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Abstract

:

This research highlights the importance of addressing bioplastic contamination in recycling processes to ensure the quality of recycled material and move towards a more sustainable circular economy. Polyethylene (PE) is a conventional plastic commonly used in packaging for which large amounts of waste are produced; therefore, PE is generally recycled and has an established recycling process. However, the contamination of biodegradable polymers in the PE waste stream could impact recycling. This study, therefore, focuses on polyethylene (PE) that has been polluted with a commercial thermoplastic starch polymer (TPS), as both materials are used to produce plastic films and bags, so cross-contamination is very likely to occur in waste separation. To achieve this, recycled PE was blended with small quantities of the commercial TPS and processed through melt extrusion and injection molding, and it was further characterized. The results indicate that the PE-TPS blend lacks miscibility, evidenced by deteriorated microstructure and mechanical properties. In addition, the presence of the commercial TPS affects the thermal stability, oxidation, and color of the recycled PE.
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1. Introduction


Plastics are essential in our society’s development and daily lives. In 2021, 390.7 Mt of plastic was produced worldwide [1], and the production is expected to increase to 1124 Mt in 2050 [2]. However, the linear economy model in which plastics are now made and disposed of affects the environment and misses the economic advantages of a more “circular” approach. Therefore, a circular economy model involving plastic recovery is desired in production and consumption [3]. According to ISO 15270:2008, plastic recovery refers to processing plastic waste material for its original purpose or other purposes, including energy recovery [4].



Plastic recovery comprises material recycling, mechanical or chemical reprocessing, energy recovery, and reprocessing into materials for backfilling or fuel applications [5]. Plastic recovery can be divided into four main options: quaternary recovery (incineration with energy recovery), tertiary recovery (chemical recycling through pyrolysis and solvolysis), secondary recovery (mechanical), and primary recovery (in-plant recycling) [6]. Quaternary recycling applies to practically all plastics and can save some energy, but it produces more CO2 emissions than the other three recycling procedures. Tertiary recycling can handle polluted and heterogeneous polymers, while primary and secondary recycling are best suited to thermoplastic polymers [7].



The EU has enforced plastic recycling for packaging and municipal solid waste to enable a change in the production model, avoid using fossil resources, and close the plastic loop [8]. In 2021, plastic waste recycling reached 35% of post-consumer plastics waste management, energy recovery has reached 42%, and landfilling still has 23% [1]. In this context, to increase the recycled plastic amount and guarantee the circularity of the material, it is essential to ensure the quality of the recycled plastic is at a level where the qualities of the plastic material are preserved, and it is feasible to produce similar [8].



Mechanical recycling is preferred for large-scale recycling of thermoplastic waste [9]. Since the composition and purity of the polymer waste in mechanical recycling are typically unknown, the material must first be separated and purified before being reprocessed. The secondary recycling process does not alter the polymer’s structure; however, it could experience a decrease in its mechanical qualities. This decrease could result from chain scissions from acids or water, which could lower the molecular weight or result from additional polymers contaminating the matrix or primary polymer [6]. The mechanical qualities of the blends of most polymers are not as good as those of individual polymers since most polymers are incompatible with one another [10]. For instance, PET contaminants in PVC cause considerably worsened qualities, lowering the final items’ value [11]. As such, sorting is essential before incorporating a new product in mechanical recycling. While optical color recognition cameras are widely used to distinguish between explicit and colorful materials, Fourier-transform, near-infrared spectroscopy (FTIR), and differential scanning calorimetry (DSC) are commonly employed to identify the type of polymer [11]. The new plastics, such as the bioplastics, complicate the sorting of the polymer waste because a small amount of these materials generate negligible alterations in the DSC or their FTIR bands overlap with those of the most prevalent polymer [12,13,14].



Currently, less than 1% of the plastic generated yearly is bioplastics. However, the bioplastics market is continuously growing due to consumers’ increasing demand for more environmentally friendly products. It is predicted that the capacity of the world’s bioplastics industry will increase from roughly 2.41 Mt in 2021 to nearly 7.59 Mt in 2026 [15]. According to European Bioplastics, bioplastics are a range of materials with different properties and applications that can be bio-based, biodegradable, or have both properties simultaneously [16]. Bio-based and non-biodegradable plastics have the same properties and characteristics as conventional or synthetic plastics but are synthesized from renewable resources, so their carbon footprint is lower. This group includes bio-polyethylene (bio-PE), bio-polypropylene (bio-PP), bio-polyamide (bio-PA), and bio-polyethylene terephthalate (bio-PET). The group of bio-based and biodegradable plastics is the group of plastics whose origin are renewable sources and are also biodegradable, generally used for products with a short shelf life; within this group, polysaccharides, such as starch blends and thermoplastic starch (TPS), proteins such as keratin, and polyesters such as poly (lactic acid) (PLA) and the family of poly (hydroxy alkanoates) (PHAs) can be found [16].



Biodegradable polymers require hydrolytic breakdown to decompose in their natural surroundings. They can also show various thermal stability characteristics. For instance, polylactic acid (PLA) has fair thermal stability, while thermoplastic starch (TPS) has little. At the same time, plastics such as polyethylene (PE) and polypropylene (PP) are not dried before processing. Therefore, stream contamination with biodegradable plastic will be sensitive to hydrolytic and thermal degradation and could lead to biopolymer degradation and outgassing in an extruder [17,18].



Biodegradable bio-based plastics are already present in many consumer goods and will be utilized more frequently in everyday items like bottles, trays, packaging, etc. As their manufacturing rises, so will the likelihood that they will enter the established systems for recycling fossil-based plastics and wind up in trash streams, even if sophisticated separation techniques are used [17]. Because bio-based and biodegradable plastics have different properties than fossil-based plastics, their rise jeopardizes the recycling processes, regardless of those polymers with established recycling procedures, such as polyethylene (PE) or polyethylene terephthalate (PET) [18].



Studies on bio-based and biodegradable plastic contamination in thermoplastic recycling streams have shown that even minimal quantities of contamination diminish the final properties of the material. For instance, Samper et al. (2014) studied the effect of biodegradable plastics on recycled polystyrene (PS). They determined that the immiscibility between the matrix and the biodegradable polymers causes a phase separation in the structure, which lowers the mechanical properties of recycled PS [19]. Samper et al. (2018) determined the influence of polylactic acid (PLA), polyhydroxy butyrate (PHB), and thermoplastics starch (TPS) in the polypropylene (PP) recycling process in a wide range of contents (2.5 to 15 wt.%). They discovered that biodegradable polymers in recycled polypropylene (PP) led to a significant loss of mechanical, thermomechanical, and thermal characteristics when using percentages of biodegradable polymers higher than five weight percent. PLA and PHB raise the melt flow index (MFI), which is linked to an increase in ester groups that are poorly thermally stable and relatively easily broken down [20]. Aldas et al. (2021) examined the effects of PLA, PHB, and TPS on the characteristics of recycled PET made from packaging waste. It was found that PHB presents good miscibility with recycled PET, PLA is partially miscible, and TPS presents low miscibility. However, because of the high temperatures during the recycling process (about 270 °C), which cause PHB to degrade and disrupt the miscible blend thermally, all biopolymers interfere with recycled PET’s mechanical qualities [21]. Pavon et al. (2023) determined the influence of polybutylene succinate (PBS) in the PET recycling process. The study discovered that PBS impurities reduce the mechanical properties of PET at any concentration; additionally, the DSC curve at the melting peak was barely affected by PBS. Hence, it took a lot of work to identify PBS contamination in PET using techniques that the quality control department can easily access [12]. Therefore, contamination with biodegradable plastic would risk the completion of the plastics cycle in recycling.



Given the usage of PE and TPS in films and plastic bags, there is a high possibility of cross-contamination of PE during waste separation and recycling. Although TPS is a promising option due to its abundance and biodegradability, its introduction into the conventional plastics recycling stream may pose significant challenges. TPS has low mechanical properties; moreover, it has a hydrophilic character and poor water permeability [22]. In this study, PE, obtained from recycled films, was blended with small quantities of a commercial thermoplastic starch polymer (TPS) to simulate contamination. The blends were characterized by their mechanical, surface, thermal, and visual properties. Moreover, the study measures the oxidation induction time (OIT) to see if TPS affected the blends’ thermos oxidative stability. OIT may be related to the polymer’s lifetime and quality in real-world applications [23].




2. Results and Discussion


2.1. Miscibility and Microstructural Characterization


The relative affinity between two polymers can be assessed using the solubility parameter (δ) [24]. Although solubility is a rough indicator of how well two plastics get along, it is an unbiased technique created to complement experimental results when researching polymer blends [25].



Table 1 presents the results of  δ , according to Small’s method, using Equation (1). PE has a  δ  of 16.7 MPa1/2, comparable to the solubility values for literature listed in polymerdatabase.com [26]. One can observe that PE and TPS solubility parameters are quite different. Since TPS’s solubility parameter is far from PE, it appears that the two materials are not miscible; as a result, TPS can cause recycled PE’s thermal and mechanical qualities to deteriorate.



Figure 1 shows the micrographs of PE and PE blends with 2.5, 5, 7.5, 10, 12.5, and 15 wt.% of TPS obtained FESEM. The PE-TPS blends are immiscible since a phase separation of the components in the blends is observed. The biphasic morphology suggests that the two polymers that make up a blend are immiscible, with one polymer functioning as the matrix phase and the other as the dispersion phase [19,27]. Spherical droplets scattered throughout the PE matrix are present in all PE-TPS blends. The size of these droplets rises with TPS content. Furthermore, upon fracture, some of the spherical droplets were extracted from the PE matrix, demonstrating a weak contact and immiscibility between the two polymers. These results are consistent with what the solubility parameter predicted. In addition, it is expected that the inadequate adhesion of the phases will result in stress concentration zones, leading to worse mechanical characteristics [28,29]. A similar biphasic morphology was observed in poly (ethylene terephthalate) (PET) polluted with small quantities of poly (lactic acid) (PLA) [30].




2.2. Mechanical Properties


Because the compatibility of the two polymers that make up the blend substantially impacts the material’s performance, figuring out the mechanical properties of blends is essential. Polymer incompatibilities have a detrimental effect on the performance of materials and diminish their mechanical qualities [31].



The mechanical characterization results of the PE-TPS formulations are listed in Table 2. The properties of recycled PE include an elongation break of 1253%, a tensile strength of 20 MPa, and a Young’s modulus of 1013 MPa. The addition of TPS to the mixture significantly (p < 0.05) reduces the tensile properties of PE, irrespective of the concentration.



With 15 wt.% TPS, PE Young’s modulus drops by up to 56% and the tensile strength by 38%, and for 2.5 to 15 wt.% of TPS, the elongation at break steadily declines from 3% to 78%. Even at the lowest analyzed TPS percentage (2.5 wt.%), the tensile characteristics of recycled PE decreased significantly (p < 0.05), indicating a lack of miscibility in the system.



Regarding the Charpy impact strength energy, the values in Table 2 show that the impact strength energy presents an inverse relationship with the TPS content; increasing the TPS content decreases the impact energy from 5% with 2.5 wt.% TPS to 25% with 15 wt.% TPS.



The problems in the mechanical performance of recycled PE due to TPS contamination are related to the incompatibility of two polymeric matrices, as seen in FESEM images, and suggest that the mechanical characteristics of PE could be severely harmed by TPS contamination during recycling. The effect of biodegradable polymers on the mechanical properties of a thermoplastic polymer matrix has already been documented in the literature, and issues with immiscibility or incompatibility cause it. For instance, the low-density polyethylene (LDPE) matrix becomes more brittle due to the presence of poly (butylene adipate co-terephthalate) (PBAT) particles acting as flaws in it [32]. Recycled PET displays a decrease in tensile strength due to the presence of small amounts of PLA [30].




2.3. Thermal Characterization


Table 3 lists the thermal parameters derived for DSC curves. Neat PE presents a melting point of 130.2 °C, a melting enthalpy of 147.83 J/g, and a crystallinity degree (χc) of 50.5%. At the same time, neat TPS presents a melting point of 123 °C and a melting enthalpy of 23.95 J/g. All the PE-TPS blends present the melting point (Tm) as a single peak at approximately 130 °C. Moreover, as the blend’s TPS content increased, the PE’s ΔHm values slightly decreased. At the same time, the increase in TPS content correlated with a decrease in crystallinity degree (χc). This result shows that the presence of TPS acts as an impurity, causing imperfections and reducing the structure’s free volume, making it difficult for the polymer chains to pack tightly and reducing the crystal size [33,34]. For instance, [20] similarly reported that polypropylene loses some of its crystallinity when biodegradable polymers are present as contamination.



Figure 2 displays the dynamical DSC curves of PE-TPS in the air atmosphere. The OOT in PE is located at 219 °C. Tm and OOT are in temperatures similar to neat PE for all the blends. Neat TPS presents its OOT at 210 °C. It is observed that the thermal transitions in TPS are negligible in the blends compared to those of PE.



Figure 3 displays the isothermal DSC curves of PE and PE-TPS at 210 °C for 60 min. It is seen that during a 13 min heating ramp, all the samples reached 210 °C, at which point the PE and PE-TPS samples had melted and presented similar curves with oxidation occurring at different time intervals. In an isothermal experiment, the OIT value is the time that elapses before the sample exhibits a sudden exothermic oxidation reaction. One can notice that in PE, thermal oxidation is initiated at approximately 18.1 min. According to the TPS content, the addition speeds up oxidation, reducing the OIT to values between 15.3 and 14.4 min. Since most of its manufacturing includes exposure to air at high temperatures and polyethylene, like all polyolefins, is vulnerable to thermos-oxidative degradation [35], TPS contamination has considerable potential to oxidize PE even if the drop in OIT in it is minimal. Color, electrical, and mechanical qualities could diminish as this happens [23]. Therefore, as polyethylene’s OIT changes, the TPS contamination could significantly impact the material’s processing and performance characteristics and limit its potential uses.




2.4. Fourier Transformed Infrared Spectroscopy


Figure 4 displays the FTIR-ATR spectra of PE and the six PE-TPS blends. It is seen that neat PE exhibits two significant bands at 2847 and 2919 cm−1 related to C-H bonds stretching vibrations and two bands at 1470 and 1472 cm−1 corresponding to C-H bending vibrations. Low-intensity bands at 1368 and 1352 cm−1 point to a C-H bend due to CH2 and CH3 vibrations, and a high-intensity band at 722 cm−1 through CH2 rocking vibrations [36,37]. Neat TPS displays bands corresponding to C-O stretching of C-O-C bond at 1110 and 1146 cm−1, the C-O stretching of pyranose rings at 936 cm−1, the bound water band located at 1672 cm−1 (δ (O-H)), the presence of carbonyl groups through the peak at 1717 cm−1, the C-O stretching associated with carbon–oxygen (C–O) characteristic of primary and secondary alcohols through the bands at 1411 cm−1 and 1163 cm−1, and the CH2OH (side chain)-related mode at 1250 cm−1 [22,38,39].



All the PE-TPS blend spectra present the characteristic bands of PE, which remain unchanged. Moreover, the blend’s spectra present the TPS typical absorption bands, between 1800 and 870 cm−1. These TPS bands appear as low-intensity bands that increase as the TPS content rises. The spectra of the blends do not display the appearance of new bands or the modification of the existing ones, which suggests that TPS contamination did not produce a chemical modification in PE.




2.5. Visual Appearance


Figure 5 shows the appearance of the PE-TPS specimens obtained by injection molding. All the specimens showed high opacity and a clean, uniform surface free of flaws. Even with no colorant applied during the material’s manufacturing, it was evident from a cursory examination of these photos that TPS contamination had altered the recycled PE’s color.



The color coordinates (L*a* b*) and color variation (measured by ∆E ab*) with respect to the pure PE are summarized in Table 4. As expected, the rise in TPS content significantly (p < 0.05) decreased the L* value due to the increase in the opacity of the samples. Also, the rising TPS content significatively (p < 0.05) increases the color coordinate b* (blue to yellow), from −3.81 (PE) to −0.34 (15 wt.% of TPS), and the color coordinate a* (green to red) from −1.92 (PE) to −0.58 (15 wt.% of TPS). Moreover, the increase in TPS content results in a striking increase in ∆Eab* evolution. A content of 2.5 wt.% of TPS produced a slight difference in color as 1 ≤ ∆Eab* < 2. The color change is noticeable in contents from 5 to 7.5 since 3.5 ≤ ∆Eab* < 5. Additionally, the ∆Eab* ≥ 5 in contents of 10 and 15 wt.% shows that observers notice different colors. As expected from thermal oxidation deterioration, the color change indicated an increasing tendency with the rise in TPS concentration in PE. The change in color due to thermal degradation was reported by Agüero et al., 2019 in PLA reprocessing [40].




2.6. Wettability


The WCA was measured to determine the effect of TPS contamination on the wettability of PE. Polyethylene surfaces’ wettability can affect how effectively coatings or adhesives stick to them.



Recycled PE presents a WCA of 72°. When TPS is added to the blend, the WCA decreased proportionally to the TPS content until at 15 wt. % it reaches ~51° (see Figure 6). The reduction in the water contact angle is probably due to two reasons. First, an increased surface roughness brought on by the presence of TPS causes the water drop to expand rapidly. Second, and more likely, it is due to the intrinsic hydrophilicity of the TPS [41]. When calculating the WCA of recycled high-density polyethylene filled with maritime pine wood, Lazrak et al., 2019 noticed a similar pattern [42]. Therefore, the application of coatings or adhesives in the recycled PE product may be significantly impacted by this decrease in WCA due to the contamination with TPS.





3. Materials and Methods


3.1. Materials


Recycled PE was supplied by Extremadura Torrepet S.L. (Badajoz, Spain), and commercial thermoplastic starch Biopar® 1020 was provided by United Biopolymers (Figueira da Foz, Portugal). PE was compounded with Biopar in concentrations of 2.5, 5, 7.5, 10, and 15 wt.% and labeled PE-2.5TPS, PE-5 TPS, PE-7.5 TPS, PE-10 TPS, PE-12.5 TPS, and PE-1 TPS, respectively. Melt extrusion was used to blend the formulations in a micro compounder (MC 15HT Xplore) at 80 rpm, with a temperature profile of 140 °C to 160 °C (from die to hopper). The blends were then injected at a mold temperature of 30 °C and an injection temperature of 165 °C into Xplore’s MC 15HT micro compounder. ISO 527 test specimens of type 1BA were acquired. The materials were not dried before processing to mimic mechanical recycling and contamination.




3.2. Miscibility and Microstructural Characterization


The concept of the Hildebrand solubility parameter was used to determine the miscibility of two materials. The fundamental assumption is that two materials with comparable solubility characteristics will have balanced forces and, consequently, be miscible [43]. The Small method, also called group molar attraction constants, was used to calculate the polymer’s solubility [44]. When two mixture components have identical solubility properties, the Small method deems them compatible. Small’s list of the molar attraction constants (F) can be seen in previous works [45]. As a result, δ can be found by summing the molar attraction constants and considering each group’s contribution to the molecule’s overall structure, as indicated by Equation (1):


  δ =   ρ ∑  F j     M n     



(1)




where  ρ  is the polymer density,    M n    is the molar mass of the repetitive unit, and   ∑  F j    is the summation of the contributions of all polymer groups [19].



The impact specimens’ fracture surfaces were examined using field emission scanning microscopy (FESEM) at 1 kV using a Zeiss Ultra 55 microscope to confirm the miscibility results. Before analysis, the samples were coated using a gold–palladium alloy on a Quorum Technologies (East Sussex, UK) Sputter Mod Coater Emitech SC7620 to make their surface conductive.




3.3. Mechanical Characterization


Tensile tests performed in accordance with ISO 527 were used to characterize the material’s mechanical properties [46]. The analysis was conducted in an Ibertest Elib 30 universal testing machine from SAE Ibertest (Madrid, Spain) using a 5 kN load cell and a crosshead speed of 30 mm/min.



The resistance to the Charpy impact was evaluated in a Metrotec S.A. machine (San Sebastian, Spain) utilizing a 1 J pendulum and notched specimens in line with ISO 179 [47]. The results were provided as mean and standard deviation of five samples of each blend.




3.4. Thermal Characterization


Differential scanning calorimetry (DSC) data were gathered on a Mettler-Toledo DSC821e (Mettler-Toledo, Schwerzenbach, Switzerland) instrument. An amount of 4–6 mg of samples was put into aluminum crucibles. The heating and cooling programs were run in a nitrogen atmosphere (60 mL/min) at a 20 °C/min rate. The DSC program consisted of a preliminary heating phase between 30 and 200 °C, succeeded by a cooling phase up and a further heating phase up to 250 °C. The melting temperature, Tm, and the melting enthalpy, ∆Hm, were obtained from the second heating. Furthermore, the degree of crystallinity (χc) was calculated following Equation (2).


   χ c  =     Δ  H m    Δ  H m 0  ·   1 − w       · 100  



(2)




where   Δ  H m 0    corresponds to the melting enthalpy of a theoretically fully crystalline PE with a value of 293 J/g [33] and the term (  1 − w  ) represents the PE weight fraction.



The oxidation induction time (isothermal OIT) and oxidation induction temperature (dynamic OOT) were determined according to [48] to assess the impact of a commercial TPS contamination on the oxidative degradation of PE. Two different types of DSC tests were conducted. In the first test, the oxidation induction temperature—also known as the oxidation onset temperature (OOT)—was determined using a dynamic program that ranged from 30 to 250 °C in an air atmosphere at a heating rate of 10 °C/min. In the second test, a heating ramp from 30 °C to 210 °C (the necessary isothermal temperature) was applied, and a nitrogen flow of 33 mL/min was used to heat the material at a rate of 10 °C per minute. The gas flow was then switched from nitrogen to air after 5 min at this temperature, and the run was continued at the isothermal temperature for 60 min. The oxidation induction time (OIT) was obtained when the DSC curves displayed an inflection due to oxidation.




3.5. Fourier Transformed Infrared Spectroscopy


The spectra of the studied blends were recorded at 4 cm−1 resolution in the wavelength between 4000 and 400 cm−1 using a PerkinElmer Spectrum Two FT-IR Spectrometer (LiTaO3 Detector).




3.6. Visual Appearance


The color of the materials was assessed with a Colorflex-Diff2 458/08 colorimeter from HunterLab (Reston, VA, EE. UU.) utilizing the CIE L*a*b color space. L*, a*, and b* are reported as the average value and standard deviation of five samples. Equation (3) was used to obtain the overall color difference (ΔEab*).


  Δ  E  a b   * =   Δ  a 2  + Δ  b 2  + Δ  L 2     



(3)







The color change was assessed using the following method: unnoticeable (∆E*ab < 1), noticeable only by an experienced observer (1 ≤ ∆E*ab < 2), evident only by an unexperienced observer (2 ≤ ∆E*ab < 3.5), clearly noticeable (3.5 ≤ ∆E*ab < 5), and noticed only by an experienced observer (∆E*ab ≥ 5) [40].



Using OriginPro2018 software’s analysis of variance (ANOVA) and Tukey’s test, significant differences in colorimetry parameters were statistically assessed at a 95% confidence level.




3.7. Wettability


The water contact angle (WCA) measurement was used to determine the wettability of the samples. The experiment used an EasyDrop-FM140 optic goniometer from Kruss Equipment (Hamburg, Germany). A micrometer syringe was used to apply a droplet of water to the surface, and a Toshiba Teli CCD camera was used to scan the droplet profile 30 s after the water droplets were applied to the composite surface. For each blend, three specimens were examined in five different parts. An ANOVA variability analysis was performed using OriginPro2018 to ascertain their statistical differences.





4. Conclusions


This study evaluated the effect of a commercial thermoplastic starch Biopar® 1020 (TPS) contamination during polyethylene (PE) recycling. Microstructural characterization through FESEM showed that PE and TPS are incompatible, evidenced by the micrographs’ lack of miscibility and separated phases. In addition, the tensile test exposed that this incompatibility affects the mechanical behavior of the blends, decreasing its tensile properties even at the lowest analyzed TPS percentage (2.5 wt.%)—recycled PE decreased by 15% in Young’s modulus, 12% in tensile strength, and 4% in elongation at break—indicating that TPS contamination during recycling could be detrimental on the mechanical properties of PE. Moreover, the thermal analysis revealed that TPS contamination produces thermal degradation in PE, which was confirmed by a decrease in the enthalpy of fusion and crystallinity of PE with increasing TPS content. The OIT analysis shows that TPS contamination promotes PE thermos-oxidative degradation, which may significantly affect the material’s processing and performance properties, limiting its potential applications. Visual appearance and color change indicate that TPS contamination affects the visual quality of recycled PE. At the same time, the water contact angle showed that TPS significantly decreased the hydrophobicity of PE, which would affect the application of post-production treatments such as coatings and adhesives. However, it is essential to note that FTIR successfully detected TPS in recycled PE, indicating that it is a reliable quality control method for identifying this contamination. The results suggest that TPS contamination in the PE recycling process negatively affects the general behavior of the recycled PE even in low contents (2.5 wt.%).
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Figure 1. FESEM images of (a) PE, (b) PE-2.5TPS, (c) PE-5TPS, (d) PE-7.5TPS, (e) PE-10TPS, (f) PE-12.5TPS, and (g) PE-15TPS. 
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Figure 2. DSC dynamical curves of PE-TPS in air atmosphere. (▲ indicates an exothermic change in the positive direction of heat flow). 
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Figure 3. DSC isothermal curves of PE and PE-TPS blends measured at 210 °C for 60 min. (▲ indicates an exothermic change in the positive direction of heat flow). 
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Figure 4. FTIR spectra of PE-TPS blend. Black arrows show representative bands of PE and TPS. 
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Figure 5. The visual appearance of PE and PE-TPS blends. 
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Figure 6. Water contact angle (WCA) of PE and TPS-PE blends. a–e Different letters show statistically significant differences between the obtained films (p < 0.05). 
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Table 1. Relative solubility of PET and PBS.
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	Polymer
	Structure
	  δ  (MPa1/2)

Calculated
	δ(MPa1/2)

Literature

[26]





	PE
	[image: Recycling 09 00033 i001]
	16.7
	14.8–19.9



	TPS
	[image: Recycling 09 00033 i002]
	8.4
	-










 





Table 2. Mechanical properties of PE and PE-TPS blends in terms of tensile properties (σmax, εb, Etensile) and Charpy impact.
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	Material
	σmax (MPa)
	Etensile (MPa)
	εb (%)
	Charpy Impact (kJ/m2)





	PE
	20.2 ± 2.6 a
	1013 ± 64 a
	1253 ± 24 a
	5.6 ± 0.2 a



	PE-2.5TPS
	17.8 ± 1.2 b
	857 ± 68 b
	1204 ± 13 b
	5.3 ± 0.2 b



	PE-5TPS
	17.8 ± 3.2 b
	816 ± 54 b
	1121 ± 26 c
	4.8 ± 0.2 c



	PE-7.5TPS
	17.5 ± 5.3 b
	679 ± 91 c
	815 ± 144 d
	4.7 ± 0.3 c



	PE-10TPS
	17.3 ± 1.6 b
	563 ± 41 d
	952 ± 17 e
	4.6 ± 0.2 c



	PE-12.5TPS
	12.9 ± 0.8 c
	560 ± 54 d
	537 ± 163 f
	4.5 ± 0.3 c,d



	PE-15TPS
	12.5 ± 0.7 c
	450 ± 66 e
	275 ± 72 g
	4.2 ± 0.3 c,d







a–g Different letters show statistically significant differences between the obtained films (p < 0.05).













 





Table 3. Thermal parameters of PE and PE-TPS blends in terms of melting temperature (Tm), normalized melting enthalpy (ΔHm), degree of crystallinity (χc), onset oxidation temperature (OOT), and oxidation induction time (OIT).
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	Material
	Tm (°C)
	ΔHm (J/g)
	χc (%)
	OOT (°C)
	OIT (min)





	PE
	130.2
	147.83
	50.5
	219.7
	18.1



	PE-2.5TPS
	131.6
	139.25
	48.7
	218.1
	15.3



	PE-5TPS
	131.6
	129.83
	46.6
	217.7
	14.8



	PE-7.5TPS
	131.0
	127.78
	47.1
	219.8
	14.6



	PE-10TPS
	130.4
	119.95
	45.5
	220.3
	14.5



	PE-12.5TPS
	131.2
	117.36
	45.8
	220.1
	14.4



	PE-15TPS
	130.1
	115.19
	46.3
	218.0
	14.4



	TPS
	123.0
	23.95
	-
	-
	-










 





Table 4. Color parameters of PE and PE-TPS blends in the CIEL*a*b* color space.
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	Material
	L*
	a*
	b*
	ΔEab*





	PE
	62.89 ± 0.47 a
	−1.92 ± 0.25 a
	−3.81 ± 0.3 a
	-



	PE-2.5TPS
	61.91 ± 0.35 b
	−1.83 ± 0.03 a
	−2.38 ± 0.09 b
	1.75 ± 0.3 a



	PE-5TPS
	59.52 ± 0.27 c
	−1.31 ± 0.09 b
	−1.29 ± 0.18 c
	4.25 ± 0.3 b



	PE-7.5TPS
	59.06 ± 0.43 c,d
	−1.28 ± 0.06 b
	−0.95 ± 0.09 d
	4.81 ± 0.4 b



	PE-10TPS
	58.59 ± 0.39 d
	−1.38 ± 0.05 b
	−0.32 ± 0.12 e
	5.57 ± 0.3 c



	PE-12.5TPS
	55.52 ± 0.52 e
	−0.87 ± 0.06 c
	−0.22 ± 0.07 e
	8.27 ± 0.5 d



	PE-15TPS
	51.54 ± 0.76 f
	−0.58 ± 0.07 c
	−0.34 ± 0.09 e
	11.09 ± 0.7 e







a–e Different letters show statistically significant differences between the obtained films (p < 0.05).
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