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Polypropylene/babassu thermoplastic starch (PP/TPS, 70:30 w/w) blend sheets were prepared as an alternative material to use in disposable packaging, reducing the negative environmental impact of synthetic polymer. Three different carboxyl acids: palmitic (PP/TPS/P), citric (PP/TPS/C), and stearic (PP/TPS/S), were used as natural compatibilizing agents (NCA) and compared to the conventional synthetic maleic anhydride (PP/TPS/M), concerning mechanical, physical, crystallinity, and morphological properties of the blend sheets. The blend sheets without or with compatibilizing agents resulted in dark coloration, higher opacity, higher thickness, lower resistance to break, flexibility and rigidity, higher moisture, solubility in water, hydrophilicity, lower crystallinity, and more heterogeneous morphology in comparison to PP sheets. The presence of compatibilizing agents was observed to improve the mechanical and physical properties of the blend sheets, resulting in materials stronger and less hydrophilic. The citric acid was able to act similarly to the synthetic maleic anhydride, resulting in blend sheets with similar mechanical and physical properties. Finally, this work shows that the natural compatibilizing agent citric acid was analogous to the commercial one, synthetic maleic anhydride, bringing a more sustainable alternative. In addition, this work allowed assessing a new source of starch and offering one more alternative for applying this source to the plastic packaging sector.
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1 INTRODUCTION
The growing use of plastic packaging based on synthetic polymers has created serious environmental concerns due to its nonbiodegradability and recycling difficulties. This scenario results in the accumulation of plastic risk in landfills as well as the marine environment, adversely affecting both ecosystems (Palai et al., 2019). Thus, there is a growing number of investigations on the development and use of new alternatives for minimizing the environmental impact caused by the use of synthetic packaging materials (Din et al., 2020). These problems can be greatly avoided by effectively managing and recycling plastic waste, as well as by seeking alternative sources of raw materials, particularly natural and renewable sources, such as starch to produce biodegradable plastics (Martins et al., 2021). Starch is a renewable, inexpensive and naturally biodegradable polymer; however, native starch itself does not show thermoplastic behavior. The addition and exposition of plasticizers to thermomechanical energy lead to disruption of the semicrystalline structure, resulting in thermoplastic starch (TPS), which is an amorphous material. The properties of TPS allow the use of traditional processing conditions (blowing, extrusion, and injection molding) (do Val Siqueira et al., 2021).
Several studies on TPS have been widely and globally conducted for various starch sources, such as cassava, potato, and corn (Diyana et al., 2021). However, the use of these starch sources for producing plastics would imply competition with other crucial sectors, such as food. Thus, the search for other starchy sources represents an interesting alternative, mainly in terms of cost and availability.
Babassu is a new source of starch that has been investigated and identified as having a high potential for application in the packaging sector (Maniglia et al., 2017; Alves Lopes et al., 2020; Saraiva Rodrigues et al., 2020). Babassu palm (Orbignya sp.) is native to Brazil, Guyana, Suriname, and Bolivia. A valuable natural resource in the North and Northeast regions of Brazil, it produces fruit, which consists of four parts: epicarp (11%), mesocarp (23%), endocarp (59%), and almond (7%) (do Nascimento et al., 2019). Babassu mesocarp is a portion rich in starch (50%–70%) and is commonly consumed as flour for humans and also added to animal feed preparations (Maniglia and Tapia-Blácido, 2016; Alves Lopes et al., 2020).
In general, TPS shows a very hydrophilic character with limited performance. This characteristic leads to low processability, dimensional stability, and mechanical properties of the final products. Thus, the production of blends from the combination of TPS with petroleum-based polymers is an economic and ecological alternative that can result in plastic with competitive properties, facilitate production and reduce operating costs when compared to the development of new polymerization processes, and even bring partial biodegradability (do Val Siqueira et al., 2021; Jacob et al., 2020).
Among synthetic polymers, polypropylene (PP) is a petroleum-derived polymer most used due to its great versatility, because it is easy to manufacture and can be used in rigid or flexible packaging, has a good barrier against gases, chemical resistance, and low density (Zaferani, 2018). However, this polymer has the disadvantage that it is not biodegradable, which makes the formation of blends with biodegradable materials interesting. In this way, the new material can show partial biodegradability while maintaining the good mechanical and functional properties of the synthetic polymers. However, an obstacle in the formulation of blends with these materials is that thermoplastic starches (TPS) have a hydrophilic nature, while synthetic polymers generally present hydrophobic characteristics, which represent considerable immiscibility (Raee et al., 2020). To improve the compatibility of these materials, providing a consequent improvement in physical and mechanical properties, the use of compatibilizing agents has been used (Martins and Santana, 2016; Shirai et al., 2018; Martins et al., 2021).
Compatibilizing agents are capable of reducing the interfacial energy between the polar starch and the nonpolar synthetic polymer. Currently, functionalized polyolefins have been the most used as a compatibilizing agent, giving prominence to maleic anhydride (Taguet et al., 2014; Aksit et al., 2020; Lin et al., 2020; Chauhan et al., 2021). However, synthetic agents, such as maleic anhydride, are expensive and come from petroleum, which is a non-renewable source and is difficult to manufacture (Cerclé et al., 2013).
In search of new alternatives, compatibilizing agents (CA) from renewable sources have been increasingly studied. In the literature, carboxylic acids, such as citric, stearic, and palmitic, have been shown to be a good option to replace synthetic agents due to the compatibility of their chemical structure, high availability, and biodegradability. These acids (structural and empirical formulas in Figure 1) have a polar part (carboxyl) and a nonpolar one (carbon chain), being able to interact with all the polymers present (Shirai et al., 2018; Martins et al., 2021).
[image: Figure 1]FIGURE 1 | Flow chart of TPS pellets (first stage), blend pellets based on TPS, PP, and compatibilizing agent—CA (second stage), and blend or PP sheets (third stage). Pictures of the PP and blend sheets elaborated without (PP/TPS) and with compatibilizing agents (PP/TPS/C, PP/TPS/S, PP/TPS/P, and PP/TPS/M). PP: polypropylene sheets, PP/TPS: blend sheets based on polypropylene and babassu thermoplastic starch without compatibilizing agent, PP/TPS/C: blend sheets based on polypropylene and babassu thermoplastic starch with citric acid as compatibilizing agent, PP/TPS/S: blend sheets based on polypropylene and babassu thermoplastic starch with stearic acid as compatibilizing agent, PP/TPS/P: blend sheets based on polypropylene and babassu thermoplastic starch with palmitic acid as compatibilizing agent, and PP/TPS/M: blend sheets based on polypropylene and babassu thermoplastic starch with maleic anhydride as compatibilizing agent.
This work aimed to evaluate: 1) the potential of babassu starch in the production of TPS for elaborating blend sheets with polypropylene; 2) the effect on crystallinity, mechanical, physical, and morphological properties of the blend sheets in the presence of different carboxylic acids as natural compatibilizing agents, and 3) as a sustainable alternative to the synthetic maleic anhydride, currently used commercially. Thus, this work allows the appreciation of an alternative source of starch as one additional alternative to apply this source to the plastic packaging sector.
2 MATERIAL AND METHODS
2.1 Material
The residue of babassu oil extraction, babassu mesocarp, was supplied by Florestas Brasileiras (Itapecuru-Mirim-Maranhão, Brazil). Palmitic acid and maleic anhydride were purchased from Dynamics—Química Contemporânea (São Paulo, Brazil). Citric acid, stearic acid, and glycerol were purchased from Synth (Diadema, Brazil). Polypropylene B0246 pellets were supplied by PoliBrasil (Piracicaba, Brazil).
2.2 Babassu starch isolation
The babassu starch was isolated from the babassu mesocarp following the alkaline method described by Maniglia et al. (2017). Briefly, the babassu oil extraction residue was soaked in NaOH solution at 0.25 g/100 ml, in a 1:2 ratio (pH 10.0). The resulting mixture was left to stand at 5°C for 18 h. The extracted mixture was then milled for 2 min in a food processor (Wallita) operating at maximum power. The milled material was filtered through 80-mesh stainless steel sieves. The material retained in the sieves was reprocessed and sieved again four additional times. The resulting liquid was centrifuged at 1,500 × g at ambient temperature (25 ± 2°C) for 10 min. The supernatant was discarded, and the precipitate was resuspended in water, neutralized with 1 M HCl until pH 7.0, and centrifuged again, twice. The fraction resulting from the centrifugation procedure was dried in an air-circulating oven at 40°C for 6 h. The dry starch was milled and sieved through 80-mesh sieves. The babassu starch was stored in sealed dark flasks at 5°C. The babassu oil extraction residue and the isolated babassu starch had the centesimal composition characterized by AOAC methods (AOAC, 2005). The apparent amylose content was analyzed using the simplified iodine colorimetric method, according to the methodology proposed by Juliano (Juliano, 1971) and adapted by Martínez and Cuevas (Martínez and Cuevas, 1989).
2.3 Extrusion process
Three processing stages were conducted in the extruder: production of the TPS pellets, production of the blend pellets, and production of the sheets (PP and blend) (Figure 1).
2.3.1 First stage: Production of thermoplastic starch pellets
Pellets of babassu thermoplastic starch (TPS) were prepared using premixtures with the following proportion of babassu starch: glycerol: Milli-Q water (60:25:15 g/100 g) in a mixer (Philips Walita Daily RI7000/41, Brazil) at speed 2 (80 rpm), according to previous work developed by our research group (Vedove et al., 2021). After that, they were stored at 10°C, in thermoset plastic bags.
The premixes were submitted to extrusion, with a feed flow of 0.3 kg/h, through a twin-screw feeder (Volumetric Minitwin Process 11, Brabender, Germany). The extruder used was a co-rotating twin-screw (Process 11, ThermoElectron, Germany), with the following characteristics: 11-mm bolt diameter and L/D 40, eight heating zones set at a temperature profile (80, 90, 90, 100, 110, 110, 105, and 100) °C, an output matrix (circular die) of 3 mm and speed of the threads of 80 rpm. From the extruded material (spaghetti shape), 2 mm long pellets were produced using pelletizer equipment (Varicut Pelletizer, 16 mm, ThermoScientific, Germany).
2.3.2 Second stage: Production of blend pellets
Blend pellets were produced in the proportion of 70:30 w/w (PP:TPS) without or with compatibilizing agents following Martins and Santana (2016) (14). Different types of natural compatibilizing agents (NCA) were evaluated, citric acid, stearic acid, and palmitic acid, in comparison to maleic anhydride, which is synthetic. Compatibilizing agents were used in a fixed amount of 3 g/100 g(PP+TPS) in all cases throughout the study. As a control, the blend pellets were prepared without the presence of the compatibilizing agent. The pellets were fed to the same extruder from a conical feeder (Conic Brabender, Germany), with a feed flow of 0.4 kg/h. The extrusion parameters were the same, except for the temperature profile from feed (Palai et al., 2019) to the eighth heating zone, which was (160, 165, 165, 170, 170, 170, 180, 180) °C. From the extruded material (spaghetti shape), 2 mm long pellets were produced using pelletizer equipment (Varicut Pelletizer, 16 mm, ThermoScientific, Germany).
2.3.3 Third stage: Polypropylene and blends sheets production
The blend sheets were produced from the extrusion of the pellets produced in the second stage. The PP sheets were produced from the extrusion of the PP pellets. The pellets were submitted to extrusion at the same parameters described for the production of the blend pellets with the sheet-forming mold die at 185°C. PP sheets produced using PP pellets were produced in the same conditions as in the blend sheets production to be used as a control sample. Table 1 shows the symbols adopted for the respective compositions of the PP and blend sheets produced in this work.
TABLE 1 | Symbols and composition, luminosity (L*), color parameters (a* and b*), the total color difference (ΔE*), and opacity (Y) of the PP and blend sheets elaborated without (PP/TPS) and with compatibilizing agents (PP/TPS/C, PP/TPS/S, PP/TPS/P, and PP/TPS/M).
[image: Table 1]2.4 Sheets characterization
All PP and blend sheets were conditioned (75% RH and 25°C) for at least 48 h to ensure standardization of the final relative humidity of the sheets before characterization analyses. The high relative humidity used during conditioning was chosen to evaluate the performance of the sheets in a typical tropical climate condition (Souza et al., 2012).
2.4.1 Thickness
The thickness was measured in 10 random positions of each specimen, using a Zaas-Precision digital micrometer (1 μm resolution).
2.4.2 Mechanical properties
Mechanical properties were obtained using a texture analyzer (TAXT2i Stable Micro Systems, United Kingdom) with a load cell of 294 N, with the A/TGT self-tightening roller grips fixture, following the ASTM Standard method D882-12 (2018) (ASTM Standard D882-12, 2018). Sample sheets were cut into 1.0-cm-wide strips with a length of at least 10 cm. The initial grip separation and the crosshead speed were 50 and 1.0 mm s−1, respectively. Using Texture Expert software v.1.22 (SMS), the tensile strength (TS) [MPa], the elongation at break (E) [%], and Young’s modulus (YM) were determined. Ten strips (100 mm × 10 mm) were evaluated for each formulation, and only those sheets that were broken far from the grips were considered for the results.
2.4.3 Physical properties
The solubility in water, moisture content, and wettability of PP and blend sheets were analyzed in triplicate. The solubility in water was determined as the percentage of dry matter of the solubilized samples (discs 20 mm in diameter) after immersion in water (50 ml) at 25 ± 2°C for 24 h, under mechanical stirring (Gontard et al., 1992). The moisture was determined according to the ASTM Standard method D644– (ASTM Standard D644-07, 2007). The wettability of the sheets was analyzed according to ASTM Standard Methods D7334–08 (2013) (ASTM Standard D 7334-08, 2013) using an OCA15 -Dataphysiscs (OCA 15, Dataphysiscs, Germany). Waterdrop (surface tension = 72.7 mN/m) images were taken every 3 s, at ambient temperature. The contact angle was determined using the SCA-20U image processing software and six angle measurements were obtained for each formulation.
2.4.4 Morphology
The morphological characteristics of PP and the blend sheets were obtained by scanning electron microscopy (SEM) (FEI, QUANTA FEG 650—United States) under an accelerating voltage (5 kV), and magnification of ×200. After being frozen using liquid nitrogen, the blend sheets were mounted on aluminum stubs and coated with platin in a sputtering system (Bal-Tec MED 020, Coating System, Netherlands).
2.4.5 Crystallinity of the blend sheets by X-ray diffraction
An X-ray diffractometer PANalytical (model X'Pert PRO, United Kingdom, with detector X’Celerator) was used to measure the crystallinity of the blend sheets, under the following operating conditions: Cu radiation, 5 mA, 40 kV, scanning speed of 0.02°/s, time/step of 200 s and angle 2θ ranging from (2–40) ° (2θ). The relative crystallinity (RC) (%) of the blend sheets was quantitatively estimated using Origin 8.1 software (OriginLab Corporation, United States), according to Nara and Komiya (Nara and Komiya, 1983).
2.4.6 Opacity and color
The color parameters of the blend sheets were determined with a spectrophotometer (Color Quest XE, HunterLab, United States), a standard illuminant, and observer D65 and 10°, respectively (ASTM Standard D7251, 2011). The blend sheets were placed on the surface of the standard white plate and the parameters L* (lightness index), a* (color shades from red to green), and b* (color shades from yellow to blue) were determined. The results are expressed as the average of five measurements at different parts of the blend sheets surface. The total color difference (ΔE*) was calculated based on Eq. 1:
[image: image]
wherein ∆L*, ∆a*, and ∆b* are the differences between the parameters L*, a*, and b* of the blend sheets and the standard PP sheet (L* = 83.00, a* = −0.54, and b* = −1.61, respectively).
The opacity was measured according to the Hunterlab method. The opacity (Y) was calculated according to [image: image], the relation between the opacity of the blend sheets superimposed over the black standard (Yb) and the white standard (Yw).
2.5 Statistical analyses
The differences between the materials analyzed were evaluated using the analysis of variance (ANOVA) and Tukey’s test (5% significance level) performed using the Statgraphics Centurion XVI software.
3 RESULTS AND DISCUSSION
3.1 Babassu starch isolation
The centesimal composition of the residue of babassu oil extraction was 10.37 ± 0.05 g of moisture (w.b.), 1.25 ± 0.02 g of lipids, 2.36 ± 0.11 g of protein, 2.93 ± 0.03 g of ash, 29.97 ± 1.65 g of fibers, and 63.49 ± 1.32 g of starch (d.b.). While, the babassu starch was 9.36 ± 0.19 g of moisture (w.b.), 0.33 ± 0.02 g of lipids, 1.07 ± 0.11 g of protein, 1.22 ± 0.03 g of ash, 5.53 ± 0.09 g of fibers, and 91.85 ± 0.15 g of starch (d.b.). We can observe that the method of babassu starch isolation was effective, since the contents of lipids, proteins, and fibers were reduced by the presence of an alkaline medium that, if present, can cause hydrolysis in these materials. The apparent amylose content of the babassu starch was 21.90 ± 0.34 g of/100 g starch (d.b.), which is slightly lower (24.9 g/100 g) than the apparent amylose content of babassu starch isolated by the alkaline method reported by Maniglia et al. (Maniglia and Tapia-Blácido, 2016).
3.2 Visual aspect, color and opacity
Figure 1 also shows pictures of the PP, blend sheets elaborated without (PP/TPS) and with the compatibilizing agents (PP/TPS/C, PP/TPS/S, PP/TPS/P, and PP/TPS/M). The PP sheets showed greater malleability, visible homogeneity, and high transparency. The blend sheets made with PP/TPS without compatibilizing agents showed a heterogeneous matrix with the presence of distinct phases (TPS agglomerates and very transparent zones, characteristic of the PP sheet), indicating a lack of compatibility between the materials involved. The presence of compatibilizing agents allowed for good dispersion of TPS in the matrix. In general, all blend sheets had a much more rigid structure and a very dark coloration compared to PP sheets. According to Maniglia et al. (Maniglia and Tapia-Blácido, 2016), babassu starch shows the residual presence of phenolic compounds (8.2 mg/100 g starch); therefore, the high temperature of the extrusion process may have promoted the oxidation of these compounds, resulting in darker material. In addition, the color of the sheets can be associated with the Maillard reaction, which involves the formation of protein-carbohydrate conjugates between the carbonyl group of a reducing carbohydrate and an available amino group in the protein, leading to a Schiff base with water release (Arora et al., 2020). In addition, carbohydrates can suffer the caramelization process, leading to brown pigments (Martins et al., 2021).
Table 1 also shows the luminosity (L*), color parameters (a* and b*), the total color difference (ΔE*), and opacity of the PP and blend sheets elaborated without (PP/TPS) and with compatibilizing agents (PP/TPS/C, PP/TPS/S, PP/TPS/P, and PP/TPS/M). As can be seen in Table 1, the lightness (L* from 0 (black) to 100 (white)) was higher for the PP/TPS/C and PP/TPS/M sheets indicating that the compatibilizing agents prevented the staining and firing of the starch, giving rise to lighter materials with less evidence of thermomechanical degradation. Concerning the color parameters a* and b*, PP/TPS/P showed the highest value, and PP/TPS/M had the lowest values among the sheets with compatibilizing agents. These findings indicate that the starch granules are protected by to polymer matrix due the better compatibilization, avoiding their degradation, and consequently giving rise to less reddish and yellowish blends (a* and b*, respectively).
As already mentioned, for determining the ΔE*, the color parameters of the PP sheet were considered standard. Therefore, the higher the ΔE* value of the blend sheets, the more pronounced the color difference of the material to PP. PP/TPS showed the lowest ΔE*, mainly due to its high heterogeneity with some parts composed only of PP and others with agglomerated TPS. The blend sheets PP/TPS/S and PP/TPS/P showed the highest ΔE* values. Concerning the high ΔE* values, as already explained, it can be associated with the oxidation of the phenolic groups, Maillard reaction, or caramelization processes of the TPS babassu due to, mainly, the heating involved in the extrusion process. In addition, it was noticed that the presence of the compatibilizing agents affected the color of the blend sheets. PP/TPS/C and PP/TPS/M were the lesser colored blend sheets, which may be associated with the fact that these compatibilizing agents, citric acid and maleic anhydride, can act as better thermal protectors, reducing the degradation of the compounds. Again, the thermal protection mechanism of the compatibilizing agents can be associated with the protection of the starch granules by the polymeric matrix, avoiding their degradation (Martins and Santana, 2016).
The blend sheets without or with compatibilizing agents showed much higher opacity (∼98%) than PP sheets, which indicates that they would not be suitable for storing products that need to be seen inside the packaging for consumer choice. However, these blend sheets are interesting for helping preserve food from light oxidation.
3.3 Mechanical properties
Figure 2 shows the thickness and the mechanical properties of the PP and blend sheets without (PP/TPS) and with compatibilizing agents (PP/TPS/C, PP/TPS/S, PP/TPS/P, and PP/TPS/M).
[image: Figure 2]FIGURE 2 | Thickness, mechanical and physical properties of the PP and blend sheets without (PP/TPS) and with compatibilizing agents (PP/TPS/C, PP/TPS/S, PP/TPS/P, and PP/TPS/M). Means with a different letter indicate a significant difference between sheets according to Tukey’s test (p < 0.05).
The blend sheets had higher thicknesses than those of the PP, and there was no significant difference (p < 0.05) in the thickness of the blend sheets produced with or without compatibilizing agents. We named the materials produced in this work as sheets, as their thickness is greater than 0.25 mm, following the ASTM D882-12 standard (2018) (26). This fact can be explained by the flowability of polymers when they are extruded. As pure PP has greater fluidity than blends, pure PP flows more during the extrusion process, forming thinner films. The greater thickness of the blends reflects the molecular interaction of TPS with PP during processing (Gómez-Contreras et al., 2021).
Regarding mechanical properties, the addition of TPS to the PP matrix including or not compatibilizing agents, significantly modified these properties. The blend sheets were less resistant to break, rigid, and flexible than the PP sheets. Other authors also found that the addition of starch to the synthetic polymer matrix decreased its rigidity and flexibility (Martins and Santana, 2016; Palai et al., 2019).
Among the sheet blends, the blend sheet without compatibilizing agent (PP/TPS) showed the lowest resistance at break, rigidity, and flexibility. As discussed by Martins and Santana (Martins and Santana, 2016), there was one incompatibility between hydrophilic TPS and hydrophobic PP; therefore, the mechanical properties of the PP/TPS blends were quite weak. Also, TPS acts as an unreinforced agent and as a stress concentrator, reducing the resulting tensile strength, increasing brittleness, and inducing cracks during the tensile test (Moghaddam et al., 2018). TPS materials based on cassava starch showed lower resistance at break and rigidity and higher flexibility than the TPS/PP blends shown in this work (tensile strength of 1.8 MPa, 50% of elongation at break, and 10.5 MPa of Young´s modulus) (Vedove et al., 2021).
Based on Figure 2, it is noteworthy that the presence of the compatibilizing agents improved the mechanical properties of the blend sheets. The citric acid (PP/TPS/C) and maleic anhydride (PP/TPS/M) provide greater elongation and resistance at break than the blend sheets with stearic acid (PP/TPS/S) and palmitic acid (PP/TPS/P). Maleic anhydride contains an anhydride group, as the name implies, and citric acid contains three carboxyl groups and a hydroxyl group. Carboxylic acids have a polar group (COOH) that can react with starch hydroxyl groups through secondary bonding forces, decreasing starch hydrophilicity and increasing the compatibility of TPS with the hydrophobic polymeric chain PP (González Seligra et al., 2016; Martins et al., 2018). Regarding its influence on the rigidity (Young´s modulus) of the blend sheets, the presence of maleic anhydride (PP/TPS/M) presented a slightly higher value than with other compatibilizing agents. The stearic acid resulted in blend sheets slightly more resistant at break and rigid, and less flexible than that added of palmitic acid. As can be seen in Figure 1, the structures of stearic acid and palmitic acid are similar, with the presence of a single carboxyl group and a long unsaturated chain without branches, while maleic anhydride and citric acid are smaller molecules. In the case of stearic acid (PP/TPS/S) and palmitic acid (PP/TPS/P), the higher chain carbonic of the stearic acid (C18H36O2) can have shown new potential reactive points, promoting greater interaction between phases, resulting in more resistant samples than the blend sheets with palmitic acid (C16H32O2). In general, in this work, we observed that citric acid was the best compatibilizing agent among carboxylic acids, and it can be associated with the presence of more polar groups in a molecule with lower molecular size, allowing more interactions with TPS and PP.
Martins et al. (2018) observed different behavior for low-density polyethylene and cornstarch blends processed in the twin-screw extruder. The authors described that the compatibilizing agent citric acid showed a negative effect on the blend’s mechanical properties, while palmitic acid allowed the formulations to overcome the deficiencies associated with the incompatibility. This different behavior can be associated with the amylose apparent content, the starch source used by these authors was a conventional corn that shows a lower amylose content (28 g/100 g) than babassu starch (21.90 g/100 g). According to Zhou et al. (Zhou et al., 2007), double bonds in unsaturated fatty acids and the presence of more functional groups (e.g., hydroxyl, carbonyl, and carboxyl) restrained the formation of the complex while saturated fatty acids such as palmitic and stearic acid were more favorable to complex formation with the starch with higher amylose content. Therefore, the interactions involved in the blend sheet structures are particular to each type of starch source and synthetic polymer.
3.4 Physical properties
Figure 2 also shows the physical properties (moisture, solubility in water, contact angle—wettability) of the PP and blend sheets without (PP/TPS) and with compatibilizing agents (PP/TPS/C, PP/TPS/S, PP/TPS/P, and PP/TPS/M).
Figure 2 allows us to observe that all the blend sheets showed a higher moisture content and solubility in water than the PP sheets, which are practically insoluble in water. The blend sheet without a compatibilizing agent (PP/TPS) showed the highest moisture and solubility value in water (∼9% and 16%, respectively). Blends of thermoplastic sugar palm starch (TPS)/poly(lactic acid) (PLA) (30:70) showed a lower value of moisture (3.46%) and higher value of solubility in water (23.16%) (Nazrin et al., 2020). However, the blend sheets with the compatibilizing agents showed lower moisture (∼5%) and solubility in water (∼10%–13%), indicating the presence of these agents contributed to reducing the free sites of the blend sheets matrix which interact with water.
The contact angle values reflect the wettability of the materials (Pan et al., 2021). PP sheets showed hydrophobic character since the contact angle is >90 o as observed in the literature (Sun et al., 2020). Concerning the blend sheets, all showed hydrophilic character (contact angle <90o).
PP/TPS/C and PP/TPS/M showed significant differences (p < 0.05) concerning hydrophilicity and water solubility when compared to PP/TPS/S and PP/TPS/P, and these sheets were less hydrophilic (∼80°) and soluble in water (∼10%) (PP/TPS/S and PP/TPS/P: contact angle ∼60° and solubility in water ∼13%). A possible explanation is that in the presence of compatibilizing agents, there is a reduction in the number of hydroxyl groups available on the surface of the material, contributing to a decrease in hydrophilicity (Fourati et al., 2021). Furthermore, these agents probably also contribute to the retention and immobilization of the glycerol plasticizer within the TPS sheet through hydrogen bonding between the compatibilizing agents and the glycerol, reducing its tendency to migrate to the surface of the blend sheets (Carmona et al., 2015). As already observed in the behavior of mechanical properties, the compatibilizing agents, citric acid and maleic anhydride, showed the best interaction with the matrix. Therefore, it can be concluded that the structure of blend sheets formed by these agents has fewer sites free from interaction with water and thus a less hydrophilic character than those in the presence of the other compatibilizing agents evaluated.
Finally, the values of water solubility for the blend sheets show that the alternative proposed herein can contribute to the environment since these materials partially solubilize resulting in less accumulation of plastic waste than if they were entirely composed of the synthetic polymer PP.
3.5 Crystallinity by X-ray diffraction
The XRD results for the PP and the blend sheets are shown in Figure 3. PP sheets showed peaks at 14.2° (110), 17.3° (040), 18.9° (130), and 21.6° (111), which are characteristics of the monoclinic α-crystal of PP (Wang and Gardner, 2017). The blend sheets displayed peaks at 13.1°, 17.3°, 19.9°, 21.6°, 23.1°, 24.2°, and 27.3° (2θ). According to Maniglia et al. (Maniglia et al., 2017), the babassu starch sheets displayed peaks at 17°, 19°, and 22° which are characteristics of B-type polymorphs. Therefore, we can observe that some characteristic peaks of the PP sheets are still present in the sheet blends, but other peaks are also shown (13.1°, 19.9°, 23.1°, and 27.3°), indicating that a new matrix organization was formed in these materials. Although the PP content is superior to the TPS content (PP/TPS, 70:30) in the blend sheets, the diffraction pattern of the TPS overlapped with that of the PP crystals. Lopes, Oliveira, Talabi, and Lucas (Lopes et al., 2021) also mentioned that the persistent presence of the characteristic peaks of type B starch may indicate the residual granular structure of starches in the blend sheets.
[image: Figure 3]FIGURE 3 | (A) XRD patterns and (B) SEM of the surface and cross section (Magnification ×400) of the PP and blend sheets without (PP/TPS) and with compatibilizing agents (PP/TPS/C, PP/TPS/S, PP/TPS/P, and PP/TPS/M). RC: relative crystallinity.
The diffraction peak close to 20° shows the highest intensity in all blend sheets and is attributed to the recrystallization induction process in a simple helical amylose molecule during cooling after processing and corresponds to the Vh-type crystalline arrangement (Lai et al., 2016). Additionally, peaks close to 13°, 20°, and 22° are attributed to the Vh-type amylose crystals complexed with other substances such as glycerol and the compatibilizing agents formed during cooling after the process (Azevedo et al., 2017).
Regarding relative crystallinity (RC), the blend sheets showed lower values (∼10%–19%) when compared to PP (37.1%), indicating that the inclusion of TPS in the PP matrix, even in the presence of compatibilizing agents, resulted in a reduction of the organization of the matrix. It explained the lower resistance at break and rigidity values of the blend sheets when compared to PP sheets. Furthermore, the blend sheets PP/TPS/C (17.3%) and PP/TPS/M (18.5%) showed the highest values of relative crystallinity, which explains the superior mechanical properties shown by these materials when compared to the other blend sheets. As discussed above, citric acid and maleic anhydride led to greater interaction with the polymer chains, improving the interaction and alignment, resulting in a more ordered matrix.
3.6 Morphology by scanning electron microscopy
The SEM microscopy (magnification of ×200) of the PP and blend sheets is shown in Figure 3, in which it can be observed that the PP sheets are very homogeneous in comparison to the blend sheets.
The PP/TPS shows a structure much more heterogeneous than the blend sheets with the compatibilizing agents, and in the transversal microscopy, it is possible to see the presence of intact starch granules, which indicates that the compatibilizing agents may also have cooperated in the gelatinization of the starch granules. Surface segregation is caused by different surface energies between the immiscible mixture, driving the low surface energy component to the surface (Panrong et al., 2019). The weak adhesion between phases could explain the low values of the mechanical properties presented by the PP/TPS blend sheets.
In turn, the blend sheets with compatibilizing agents showed a more homogeneous matrix structure, with emphasis on the PP/TPS/C and PP/TPS/M, with a lower presence of nongelatinized starch granules compared to the PP/TPS/S and PP/TPS/P blend sheets. This allows the conclusion that the good mechanical properties and lower hydrophilicity of these PP/TPS/C and PP/TPS/M blends can be associated with a more organized and homogeneous matrix, which can be observed in the SEM and XRD results.
4 CONCLUSION
In this work, an innovative starchy source, babassu starch, was incorporated into a polypropylene matrix to investigate the effect of different carboxylic acids as natural compatibilizing agents (NCA) on the crystallinity, mechanical, physical, and morphological properties of the blend sheets (PP/TPS). In general, compared to the PP films, the addition of TPS in the PP matrix, including or not compatibilizing agents, contributed to dark color, higher opacity, higher thickness, lower resistance at break, flexibility, rigidity, and crystallinity, higher moisture, solubility in water, and hydrophilicity. However, in comparison of the blend sheets, it was observed that the presence of the compatibilizing agents in the PP/TPS blend sheets resulted in better mechanical properties, lower hydrophilicity, and lower solubility in water, highlighting citric acid, which showed the best capacity among the NCAs and similar behavior to that of synthetic maleic anhydride. The results suggest that the improved compatibility was attributed to a chemical reaction between hydroxyl groups of starch and carboxyl groups of acids, and the interaction between the hydrocarbon chain of the acid and the PP chain. The results from XRD and SEM confirmed that the compatibilizing agents produced more homogeneous matrices, highlighting citric acid that, among the NCAs, showed the best performance, resulting in a matrix with a higher level of organization and crystallinity.
Finally, this work allowed assessing a new source of starch and offering one more alternative for applying this source to the plastic packaging sector. Furthermore, this work showed that the natural compatibilizing agent citric acid was analogous to the commercial one, making synthetic maleic anhydride a more sustainable alternative.
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