNC because the poly(alkyl acrylates) exhibit higher degradation temperature (405–415°C) [46]. The TGA results suggested that the 2-EHA grafted corresponded to 5 wt.%.




			
			
			
		
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
				
				
				
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		
			
			
			
		Figure 5: (a) TGA and (b) DTGA traces of CNC and CNC/2-EHA (nitrogen atmosphere, heating rate 10°C/min); arrows indicate the mass loss of water and grafted poly(2-EHA).


The change in the surface energy of CNC due to poly(2-EHA) grafting was evaluated through the Owens-Wendt approximation using the average of six measurements of the contact angles of sessile drops of various liquids on the surface of CNC samples at room temperature. The average values of the contact angles and the calculated surface energies are shown in Table 1. It was observed that the contact angle of diiodomethane was lower in the CNC/2-EHA compared to the CNC; in the case of ethylene glycol and water, an opposite behavior was observed. The droplet of water exhibited a larger contact angle when deposited on CNC/2-EHA which is consistent with the literature related to the surface-modified CNC [14, 15]. The  values for the linear regression for Owens-Wendt model were 0.94 and 0.84 for CNC and CNC/2-EHA, respectively; low  value for CNC/2-EHA could be attributed to the roughness effect of sample surface [47]. The roughness of samples was determined through AFM analysis (AFM Bruker model Innova SPM in tapping mode) to be 23.8 and 31.8 nm for CNC and CNC/2-EHA, respectively.
The calculated dispersive component increased from 30.7 to 36.8 mJ/m−2 upon grafting, whereas the polar component decreased from 22.9 mJ/m−2 to 5.5 mJ/m−2 as a result of the substitution of –OH by poly(2-EHA) and the formation of intramolecular hydrogen bonding of the carbonyl groups [14]. The decrease of the polar component and the increase of the dispersive component in the modified CNC suggest that CNC/2EHA could be better dispersed in hydrophobic polymer matrices such as PLA.
The changes in the crystallinity degree of the cellulose upon extraction and grafting processes were evaluated by XRD. Figure 6 shows XRD diffractograms for bagasse fiber Agave tequilana Weber (FATW), extracted cellulose, CNC, and CNC/2-EHA. FATW exhibited the characteristic peaks for cellulose type I (2θ = 15.2°, 22.6°), and the peak at 2θ = 24.7° corresponds to silica [48] from the rich silica soils required for this type of crop [49]. The extracted cellulose shows 3 peaks at 2θ ~ 12.4°, 20.2°, and 22.2° corresponding to the structure of cellulose type II [28, 50, 51]; however, it is possible to observe some overlapped peaks corresponding to cellulose type I (2θ = 15.2°, 22.6°). The partial conversion from polymorphism I to II is due to alkali conditions (sodium hydroxide) and subsequent washing and drying processes employed to obtain cellulose [51]. CNC show both polymorphisms with defined peaks (2θ = 11.8°, 12.4°, 14.9°, 20.1°, 20.9°, and 22.2°); cellulose type I was preserved in part after the acid hydrolysis (isolation of CNC); other authors have obtained CNC exhibiting a mixture of cellulose type I and II by using different contents of H2SO4 during the isolation process [52]. CNC/2-EHA presents peaks at 2θ = 12.2°, 20.1°, and 22.2° corresponding mainly to cellulose type II; however, it is possible that some peaks corresponding for cellulose I are overlapped within the amorphous zone. The intensity of the diffraction peaks for CNC/2-EHA is lower due to the amorphous characteristic of poly(2-ethyl hexyl acrylate). Cellulose II is the most important crystalline form from a technical and commercial point of view, because it is thermodynamically more stable [51], and suspensions of cellulose type II CNC have been found to have better rheological properties than their type I counterparts [53].




		
			
			
			
			
			
		
			
			
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		
			
			
			
			
			
		Figure 6: X-ray diffractograms of FATW, cellulose, CNC, and CNC/2-EHA.


Crystallinity index (Table 2) was calculated using corresponding peaks for cellulose I (, ) and II (, ). FATW presents low values of crystallinity corresponding to cellulose type I due to the presence of lignin and other organic materials; extracted cellulose presents an increase in the crystallinity index in the cellulose type I and type II. It is worthy to notice that the crystallinity index of both polymorphism increased being the type II with higher values upon the isolation of CNC, and after polymer grafting, both decreased at the same value due the presence of the amorphous polymer [54].
Table 2: Crystallinity index for cellulose I and II and estimated percentage of the polymorphisms in the samples.
	

	Sample	Crystallinity index (%)	Percentage of the polymorphisms (%)
	Cellulose I	Cellulose II	Cellulose I	Cellulose II
	

	FATW	64	—	100	—
	Cellulose	74	73	57	43
	CNC	89	94	48	52
	CNC/2-EHA	69	69	49	51
	



An estimation of the percentage of the concentration of the polymorphism type I and II in the samples was carried using the area of the diffraction peaks of the corresponding cellulose type. The deconvolution of the diffraction peaks was performed using the PeakFit v4.12 software and the Gaussian-Lorentzian method; in consequence, FATW exhibited 100% cellulose I, extracted cellulose presented 57% type I and 43% type II, and after acid hydrolysis, the percentage of cellulose I diminished and that for cellulose II slightly increased (CNC) and remained at the same level after polymer grafting (CNC/2-EHA).
CNC was dispersed within PLA resin by melt blending in order to prepare PLA/CNC nanocomposites at different contents of CNC. Figure 7 presents SEM images of the fracture surface of PLA/CNC and PLA/(CNC/2-EHA) nanocomposites. Figures 7(a)–7(c) correspond to the surface of PLA/CNC at different loads of pristine CNC which was distributed as agglomerates indicating that the shear during processing was insufficient to disperse the CNC individually. On the other hand, Figures 7(d)–7(f) show the distribution of agglomerates CNC/2-EHA at different loadings. Figure 7(f) (at different magnifications) shows a CNC/2-EHA agglomerate at the highest concentration of modified CNC suggesting that the surface modification of CNC allowed its mixing until certain nanoparticle content.
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Figure 7: SEM micrographs of PLA/CNC nanocomposites (a) 0.5%, (b) 1%, and (c) 2% and PLA/(CNC/2-EHA) nanocomposites (d) 0.5%, (e) 1%, and (f) 2%.


Figures 8(a)–8(c) present TEM images of PLA/CNC nanocomposites at different lyophilized CNC contents, where the different morphologies of CNC discussed above coexisting in the nanocomposites. Indeed, Figures 8(c) and 8(e) show the coexistence of rods (red dotted circles) and spheres. TEM images showed CNC poorly dispersed in the PLA matrix consisted with the SEM observations.
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Figure 8: TEM micrographs of PLA/CNC nanocomposites (a) 0.5%, (b) 1%, and (c) 2% and PLA/(CNC/2-EHA) nanocomposites (d) 0.5%, (e) 1%, and (f) 2%.


Figures 8(d)–8(f) show the distribution of CNC/2-EHA within PLA exhibiting the three morphologies; in Figure 8(e), the porous network (red arrows) coexisting with the other morphologies can be observed. Figure 8(f) presents a better dispersion of (CNC/2-EHA), but it seems to be poorly distributed. PLA/(CNC/2-EHA) nanocomposites exhibited a better dispersion of modified CNC suggesting that the polymer grafted not only hindered the CNC aggregation but also allowed the dispersion of modified CNC during processing.
The effect of the degree of CNC dispersion on the rheological properties of PLA was evaluated [19]; it was reported that the rheological behavior of polymer nanocomposite is influenced by the type, concentration, surface area, aspect ratio, and chemical surface of nanoparticles [55]. In this sense, the surface modification of CNC is expected to produce an important impact on the rheological properties of polymer nanocomposites since the interactions among polymer-nanofiller are promoted favoring the formation of a nanofiller network within polymer matrix [55]. Thus, the potential use of CNC form ATW as nanorereinforcer for PLA was evaluated incorporating CNC (pristine and modified) at different proportions and determining its effect on the rheological properties of PLA/CNC nanocomposites. It is expected that grafted polymer promotes the polymer chain entanglement increasing the rheological properties.
Figure 9(a) presents the data for PLA and PLA/CNC nanocomposites showing that complex viscosity of PLA decreased continuously accounting for the ~65% of initial value at the end of the experiment. The complex viscosity dropped rapidly during the first 15 min; the molecular weight of PLA resin usually decreases during processing due to thermal degradation as reported by others [23, 56–59]. On the other hand, the complex viscosity of PLA/CNC nanocomposites showed lower values than PLA sample suggesting that CNC promoted polymer degradation during the processing due to the lower thermal stability of CNC; in fact, sulfate groups on the CNC promote the degradation of the PLA as reported by others [60, 61]. It was noticed that the CNC concentration has a slight effect on the viscosity decrement. The presence of CNC stabilized PLA/CNC nanocomposites since viscosity remained unchanged at early stages of experiment over 12 min.
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Figure 9: Complex viscosity as a function of time for PLA nanocomposites containing (a) CNC and (b) CNC/2-EHA at different contents.


Figure 9(b) shows the complex viscosity behavior of PLA/(CNC/2-EHA) nanocomposites with time at different CNC/2-EHA contents. The values of the complex viscosity of PLA decreased with CNC/2-EHA being slightly higher than those corresponding to PLA/CNC nanocomposites; it is possible that modified CNC promoted polymer degradation but in different manner than pristine CNC due to the ability of grafted poly(2-ethyl hexyl acrylate) to be hydrolyzed during processing [23]. It is interesting to notice that complex viscosity of PLA/(CNC-2EHA) nanocomposites increased with modified CNC content; this fact suggests that polymer grafting promoted not only better CNC dispersion but also matrix-nanoparticle interactions [56]. Probably, higher aspect ratio of CNC could produce better rheological properties.
4. Conclusions
CNC were obtained from ATW bagasse presenting three morphologies: rods, spheres, and porous networks with a wide range in nanometric dimensions. 2-EHA was successfully grafted (~5 wt.%) on the surface of CNC as a result the surface energy and the crystallinity index decreased, whereas the thermal stability was improved. The cellulose type I from the ATW bagasse yielded to a mixture of cellulose I and II after acid hydrolysis and alkali extraction process; the resulting CNC are composed by a mixture of both polymorphism which remained after surface grafting. The decrease of the polar component of the modified CNC suggests that CNC/2-EHA could be dispersed and promotes adhesion in hydrophobic polymer matrices, such as PLA.
The addition of CNC or CNC/2-EHA to PLA caused a decrease in the complex viscosity of the nanocomposites depending on the concentration of the nanofiller. Complex viscosity reduction was attributed to PLA degradation during processing promoted by thermal degradation of pristine and modified CNC. CNC concentration had a slight effect on the viscosity decrement for the PLA/CNC nanocomposites; however, the complex viscosity of PLA/(CNC-2EHA) nanocomposites seems to increase with modified CNC content which suggests that the polymer grafting improves the interactions of PLA-CNC. Finally, the results suggest that CNC/2-EHA could be used as an alternative nanomaterial to modify melt viscosity of polymers.
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