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Abstract

:

Composites based on recycled polypropylene (PP) reinforced with cellulose nanocrystals whit lignin corncob were prepared. The effect of the ratio composites prepared via a compression molding process on the mechanical and thermal properties was analyzed. Corncobs is a little-used agroindustrial residue with a high cellulose content. The corncob was milled and then delignified via the organosolve process in order to get the cellulose unbleached. An acid hydrolysis process was then carried out to obtain lignocellulose nanocrystals (LCNCs). Subsequently, LCNC/PP composites were obtained via termocompression molding using different concentrations of LCNC (0, 0.5, 1 and 2% by weight) previously mixed via extrusion. The residual lignin present in the LCNCs improved the compatibility between the reinforcement and the PP matrix. This was evidenced by the increase in mechanical properties and the stabilization of thermal properties. The results of the mechanical tests showed that the LCNC increases the tensile and flexural modules and strength with respect to neat PP. Composites with 2% of LCNC showed an increase of 36% and 43% in modulus and tensile strength, respectively, while the flexural modulus and strength increased by 7.6%. By using reinforcements of natural and residual origin (corncob) and improving the properties of recycled polymers, their reuse will increase, and this can lead to reducing waste in the environment.
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1. Introduction


Composite materials are one of the fastest growing sectors and a marvel of modern science [1]. Most composite materials have been created to improve and combine mechanical properties such as stiffness, toughness and tensile strength at room temperature and at elevated temperatures. Most composite materials are made up of two phases; one called the matrix, which is continuous and surrounds the other phase, which is called the dispersed phase or reinforcement [2]. The use of a matrix and a reinforcement will depend on the final use that will be given to the composite material. Recently, there has been a great boom in using fibers of natural origin as reinforcements in various polymeric matrices since these fibers have important characteristics of resistance and biodegradability that make them more environmentally friendly when the composite material is discarded [3,4,5,6]. This is important to consider since, worldwide, there is a great problem of the poor disposal of plastic waste of synthetic origin derived from petroleum.



Today, many synthetic polymers are used as a matrix and reinforced with fibers to make composite materials. A widely used polymer is polypropylene (PP) [6,7,8]. This is a thermoplastic material whose production and applications have a significant growth worldwide, only surpassed by polyethylene (PE) and polyvinyl chloride (PVC), which, due to its chemical structure, is easily recyclable [9]. In the automotive industry, the passenger cabin of automobiles uses PP to manufacture about 55% of the components, including the instrument panel, door panel, glove box, air conditioning and many others [10]. Despite the wide use of PP, research is constantly being carried out to improve its properties. Some examples of studies carried out on PP are those carried out with natural fibers such as milkweeds, sisals, agaves, olive pits, rice husks, jutes, and kenaf, among others [5,6]. In addition to this, PP has been reinforced with natural fibers on a nanometric scale such as cellulose nanocrystals (CNCs) [11,12]. The production of polymer mixtures with CNC to obtain nanocomposites has received increasing interest in recent years [7,8]. This is because the mixtures of its components promise to have better mechanical characteristics than each component separately, in addition to the fact that the CNC reinforcements have low density, are biodegradable and are from renewable sources [13,14].



However, since PP is a non-polar matrix and CNCs are polar, there is a need to improve compatibility between both. To improve the compatibility between the PP matrix and the CNC filler, it has been decided to carry out chemical modifications on the surface of the CNC and PP to improve dispersibility in the matrix and compatibility. Some research has reported the use of toluene diisocyanate [15], PP grafted with maleic anhydride [13,14], acetylated CNCs [16] and poly(ethylene-co-vinyl alcohol) [17]. It was shown that high-temperature processing has a significant effect on rheological behavior and mechanical properties. Recent research mentions reinforcing PP with basalt fiber (BF) and CNC to improve the resistance of the composite material due to the synergistic effect between the two reinforcements. The author mention that the CNCs not only promoted the crystallinity of PP through heterogeneous nucleation but also formed a wedge-shaped structure between themselves and the BFs through hydrogen bonds to prevent the molecular movement of PP. On the other hand, BFs promoted not only the extrusion crystallization of the resin matrix, but also the network structure formed by the appropriate BF content can realize the rapid external strength transmission [7]. In addition to this, there are difficulties due to agglomeration when adding nanoparticles to thermoplastic polymers such as PP. Studies have been reported with other nanoparticles, for example, carbon nanotubes, aluminas and others [18,19,20], where they mention accepted methods for mixing them and reducing the challenges of mixing and overcoming agglomeration. In studies carried out with CNC, it is recommended to use quantities less than 3% to avoid exhaustion problems [13,21,22].



With all this background, it is a fact that for a PP and CNC composite material to have good mechanical properties, it is necessary to make chemical modifications to the CNCs, such as adding another reinforcement or a coupling agent. Therefore, in this research, it is proposed to prepare fiber CNCs of unbleached corncob cellulose. When preparing CNC with unbleached cellulose, the residual lignin that remains after the cellulose isolation process is used [23]. Lignin is a very complex branched phenolic polymer, formed by heterogeneous units and is also the cementing material that binds cellulose fibers. It has been shown that with unbleached cellulose and applying acid hydrolysis, it is possible to have residual lignin in nanocrystals [23,24]. It has been reported that the chemical compatibility and physical and mechanical properties of PP films can be improved with nanofibers with residual lignin [25] and with CNC with residual Kenaf lignin [23]. Therefore, the novelty of this research is to prepare a recycled PP composite material with different concentrations of CNC with residual lignin (LCNC) from corncob. For this, the mixture was carried out by an extruder and then the composite material was produced in pellet form and, via this thermocompression, was made the final material for evaluations of its mechanical and thermal properties. Corncob is a residual biomass that is generated after shelling corn and is a rarely used raw material but with great potential to extract CNC [24]. The motivation to carry out this type of research was to improve the properties of a recycled polymer such as PP, and a residual biomass such as corncob was used to obtain an advanced material such as LCNC as reinforcement. The PP/LCNC composite material obtained better mechanical property values than the single matrix of PP. The development of high-performance composite materials from residual biomass and polymer recycling are increasing worldwide and has attracted much attention due to economic and environmental concerns of the useful life of synthetic polymers [6,14].




2. Materials and Methods


2.1. Materials


Corncob from the Nextipac area, Municipality of Zapopan, Jalisco, Mexico, was used as agroindustrial residue. The corncob was crushed and sieved into a 40–60 mesh. The reagents used were the following: H2SO4 (97%), undenatured CH3CH2OH (96%) and CH3COOH (99.7%), and all of them were purchased from Sigma-Aldrich (Toluca, Mexico). The recycled polypropylene was white and in the form of granules (30 × 10 mm), and it was obtained from the company Plasticruz C.A. Tonala, Jalisco, Mexico. According to the technical sheet, the characteristics of recycling PP were a melting flow rate (230 °C/2.16 kg) of 17 g/10 min [26], a melting temperature of 160–180 °C and density of 0.9 g/cm3 [27]. Figure 1 shows the different manufacturing steps of the PP/LCNC composite material of this research.




2.2. Organosolv Pulping of Corncob


In a Jaime high-pressure digester, 400 g (dry weight) of corncob was added, with a 50% ethanol solution plus 12 milliliters of acetic acid. A 1:10 hydromodulus was used, in accordance with previous work [28,29]. With this treatment, cellulose with lignin residues was obtained. No bleaching was carried out since the idea was to have the cellulose functionalized with the lignin groups. The corncob and cellulose fiber were characterized via a scanning electron microscope (SEM) (TESCAN, model MIRA 3 LMU, Brno, Czechia). The images obtained were analyzed with the software ImageJ 1.45 to determine the fiber length and diameter.




2.3. Lignocellulose Nanocrystals


The unbleached cellulose obtained in the organosolv process was treated via acid hydrolysis with sulfuric acid (64% w/v) in a proportion of 1:10 at 45 °C for 30 min with stirring of the mixture according to the methodology previously reported by other authors [30]. The suspension was centrifuged at 6000 rpm for 15 min to remove excess acid. The resulting precipitate was dialyzed for 5 days, and tubular membranes (MWCO 3.5 kDa) were used until a neutral pH was reached. Subsequently, it was subjected to 20 min of ultrasound in an ice water bath. The lignocellulose nanocrystals (LCNCs) obtained in suspension were lyophilized to eliminate moisture and facilitate mixing with polypropylene. LCNC in suspension was characterized via atomic force microscopy (AFM) (Nanosurf, Liestal, Switzerland, model EasyScan 2). For this test, the samples were prepared by coating the substrate with 0.01% LCNC suspension and dried at room temperature. The images obtained were analyzed with the software ImageJ 1.45 to determine the length and the thickness of the LCNC. Zeta potential was measured using a nanoparticle analyzer (NanoPartica SZ-100V2, Horiba, Japan).




2.4. Composites Preparation


To make the composite PP/LCNC material, a Thermo Scientific twin-screw extruder was used with 8 heating zones with the following temperature profile: 170, 175, 180, 185, 190, 195 and 200 °C, respectively (Figure 2), with 1 bar of pressure at a spindle speed of 100 rpm, obtaining cylindrical profiles that were subsequently cut to obtain pellets of 32 × 12 mm. Mixtures with different percentages of LCNC as reinforcers were made in 100 g of polypropylene as the matrix (Table 1).



Once the mixtures were made in the extruder and pelletized, the material was compression molded in a Susarrey model vulcanizing press using the following sequence: around 30 g of the mixtures was introduced into a mold with dimensions of 125 × 125 × 3 mm; the material was preheated for 3 min at 180 °C; then, it was thermo-compressed at 180 °C and 100 psig for 2 min; then, the bubbles in the material were released through decompression at 180 °C and 200 psig for 2 min; and finally, it is allowed to cool to 60 °C to obtain the plates. These plates were left to rest for 24 h to stabilize the environmental temperature and thus be able to carry out the tensile tests.




2.5. LCNC/PP Composites Characterization


The composite material LCNC/PP with polypropylene and lignocellulose nanocrystals (LCNCs), obtained by corncobs in the different percentages of mixtures, were characterized with different techniques and compared to a polypropylene material without LCNC. The following characterization techniques were carried out:




	
Fourier-transform infrared spectroscopy (FTIR): FTIR analysis was carried out to determine the main functional groups on the LCNC/PP composite. The FTIR spectra were collected at a resolution of 4 cm−1 in transmission mode (4000–400 cm−1) using a FTIR spectrophotometer Alpha, Bruker (Germany, Berlin). The spectra were plotted using Origin Pro 2019 software.



	
Thermogravimetric analysis (TGA): The LCNC/PP composite was analyzed using a TGA-Q500 thermogravimetric analyzer (TA Instruments, New Castle, DE, USA) to study its thermal behavior. It was equipped with Universal Analysis 2000 software (version 4.5A, TA Instruments). Samples were heated from 30 °C to 600 °C at 10 °C/min under nitrogen. The spectra were plotted using Origin Pro 2019 software.



	
Differential scanning calorimetry (DSC): To study the thermal transitions of pure PP and the PP/LCNC composite, the differential scanning calorimetry technique was used using the Perkin Elmer DSC equipment, Pyris DSC-6 (USA, TX, San Antonio), National University of Costa Rica, with a heating rate of 20 °C/min from room temperature to 250 °C in a nitrogen atmosphere. This energy difference was recorded as a spike on the DSC scan, indicating the temperature and energy of the transition.



	
Mechanical properties: Tensile tests were measured on the Instron Model 3345 Universal Testing Machine (USA, IL, Glenview) with a 1 kN load cell. The standard used was ASTM D638 type IV specimen [31]. The crosshead speed was set at 5 mm/min and room temperature. Reported values for the modulus, strength, and elongation at break were based on the average of at least five samples. Bending tests were carried out according to the ASTM D790 standard, which uses three points, two support and one on the top [32], for which the plates obtained after thermo-compression were taken and cut into rectangular specimens according to the standard and placed in the Instron Model 4411 Universal Testing Equipment, where they were vertically deformed at a constant temperature and constant speed with a minimum of 5 repetitions per trial.










3. Results and Discussion


3.1. Morphology of Corncob Fibers from Macro to Nano


Corncob is an agroindustrial waste product of corn shellings (Figure 3a). This is structurally divided into a medulla, woody ring and glume, which are morphologically organized in the form of fibers (Figure 3b). Its chemical composition is 42.89 ± 2.9% cellulose, 29.69 ± 3.1% hemicellulose, 15.7 ± 1.30% lignin, 9.94% extractables and 1.78 ± 0.70% ash [24]. These components are intimately intertwined with each other like any other lignocellulosic material. Accordingly, an organosolve pulping process was carried out on the corncob to extract the individualized cellulose fibers. With this, fibers with lengths of 191 ± 3.5 microns and diameters of 10 ± 4.5 microns were obtained (Figure 3c). It is important to highlight that these fibers were not bleached. For the unbleached organosolve cellulose fibers, hydrolysis was carried out, obtaining LCNCs. These structures are filaments that are in the order of nanometers. The acidic hydrolysis dissolved the non-crystalline regions of the fiber cellulose structure to obtain cellulose nanocrystals (Figure 3d). The AFM image shows that the LCNCs has a needle shape, confirming a successful extraction, and the average size was 225.86 ± 83.34 nm in length and 36.92 ± 12.36 nm in diameter. The zeta potential was −25 ± 1.25 in accordance with what was reported by Santos et al. in 2021 for unbleached CNC. This is a low value compared to other CNC studies, However, since the cellulose was unbleached, the presence of residual lignin influenced the surface interaction with the groups associated with sulfuric acid, causing a decrease in the ester groups of the sulfate ions (-OSO3-) that are usually introduced into CNCs after hydrolysis with sulfuric acid [24].




3.2. Infra-Red Spectroscopy with Fourier Transform (FT-IR)


The characterization of the corncob cellulose, LCNC and composite PP-LCNC obtained at different percentages (0.5, 1 and 2% LCNC) is analyzed (Figure 4). In Figure 4a, the characteristic signals of the cellulosic material are observed, such as 3335 cm−1 corresponding to OH, 2895 cm−1 corresponding to C-H bonds, 1140 cm−1 and 1030 cm−1 corresponding to C-C and C-O bonds and 894 cm−1 corresponding to C-O-C. In the spectra of Figure 4b, the characteristic peaks of PP are clearly observed, which is the polymeric matrix with the highest proportion in composites. For PP the three groups of C-H bonds are observed at 2900 cm−1, C-C bonds at 1350–1450 cm−1 and –CH3 bonds between 1200 and 1000 cm−1.



For the composites with LCNC, in addition to the PP peaks, the peaks are observed at 3300 cm−1, corresponding to the vibration of OH from the LCNC and aromatic benzene rings of lignin at 1600–1500 cm−1 (Figure 4b) [28]. In previous works, it has been reported that lignin influences the interaction with groups associated with sulfuric acid, generating a partial functionalization of the hydroxyl groups on the surface with sulfate semi-esters, resulting in lignocellulose nanocrystals that have negative surface charges of the sulfate groups (-OSO3), and this is evidenced by the signal at 1732 cm−1 in the LCNC FTIR (Figure 4a) [33,34,35]. However, this signal is not observed when the PP/LCNC composite material is present since the LCNCs are embedded in the PP matrix, and the only lignin signal that can be observed is between 1500 and 1600 cm−1, which corresponds to the aromatic benzene rings of lignin, and this is more evident in PP/2%LCNC since it has the highest concentration of LCNCs. Therefore, it can be said that the interaction of residual lignin with PP occurs due to the surface charges of the sulfate groups, and this contributes to a better coupling with the polypropylene chains in the composite.




3.3. Thermal Stability Analysis (TGA)


Figure 5a shows the thermogravimetric analysis of the PP-LCNC composites, and the composites and pure PP had a significant loss of mass up to 300 °C. After this temperature, both the PP and the PP-LCNC composites showed a sudden decrease in their weight loss (%), which suggests that the composite material degrades above this temperature (300 °C). Finally, it was observed that at 500 °C, the material had been completely carbonized due to the constant weight that it kept after this temperature. Figure 5b shows the differential thermogravimetric analysis (DTG), where it can be seen that the maximum thermal decomposition point is observed at 483 °C for pure PP. This was different to the composites with LCNCs. From this graph, it can be seen that for PP/0.5%LCNC, it was 488 °C, for PP/1%LCNC, it was 490 °C and for PP/2%LCNC, it was 486 °C. The residual lignin present in LCNCs has a role in the thermal degradation of PP/LCNC composites, since lignin is full of aromatic rings with several branches that make it difficult to degrade between 100 and 900 °C [23,36]. This chemical composition of residual lignin causes the degradation temperature in the PP/LCNC composite material to increase. This indicates that by adding LCNCs to the PP matrix, the maximum degradation point increases due to the presence of residual lignin in the cellulose nanocrystals, favoring its thermal resistance, and this implies that the composite material can have more possibilities of use.



Table 2 summarizes the most important values of the TGA thermograms for all the samples analyzed, where it was highlighted that the variations in degradation temperatures with 50% mass loss were higher when using LCNCs between 482 and 475 °C in comparison with pure polypropylene, which was 473 °C. This may be caused by the different matrix–reinforcement interactions and the dispersion of LNCCs in the matrix at different concentrations [37]. Another important thing is that, in all the samples, a percentage of the residual mass at 600 °C of approximately 11% ± 1 was obtained; this may be due to the presence of some inorganic-type additives present in the PP matrix of the composite [37] and the presence of residual lignin since it is degraded at higher temperatures [23].




3.4. Analysis of Thermal Transitions (DSC)


Differential scanning calorimetry analysis was also performed on the materials composed of polypropylene and cellulose nanocrystals. Figure 6 shows the DSC thermograms obtained, where the melting or boiling points were seen as a downward peak (endothermic) since they absorb energy.



Figure 6 shows the DSC graphs for PP and PP/LCNC composites, from which it is possible to see in all samples two endothermic peaks. The main peak is at 163.65 °C for pure PP, and the peak of the composites oscillate between 164.94 °C and 164.97 °C, which is associated with the melting point of PP reported by other authors [23,38,39]. The second peak is not as pronounced (126 °C) and can be associated with the fact that the recycled PP has fractions of another polymer [38]. Table 3 shows the endothermic peak, the crystallinity and the enthalpies of melting of the DSC thermograms obtained for PP and PP/LCNC composites. The crystallinity is low for recycling PP (53%) and decreases when adding 0.5 and 2% of LCNCs (49.47% and 50.7%, respectively). This result is in accordance with the reported ones by other author, for composite material with PP and LCNC/unbleached cellulose. The authors attribute this effect to the fact that LCNCs are not distributed well and that LNCCs added to the molecular chains are less likely to diffuse towards the nucleus of the crystal, and this can reduce the rate of crystal growth, which is reflected in the decrease in crystallinity [23]. In spite of this, the data indicated that the percentage of 1% of LCNC content increased by 3% the crystalline and melting enthalpy values of the composites. In this case, it could be that 2% of LCNCs are distributed better [40].




3.5. Tensile Tests


Figure 7 shows the Young’s modulus due to traction of the PP and PP/LCNC composites, with 0.5, 1 and 2% LCNC, respectively. It can be observed that the Young’s modulus increases as the percentage of the LCNC increases. In a previous study [41], it was shown that the Young’s modulus of PP/CNC mixes increased with a higher CNC content. In addition, the values (784 MPa) for the Young’s modulus of pure PP are lower than those of the composites; this is due to the greater rigidity of their chains, as previously identified with DSC thermograms [40]. On the other hand, the residual lignin of the LCNC, as previously seen in the IRs obtained, causes greater rigidity in the composite. For example, in composites with 2% LCNC, the composite has an increase in Young’s modulus compared to composites containing 0.5% LCNC from 793.23 MPa to 838.15 MPa; these results are similar to those obtained in the work of Gray 2018 [40].



The tensile strength was evaluated in PP and PP/LCNC, as shown in Figure 7b. In this graph, it can be seen that the tensile strength acts in a similar way to Young’s modulus since, in the PP/LCNC composites, there is a greater magnitude in the tensile strength values compared to pure PP. Increasing the concentration of LCNC (1 and 2%) increases the traction for each compound. In the case of samples with 0.5% LCNC, the tensile strength (Figure 7b) is lower than PP because the LCNCs were not distributed well and could have been loaded on the side where the stretching was carried out, resulting in a faster rupture. However, the Young’s modulus graph (Figure 7a) shows the increase in the modulus; these data indicate the rigidity of the material since it is the slope at which it has an elastic behavior until it reaches the rupture, while the tensile stress only indicates the stress against elongation and the fracture time [40].




3.6. Bending Tests


Regarding bending, Figure 8a shows the results of the flexural modulus of the PP/LCNC composites, where it can be analyzed that, as in tension, the Young’s modulus, due to traction, increases with increasing the amount of LCNCs. A significant increase in the flexural modulus of 36% is observed for the composite with 2% LCNC with respect to net PP. This may be due to the fact that both in tension and in bending, more LCNCs have a better interaction and accommodation in the polymeric matrix (PP) [38] due to the residual lignin present in the LCNCs, which acts as a natural glue between the LCNCs and the polymeric matrix (PP) [33].



Regarding the bending strength (Figure 8), it follows the same behavior as the tensile strength, since the flexural strength increases by 43% for the composite with 2% CNTC with respect to net PP. It can be noted that the PP/LCNC composites have higher bending strengths than PP; this is due to the greater amount of residual lignin in the LCNC and is in accordance with previous studies, where it is mentioned that lignin acts as a natural glue that makes the structure of the chains more rigid, and the presence of residual lignin [25] can be verified in the IRs of the composites obtained in this work.





4. Conclusions


In this research, it was possible to prepare a recycled PP composite material with different concentrations of CNCs with residual lignin (LCNC) from unbleached corncob cellulose. These materials were evaluated for their mechanical and thermal properties. According to the results obtained, the following conclusions are highlighted:




	
The presence of residual lignin in the unbleached cellulose of corncob generates functionalization on the surface of the LCNCs, one by residual lignin and the other by the ester groups of the sulfate ions (-OSO3-) introduced after hydrolysis with sulfuric acid due to the esterification between the surface hydroxyls of unbleached cellulose and sulfuric acid.



	
This functionalization by residual lignin and the ester groups improved the interaction between LCNCs and polypropylene, improving the thermal and mechanical properties in the composite material.



	
In general, all concentrations of LCNC in composite material showed to be thermally stable for processing, but it is noteworthy that the melting enthalpies was increased by adding 2% of LCNC compared to pure PP.



	
Based on the results obtained from the mechanical tests, it was possible to demonstrate that the composite is resistant to traction and bending compared to pure recycled PP. Young’s modulus and bending strengths increase as the percentage of LCNC increases, and the tensile strength acts similarly to Young’s modulus.



	
The interaction between LCNC and PP is good, and there is an accommodation of the filler in the polymer matrix, which implies better mechanical properties.
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Figure 1. General experiment diagram. 
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Figure 2. Graphic representation of the twin-screw extruder with its heating profile (8 zones). 
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Figure 3. Images of different scales of the corncob fractionation: (a) digital photographs of corncob, (b) SEM images of fiber of corncobs, (c) Organosolv cellulose fibers from corncobs and (d) AFM images of LCNC from corncobs cellulose. 
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Figure 4. FT-IR spectra: (a) corncob al LCNC and (b) PP-LCNC composite with different LCNC contents. 
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Figure 5. TGA analysis: (a) TGA thermograms of PP/LCNC composites and (b) DTGA curves of PP/LCNC composites. 
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Figure 6. DSC: (a) PP, (b) PP/0.5%LCNC, (c) PP/1%LCNC and (d) PP/2%LCNC. 
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Figure 7. Tensile tests: (a) Young’s modulus due to traction of PP/LCNC composites and (b) tensile strength of PP/LCNC composites. 
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Figure 8. Bending tests: (a) Young’s modulus due to traction o