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Poly (butylene succinate) (PBS) is one of the most common biodegradable plastic polymers that has recently been used in the green environmental field. Enhancement of physicochemical characteristics of these polymers by using plant-based materials like Baobab (Adansonia digitata) will improve its industrial application. This study evaluated Baobab (Adansonia digitata) powder (BP) and PBS composites under various ratios (PBS/BP: 90/10, 80/20, 70/30, 60/40, and 50/50 wt%) for their thermo-mechanical and other physicochemical properties for the industrial application. The nanoscale morphological and elemental characterization were also measured by scanning electron microscope-dispersive X-ray spectroscopy (SEM-EDS). The results revealed that PBS/BP blends of 90/10 and 50/50 showed a significantly reduced melting temperature (Tm) up to 94°C (p < 0.05) compared to PBS (114°C). Also, the dynamic viscosity, storage modulus, and loss modulus showed a significant decrease with increasing the ratio of BP in PBS/BP composite, which confirmed faster degradation than the pure PBS. In conclusion, the novel PBS/BP biomaterial is recommended for use as a carbon source for denitrification processes, as an eco-friendly faster degradable natural filler-based polymer. Besides, they could be use in food packaging and biomedical industries.
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INTRODUCTION
Using eco-friendly natural materials to decrease the environmental pollution exchange via emerging replacements of petroleum plastics with biodegradable materials has become one of the global key areas (Ramesh et al., 2017). The exponential growth in human population, urbanization, industrialization, exploration of natural resources, and pollutants’ exchange via transboundary movements were identified as the main causes of environmental pollution (Ukaogo et al., 2020). Environmental pollution has remained a global challenge as multiple sources constantly contribute immensely to change the environment’s natural form. The environmental pollutions from different sources such as fuel and chemicals industries (including plastics) showed negative impacts on world marine production (Li et al., 2016; Barboza et al., 2018). Plastics industries, otherwise known as “super environmental deteriorators,” have an estimated annual production of 360 million tons in 2018 and a forecast of attaining 500 million tons by 2025 (Lebreton and Andrady, 2019; Rafiqah et al., 2021). Some facts are that about 50% of the total plastics produced are single-use every year, out of which 500 billion single-use plastic bags are used globally: 700 plastic bags/year/person (Vuleta, 2021).
As commonly used filler-based for composites making, plastics (i.e., either from synthetic, semi-synthetic, or natural polymers) possessed some advantages such as high durability, corrosion-resistant, lightweight and cheap compared to other materials like metal and ceramic-based composites (Li et al., 2016; Bahl et al., 2020). These advantages are considered very useful, triggering their high acceptance rate globally. Although plastics may become brittle over time and break into smaller pieces, their degradation may take several decades, posing a serious threat to our environment (Barboza et al., 2018; Vuleta, 2021; Zhang et al., 2021). The common types of plastics that are widely used are one or a combination of the following polymers: polyethylene (PE), polybutylene succinate (PBS), polyvinyl chloride (PVC), polycaprolactone (PCL), polylactic acid (PLA), polyurethane (PUR), polyhydroxybutyrate (PHB), polypropiolactone (PPL), polystyrene (PS), polypropylene (PP), and polyethylene terephthalate (PET) (Barboza et al., 2018; Lebreton and Andrady, 2019; Bahl et al., 2020). Furthermore, to characterize these materials and their composites for suitability of application, several techniques were confirmed their suitability like X-ray diffraction (XRD), scanning electron microscopy-energy dispersive X-ray spectroscopy (SEM-EDS), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), Fourier-transform infrared spectroscopy (FTIR), and dynamic mechanical analysis (DMA). For instance, these techniques were reported by Mourdikoudis et al. (2018) as the most relevant characterization techniques for materials and their composites; hence, employed during this study.
Among the types of plastics previously mentioned, PBS has been reported as one of the most useful bio-based polyesters that its demand has kept rising over the years due to its excellent properties and promising sustainability (Rafiqah et al., 2021). As reported in previous literature, PBS has been applied in many areas for different purposes such as a source of carbon for denitrification (Liu et al., 2018; Qi et al., 2020), plastic bags (Xie et al., 2014), crops mulch cover (Su et al., 2019; Quattrosoldi et al., 2020); fishery materials, biomedical tools, tableware, etc. (Gigli et al., 2016; Rafiqah et al., 2021). However, despite the wide application of PBS in diverse areas, very limited studies paid attention to its faster degradation phenomena. Replacing the “hard-to-degrade” synthetic materials with the “easily-degradable” materials via blending with fiber and other materials was one of the best ways proposed by researchers to limit both macro-and-micro plastic’s pollution (Yu et al., 2011; Barboza et al., 2018). Additionally, PBS was reported as the best for maintaining its structural bonds during hot-melt mixings compared to the other biodegradable polymers (e.g., PLA and PCL) (Qu et al., 2019).
Baobab (Adansonia digitata) is a sub-Saharan African tree considered of high economic and cultural values as none of its parts (e.g., leaves, flowers, tubers, seeds, bark, fruit-pulp) is considered a waste, but a highly nutritious food with over 300 traditional application (Rahul et al., 2015; Ismail et al., 2019; Alba et al., 2020). Authorizing the use of “baobab fruit-pulp” by the European parliament in 2008 (EU: 2008/575/EC) as safe food for human consumption has triggered its commercial interest across the globe (Alba et al., 2020). Baobab powder (BP), obtained from the baobab fruit-pulp after the drying process, has many essential elements, both macro-and-micro nutrients like Sodium (Na), Magnesium (Mg), Phosphorous (P), Potassium (K), Iron (Fe), Manganese (Mn), Calcium (Ca) (Rahul et al., 2015). The BP also contained carbohydrates, vitamin C, protein, lipids, soluble and insoluble fibers (Rahul et al., 2015; Stadlmayr et al., 2020). In light of this, the highly underutilized fruit-pulp, BP as Kaimba et al. (2021) called it, could be blended with PBS and considered a filler-fibre. Also, Liang et al. (2010) reported significant improvements on PBS after blending with kenaf fibre (KF) through its high fiber content.
This paper aims to synthesis a novel degradable polymer composite from different concentrations of PBS and BP. Detailed analyses were conducted to determine the degradable nature of the newly developed PBS/BP composite by evaluating its thermal stability, storage ability, and potential as a substitute to pure PBS. Moreover, the newly developed material has undergone characterization through SEM-EDS, FTIR, and TGA-DTG, DSC, techniques to assess its thermal stability and morphological changes that may occur while in use. The XRD, viscosity, storage modulus, and loss modulus were also investigated.
MATERIALS AND METHODS
Materials
Extrusion grade biodegradable poly (butylene succinate) (PBS) was purchased from Dongguan Zhanyang Polymer Materials Co., Ltd. (Guangdong, China). The PBS’s physical characteristics were: density, 1.26 g/cm3 at 25°C; molecular weight, 8.0 × 104 g/mol; melting point, 115°C; melt flow rate 22 g/10 min; flexural strength, 40 MPa; and stress at break, 30 MPa. Also, the PBS was spheroidal in shape with a size of 4 × 3 × 2 mm (length × width × height) and porosity of 34.6%. Raw organic baobab (Adansonia digitata) powder (BP) was bought from MRM Nutrition Company (Oceanside, CA, United States). The BP powder was stored in an air-tight container and kept in the dark and dry condition until downstream application.
Synthesis of PBS/BP Blends
Before mixing, both PBS granules and BP were vacuum-dried for 24 h at 60 and 37°C, respectively. PBS/BPs at 90/10, 80/20, 70/30, 60/40, and 50/50 wt% were dry-mixed using a laboratory mixer (GM-300, Retsch GmbH, Germany) at 1,000 rpm. The various blends were then added into a batch mixer (CW Brabender, United States) at 110–115°C using a rotor speed of 20 rpm. PBS/BP composites were then extruded using a double-screw extruder (HAAKE PolyLab OS, Thermo Fisher Scientific Inc., Germany) at 110–115°C. Hence, PBS/BP granules at 90/10, 80/20, 70/30, 60/40, and 50/50 wt% ratios were synthesized with the following physical characteristics: length × diameter: 3 × 2 mm (cylindrical shape); density, 1.18 g/cm3 at 25°C; porosity, 28.6%. Thin films were processed under compression from the PBS/BP blends at 130°C and used for viscosity, storage modulus, and loss modulus analyses.
Characterization of PBS/BP Blends and PBS
Chemical Structure Analysis by FTIR
The pure PBS and PBS/BP blends’ chemical structure was characterized using FTIR instrument (Nicolet iS50FT-IR, Thermo Scientific, United States) to detect possible changes in major functional groups due to BP addition. The samples were scanned between a wavenumber range of 4,000–400 cm−1.
X-ray Diffraction Measurement
XRD analysis was performed on the pure PBS and PBS/BP blends to determine the crystalline structure of the samples. After grinding the samples into powder, an X-ray diffractometer (XRD, D8 Advance Bruker diffractometer) was employed for the XRD analysis (40 kV, 40 mA).
Surface Morphology by SEM-EDS
The surface morphology and elemental composition of the pure PBS and PBS/BP blends were determined using GeminiSEM300 (Carl ZEISS Microscopy GmbH, Germany) equipped with a Bruker EDS detector which gives the SEM-EDS results at various magnifications. Before testing, the samples were placed in an ion sputter (MC1000, Hitachi, Japan) and coated with a thin layer of gold.
Thermogravimetric Analysis
TGA was conducted under nitrogen flow at 40 ml/min using TGA-Q500 (TA-Instruments, United States) to determine the behavioral degradation of the samples due to temperature increase. The test temperature was from 50 to 600°C at a heating rate of 10°C/min.
Differential Scanning Calorimetry for Thermal Behavior Analysis
The thermal behavior analysis was constructed using DSC-Q200 (TA-Instruments, United States). To eliminate previous thermal history, the samples were first heated at 150°C for 3 min, then cooled to −80°C at 10°C/min. Finally, the samples were reheated to 150°C at 10°C/min under a 50 ml/min nitrogen flow rate. About 6.50 mg of each sample was used with an accuracy of ±0.10 mg.
Dynamic Mechanical Analysis
Dynamic mechanical analysis was conducted using DMA-Q800 (TA-Instruments, United States). Before conducting the DMA, samples were prepared using a compression molder at 130°C. The samples were heated from 0 to 60°C at 3 C/min and 1 Hz frequency while recording the shear storage modulus and loss modulus changes.
Viscoelasticity Measurement
The viscosity of the pure PBS and PBS/BP blends was measured using a viscometer (HAAKE-RS6000, Thermo Scientific, Germany). Samples for the viscosity test were prepared using a compression molder at 130°C. The samples were then subjected to a shear rate range of 0.01–100 s−1 at 130°C.
Mechanical Properties
A universal testing machine, Zwick/Roell Z020 (Zwick, Germany), was used to test the tensile properties of the pure PBS and the blends at a cross-head speed of 30 mm/min. At least five dumbbell-shaped samples were tested from each material with their average taken to get the mean value.
Data Analysis
For constructing all the spectra data for data analyses, average values ±standard deviation (SD) were used. Analysis of variance (ANOVA) was used for all measurements, and p ≤ 0.05 was considered statistically significant. Duncan, least significant differences (LSD), and Pearson tests have been calculated to measure the signification among the tested groups.
RESULTS AND DISCUSSION
Structural Analysis of the PBS/BP Blends and PBS
FTIR technique helps identify the chemical bonds and possible structural modifications that occurred due to blending PBS and BP. As shown in Figure 1, it was observed from the FTIR spectra that the absorption bands assigned to functional groups showed a greater degree of similarity between the pure PBS and the PBS/BP blend at a higher wavenumber range (4,000–1,750 cm−1), with more pronounced differences at lower wavenumber range (1,750–400 cm−1). For both the pure PBS and PBS/BP blends, the absorption bands observed at 3,435 and 2,945 cm−1 could attributes to the elongation vibration of the O−H and asymmetric stretching vibration of −CH2− groups, respectively (Zhu et al., 2015; Li et al., 2019).
[image: Figure 1]FIGURE 1 | FTIR spectra of the pure PBS and PBS/BP blends at varied ratios.
Moreover, the absorption peaks at 1,722, 1,471, 1,392, 1,160, 1,046, and 748 cm−1 were ascribed to the double bond of carbonyl (C=O), methyl of lignin’s asymmetric bending (−CH3), C−H deformation in cellulose and hemicellulose, stretching bond of ester (−C−O−C−), primary alcohol C−O bond, and aromatic rings of lignin, respectively (MonikaPal et al., 2018; Qi et al., 2020). Other important peaks obtained are 917 and 805 cm−1 attributed to C−OH bending in the carboxylic group and the cross-linking of the C−C bond, which affects the strength of ester linkages, as reported by MonikaPal et al., 2018. From these results, it was clear that the addition of BP had only slightly modified the pure PBS’s composition while allowing its original functional chemical structure intact. Hence, the new PBS/BP blend would perform the functions of PBS at a greater significance, with other potentially added advantages envisaged.
Crystallization Behavior of the PBS/BP Blends and PBS
Figure 2 depicts the representative results of the XRD analysis of the PBS/BP blends and pure PBS. It was found that the PBS/BP blends were a replica of the semi-crystalline PBS as the two sharp peaks (19.4° and 22.5°) presented a decreasing nature of intensity due to an increase in BP’s wt% in the blend. These two characteristics peaks obtained from the XRD spectrum, in addition to 21.6 and 29.2 peaks, were similarly reported by Ye et al. (2017) after analyzing raw PBS and its blend with urea. Hence, the obtained crystalline structure results showed that the blends were just a numeral superposition and a physical mixture of PBS and BP with a reduced pure PBS crystallinity (Sadeghi et al., 2021) suggests faster degradation of the blends than pure PBS.
[image: Figure 2]FIGURE 2 | XRD spectra of pure PBS and PBS/BP blends at varied ratios.
Mechanical Properties of the PBS/BP Blends and PBS
Table 1 shows the analyzed tensile properties of the pure PBS and the PBS/BP blends. It was observed from the results (Table 1) that pure PBS’s Young modulus was 333 ± 9.22 MPa, which was consistent with the results reported for pure PBS in the previous literature (Delamarche et al., 2020; Jin et al., 2014). Furthermore, increases in Young’s modulus values were recorded as the BP ratios were increased in the blends, as depicted in Table 1. This increase in Young’s modulus values of pure PBS after blending with BP was similarly reported by Yang et al. (2010) after blending PBS with kenaf fibre. However, significant decreases (p < 0.05) were recorded for the yield strength and the maximum strain at break (i.e., fracture strain) as the BP ratios were increased, which were consistent with the results reported in the literature while increasing fibre ratio in PBS (Yang et al., 2010). Hence, these results implied that the higher the BP levels, the faster the degradability of the PBS and less energy required for elongation.
TABLE 1 | Mechanical properties of pure PBS and PBS/BP blends.
[image: Table 1]Morphological and Elemental Characterization of the PBS/BP Blends and PBS
Figure 3 showed detail of elemental contents of the PBS/BP blends using EDS, which revealed significant modification of pure PBS’s original form mainly dominated by carbon (C = 60.08 wt%) and oxygen (O = 39.92 wt%), as depicted in Figure 3A. Meanwhile, Figures 3B–F represents the BP’s level in the PBS/BP blends at 10, 20, 30, 40, and 50 wt%, respectively, with reduced molecular weight compared to pure PBS as it enhances faster degradation (Delamarche et al., 2020). Interestingly, the EDS results (Figures 3B–F) confirmed that the pure PBS was super enriched (after adding BP) by several essential elements, both macro-and-micro nutrients: Na, Mg, P, K, Ca, Cu, and Zn, at varied ratios (Rahul et al., 2015). These essential elements were reported by Singh (2021) to be solely responsible for biomolecule formation, metabolism, and co-factor of enzymes for protein structure stabilization in the cells. Additionally, these macro-and-micro nutrients were proved to be essential in supporting bacterial growth due to adequate nutrition supplementation (Li et al., 2019; Tadda et al., 2021). Besides, it was observed that higher BP content results in higher amounts of essential elements and less carbon and oxygen percent. Hence, faster degradation of PBS/BP will result in higher BP ratios, eventually releasing less carbon into the environment.
[image: Figure 3]FIGURE 3 | Representative EDS images showing elemental contents of (A) Pure PBS and PBS/BP blends at: (B) 90/10; (C) 80/20; (D) 70/30; (E) 60/40; (F) 50/50 wt%.
Figure 4 showed the SEM micrographs (5,000×), depicting the morphology of PBS/BP blends and pure PBS to ascertain the levels at which their surface structure changes due to BP’s addition. It was observed that pure PBS’s surface morphology was dominated by coarser macro-voids which were unevenly distributed (Figure 4A), compared with other micrographs from PBS/BP blends. Also, the micrographs (Figures 4B–F) showed asymmetric surface structures in which higher BP contents resulted in a reduction in the membrane porosity and cavity size due to the degradation of macro-voids of the pure PBS. When comparing the reduction in surface voids, the decreasing order of the PBS/BP blends’ porosity due to BP addition was: 10 > 20 > 30 > 40 > 50 wt%. For instance, 50 wt% BP depicted in Figure 4F showed a smoother surface structure with fewer surface pores, which is more prone to degradation than 10 wt% BP presented in Figure 4B. Interestingly, our findings from the SEM micrographs were in total agreement with the results reported by Sadeghi et al. (2021), whereby a higher amount of PBS (10 and 20 wt%) revealed an increase in both porosity and instability of pure PCL.
[image: Figure 4]FIGURE 4 | SEM micrographs showing morphology of (A) Pure PBS; and PBS/BP blends at: (B) 90/10; (C) 80/20; (D) 70/30; (E) 60/40; (F) 50/50 wt%.
Thermo-Mechanical and Rheological Properties of the PBS/BP Blends and PBS
TGA and DSC curves which revealed thermal stability of the pure PBS and PBS/BP blends, were presented in Figure 5. It was observed from Figure 5A that the thermal degradation of pure PBS began at 285°C and achieved 98.7% weight loss at 425°C, which was consistent with a previous study (Hassan et al., 2013). For the PBS/BP blends, it was interesting to note that the degradation took place in three steps: 55 ̴ 200°C; 200 ̴ 330°C; and 330–410°C, with 50 wt% BP blend showing the fastest degradation (Figure 5A). This discovery confirmed that BP’s addition had improved the degradation rate of the pure PBS in ascending order of BP’s percent level in the blends, as clearly supported by the results from the derivative weight curve (DTG) in Figure 5B and that of SEM in Figures 4B–F. However, lower weight loss was observed from the blends than pure PBS due to higher ash content in the PBS/BP blends. This low weight loss was an indication that less carbon was released from the blends, which in practice will amount to reduced carbon pollution when the blends are used in place of pure PBS. Also, it is worth noting that from the DTG curves (Figure 5B), changes were observed in the PBS/BP blends’ results from around 70–345°C, with the most significant change recorded at 243°C. Hence, better environmental management would emerge when the PBS/BP blends are used since their high ash content would add nutritional value to soil, ultimately leading to faster biodegradation and limiting carbon release to the environment.
[image: Figure 5]FIGURE 5 | (A) TGA; (B) DTG; (C) DSC cooling curves; and (D) DSC heating curves of pure PBS and PBS/BP blends at varied ratios.
Furthermore, DSC analysis results for both cooling and heating scans, were presented in Figures 5C,D, respectively. From the results, the melting temperature (Tm) of pure PBS was obtained as 114°C (Figure 5C), which was within the standard Tm for PBS (110–115°C) as reported in the previous studies (Dai and Qiu, 2016; Fenni et al., 2019; Delamarche et al., 2020). It was noted that PBS/BP blends of 90/10 and 50/50 showed a significantly reduced Tm of 94°C (p < 0.05) while other blends showing a Tm of a few degrees less of pure PBS (2–3°C) but with higher heat flow than the pure PBS (Figure 5C). However, for the crystallization temperature (Tc), which results due to cooling of the samples, significant variations were observed with fractionalized crystallization, as depicted in Figure 5D. This phenomenon of fractionated crystallization was a common behavior exhibited by polymer blends due to the heterogeneity of the blend materials (Fenni et al., 2019). Pure PBS had the lowest Tc of 39.5°C, and the lowest heat flow of 5.1 mW/mg, while PBS/BP blend at 90/10 recorded the highest peak (9.4 mW/mg) at Tc of 45.7°C (Figure 5D). In addition, it was also noted from the DSC results that the blends with the highest BP contents (40 and 50 wt%) had entered the endothermic phase at 150°C with other samples showing a lag of 20°C during the endothermic phase change (130°C). Accordingly, these significant variations recorded for Tc have confirmed the changes in intermolecular interactions caused by blending BP with PBS, ultimately ensuring the blends’ degradation at a faster rate.
The storage modulus (E′) and loss modulus (E″) curves which depend on the variations of temperature, were presented in Figures 6A,B, respectively. It was observed that the E′ curves displayed an obvious increasing tendency in ascending order of BP content’s increase in the blends (Figure 6A), which was due to stress transfer from the pure PBS to the BP (Liang et al., 2010). Also, Liang et al. (2010) reported a result consistent with our finding whereby PBS’s E′ increased by more than 100% after blending with kenaf fiber (KF) at 90/10, 80/20, and 70/30 wt% (PBS/KF). It is worth noting that PBS/BP blends at 90/10 wt% showed the least increment of about 25%, while BP content of 20 wt% and above recorded more than 100% increase over the temperature ranges applied. For example, the storage modulus of pure PBS at 40°C was only 302 MPa but increased to 367, 714, 909, and 1,077 MPa for PBS/BP blends at 90/10, 80/20, 70/30, and 60/40, respectively. Such increases might be due to the increase in crystallinity of the PBS/BP blends as supported by the DSC curves explained earlier (Figure 5D).
[image: Figure 6]FIGURE 6 | Variations of (A) storage modulus; (B) loss modulus; and (C) viscosity with temperature for pure PBS and PBS/BP blends at varied ratios.
More so, it was noted that E′ values of both pure PBS and the PBS/BP blends keep decreasing with temperature increase (Figure 6A), which was due to polymer matrix softening (Liang et al., 2010). It was observed that PBS/BP blend at 50/50 was too brittle to allow the test samples (size: 25 mm long, 5 mm wide, and 1 mm thick) to be carved out from the larger thin-film initially produced via compression molding. Therefore, this shows the unsuitability of using the 50/50 wt% combination to fabricate the targeted materials.
For the E″ values shown in Figure 6B, it was observed that both the pure PBS and PBS/BP blends exhibit the same manner displayed by E′ results, whereby the PBS/BP blends recorded higher E″ values than pure PBS. However, the addition of 10 wt% BP had shown a slight increase in E″ values compared to higher increased E″ values recorded in ascending order, after adding 20 wt% BP and above. Therefore, the results of E′ and E″ implied that further addition of BP, which simultaneously decreases the PBS wt%, decreases the blend’s molecular mobility, hence reducing the intermolecular bond friction needed to overcome mechanical loss (Liang et al., 2010). Thus, the blends with higher BP wt% would degrade much faster than those with lower wt%, with however 20 to 30 wt% suggested as the best combination in the PBS/BP blend.
Figure 6C shows the variation of viscosity levels among the PBS/BP blends and pure PBS for varying temperatures. It was observed that pure PBS’s viscosity decreased more rapidly after adding 10 and 20 wt% of BP. However, adding more than 20 wt% of BP had resulted in increased viscosity and irregular pattern of the viscosity curves, which might result from an increase in rigidity of molecular chain and decrease in molecular weight of the blends (Qu et al., 2019). The reduction in viscosity level observed from this study due to an increase in BP and decrease in PBS agreed with a previous study that reported a reduction in viscosity due to a low amount of PBS (Sadeghi et al., 2021).
CONCLUSION
In the present study, biodegradable pure PBS was blended with BP at varied ratios (10, 20, 30, 40, and 50 wt% of BP) and synthesized PBS/BP blends with varied features. BP’s addition leads to a decrease in crystallinity, molar mass, and thermal stability of the pure PBS filler polymer. Moreover, improvements in degradation rates were also observed, as evidenced by the SEM and thermomechanical tests conducted. Besides, EDS analysis revealed enrichment of the pure PBS with some essential elements (Na, Mg, P, K, Ca, Cu, and Zn), which were solely responsible for biomolecules formation, metabolism, and co-factor of enzymes for protein structure stabilization in the cells. Equally, these essential elements were very supportive of healthy and prosperous bacterial growth. Hence, the PBS/BP blends with improved degradability were recommended as a biodegradable carbon source for cleaner production of the advanced polymeric filler and composite formation. Also, the new PBS/BP composite could be applied in diverse areas where the pure PBS has been in operation, like disposable packaging plastic polymers and mulch cover for a cleaner environment.
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