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Abstract

:

Significant interest is devoted to the development of new polymer blends by using concepts of the circular economy. Such materials have predetermined properties, are easy to recycle, ecological, and have a low carbon footprint. This research presents obtaining and characterization of polymer blends based on low-density polyethylene (LDPE) and thermoplastic starch (TPS). In the first stage, TPS was obtained through the gelatinization process, and, in the second stage, mixtures of LDPE and TPS were obtained through a melt mixing process at 150 °C for 7 min. The physical–mechanical characteristics of the samples, like hardness, elongation at break, rebound resilience, and tensile strength, were determined. The sample containing maleic anhydride grafted low-density polyethylene (LDPE-g-MA) as a compatibilizer shows improvements in elongation at break and tensile strength (by 6.59% and 40.47%, respectively) compared to the test sample. The FTIR microscopy maps show that samples containing LDPE-g-MA are more homogeneous. The SEM micrographs indicate that TPS-s is homogeneously dispersed as droplets in the LDPE matrix. From the thermal analysis, it was observed that both the degree of crystallinity and the mass loss at high temperature are influenced by the composition of the samples. The melt flow index has adequate values, indicating good processability of the samples by specific methods (such as extrusion or injection).
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1. Introduction


Oil-based plastic materials have experienced significant development in recent decades, both due to their low cost and specific properties, which have enabled their use in many domains [1]. Since waste from discarded plastic products is non-biodegradable and significantly affects the environment, several regulations have been applied worldwide regarding their reduction as well as the development of new sustainable and environmentally friendly materials [2]. For these reasons, new materials with a reduced impact on the environment have been developed. Among them, thermoplastic starch (TPS) is particularly important [3]. TPS, as opposed to dry starch, is capable of flow, and, hence, when mixed with other synthetic polymers, it can behave in a manner similar to conventional polymer blends [4]. Nevertheless, TPS has multiple advantages: it is completely biodegradable, is non-toxic, has a low cost, is obtained from renewable sources, and does not affect the environment [5,6,7]. TPS cannot be used as such for various industrial applications due to its inadequate mechanical and chemical properties (like fragility or water sensitivity) [8] or low thermal stability [9]. The hydrophilic nature of TPS [10] and moisture-induced recrystallization (retrogradation) usually lead to an increase in rigidity and separation of the polymer/solvent phases [11,12]. In order to remedy these disadvantages, TPS can be mixed with hydrophobic polymers [13]. Several factors influence the mechanical properties of these blends: starch characteristics like granule morphology, the amylose to amylopectin ratio, the type and quantity of compatibilizers, use of inorganic fillers, using recycled polymers, the type of plasticizers, and the processing technique [14].



Several studies have shown that, by mixing TPS with other non-biodegradable synthetic polymers, new materials can be obtained with low cost, good mechanical properties, and improved biodegradability in various environmental conditions [15,16]. Thus, several researchers have obtained and characterized mixtures based on TPS with polycaprolactone [17], polybutyrate adipate terephthalate [18,19], polylactide [20,21], polyethylene [22,23], polypropylene [24], etc. Of these, most studies have been performed on plasticized starch and low-density polyethylene (LDPE) mixtures, which can be used in packaging [25] and in other industrial applications [26]. As TPS is polar and LDPE is non-polar, their blends are immiscible due to high interfacial tension. These immiscible blends are characterized by distinct phase morphologies, coalescence of the dispersed phase, and poor mechanical properties. In order to obtain mixtures with suitable properties for different applications, small amounts of compatibilizer can be added. The compatibilizer will reduce the interfacial tension and improve the adhesion between the two phases, forming and stabilizing the desired morphology, thus leading to improvement in the mechanical properties [27,28]. The literature indicates the use of several types of compatibilizers for TPS/LDPE blends, such as ethylene-co-acrylic acid copolymer [29], ethylene-vinyl alcohol [30], and polyethylene-grafted maleic anhydride (PE-g-MA) [31,32]. Of these, PE-g-MA is the most frequently used because it leads to improved compatibility between LDPE and TPS. This improvement could be attributed to esterification reactions between the maleic anhydride groups of PE-g-MA and the hydroxyl groups of starch [31,32].



Literature reports indicate inhomogeneous blends obtained from LDPE and TPS [33,34], with continuous domains made of TPS, highly prone to biodegradation. In other cases, when LDPE-g-MA compatibilizer is used, poor homogeneity is assessed from DSC peaks, while SEM study occurs without TPS etching, therefore being inconclusive [35]. Even the use of starch nanocrystals does not yield a homogenous dispersion [36]. In most of these studies, the starch was plasticized with glycerol or with a glycerol/water mixture. In our study, we present obtaining and characterization of highly homogenous mixtures based on LDPE and TPS. We used TPS obtained from starch plasticized with glycerol and sorbitol, which has an addition of citric acid in order to improve its mechanical properties. This type of TPS will improve the properties of subsequent mixtures with other polymers. We have obtained polymer blends with just under 10% TPS-s and analysed the effect of adding a small amount of ethylene–propylene–terpolymer rubber and LDPE-g-MA compatibilizer on the structural, morphological, mechanical, and thermal properties of the resulting mixtures.




2. Experimental


2.1. Materials


The following materials were used to obtain the mixtures: (1) low-density polyethylene (LDPE) TIPOLEN MF 243-51 from MOL Petrochemicals Co., Ltd., Hungary; (2) thermoplastic starch (TPS-s) made using soluble starch obtained from potatoes from Lach-Ner, Czech Rep. as polymer matrix, two types of plasticizers, namely glycerol from Lach-Ner and sorbitol from Thermo Scientific, Czech Rep., and citric acid anhydrous from Reanal Laborvegyszer Kft., Budapest, Hungary; (3) ethylene–propylene–terpolymer rubber (EPDM) Nordel 47130 from Dupont Elastomer; (4) polyethylene grafted with maleic anhydride (LDPE-g-MA) Admer NF 468E from Mitsui Chemicals Europe GmbH, Germany. The main characteristics of the materials used are presented in Table 1.




2.2. Obtaining Thermoplastic Starch (TPS)


In order to obtain thermoplastic starch, ingredients were weighed and mixed in a Berzelius beaker in the following mass ratio starch:glycerol:sorbitol:citric acid of 60:20:20:2. After homogenization, ingredients were introduced in an internal Plasti-Corder Brabender mixer, where the gelatinization of the starch took place. The resulting thermoplastic starch—TPS-s—was obtained at 120–140 °C using a mixing rate of 30–80 rpm for 10 min.




2.3. Obtaining Mixtures and Test Samples


The composition of the obtained blends is presented in Table 2. The polymeric mixtures were obtained using a Plasti-Corder Brabender internal mixer 350E (Duisburg, Germany), and the obtained experimental data were processed using the Brabender Mixer WinMix software, version 3.2.30.



The mixer chamber was calibrated for each sample. Pre-weighted quantities of ingredients were inserted in the mixer chamber and the program was started. The rotor speed was 30 rpm in the first 3 min and increased to 80 rpm for the next 5 min. Figure 1 shows the variation in torque regarding time when obtaining the mixtures.



It can be seen from the Figure 1 that the mixtures presented the highest torque values in the first 3 min of mixing. There is another increase in torque when the rotational speed is increased from 30 rpm to 80 rpm, after which the torque decreases to an equilibrium value, indicating the proper homogenization of the ingredients. Torque is influenced by the viscosity in melt state at the working temperatures of mixtures [37,38]. Thus, the blends containing TPS-s show higher torque values at equilibrium (at the end) than the sample containing only LDPE—sample A0 [39]. When replacing an amount of LDPE with EPDM elastomer (which is more amorphous than LDPE), an increase of 28.75% in equilibrium torque can be observed [37]. The influence of adding LDPE-g-MA on torque variation in time is similar to that reported by Abdul Majid et al. [40]. As the reported samples have a low TPS-s content, under 10%, the equilibrium torque value change is small. Table 3 shows some parameters recorded during the process of obtaining the mixtures. The mechanical energy input required to obtain the mixtures increases as the torque increases. The temperature during obtaining the mixtures decreases initially as a result of the introduction of the ingredients at room temperature in the mixer, after which it increases due to the temperature in the mixing chamber (150 °C) as well as due to the increase in the shear moment, the effect being reported previously [41].



The resulting mixtures were used to make plates by compression moulding, using specific moulds and the laboratory electrical press (Fortune Presses model no. TP 600 manufactured by Fontijne Grotnes, Vlaardingen, The Netherlands). The processing parameters were preheating for 2 min at the temperature of 170 °C, modelling at the temperature of 170 °C, 5 MPa, and time 6 min, followed by the cooling stage down to 45 °C for 10 min and 5 MPa. Plates with dimensions 150 × 150 × 2 mm3 and 50 × 50 × 6 mm3 were obtained from which test specimens were punched.




2.4. Specimen Characterization


Static tensile tests were carried out using type 1 dumb-bell-shaped specimens (6 ± 0.4 mm width at narrow portion and 2 ± 0.2 mm thickness) according to [42], with the testing speed of 50 mm/min at room temperature; five test specimens were used for each sample, and the median values for each property were selected. Tearing strength test was carried out using angular test pieces with thickness of 2.0 ± 0.2 mm according to [43]; the test speed was 500 mm/min, five test specimens were used for each sample, and the arithmetic mean of the obtained values was found. Hardness was measured in °Sh D (scale specific for hard materials) by using 6 mm thick samples according to [44]. A minimum of five hardness measurements were taken at different positions on the test specimen and the average value was determined. Rebound resilience was determined according to [45] using the Schob pendulum; 2 test pieces with a thickness of 6.3 ± 0.3 mm were used, 3–7 impacts with the same speed were applied to each test piece, and the average of the median values of the two test pieces was calculated. Melt flow index (MFI) of the samples was measured by means of an extrusion through a 2 mm die (capillary rheometer—Melt Flow Index—Haake) at 200 °C, preheating for 4 min, and 2.16 kg force was used according to [46].



Fourier Transform Infrared Spectroscopy (FTIR) spectra of samples were obtained using Nicolet iS50 FT-IR spectrophotometer regarding wave numbers ranging from 400 cm−1 to 4000 cm−1 using attenuated total reflection (ATR). The FTIR 2D maps were recorded with a Nicolet iN10 MX (Nicolet, Waltham, MA, USA) in the domain 4000–650 cm−1.



Scanning electron micrographs for determination of the films’ homogeneity and surface morphology were obtained with a QUANTA INSPECT F50, FEI Company, Eindhoven, The Netherlands. For visualization of TPS dispersion in LDPE matrix, cryo-fractured samples (at liquid nitrogen temperature) were immersed for 48 h in HCl 6N at 60 °C, as indicated in [33,34]. Samples were coated with gold to ensure conductivity.



Thermal behaviour was followed with a STA 449C F3 system, TG-DSC (thermogravimetry—differential scanning calorimetry) from Netzsch (NETZSCH-Gerätebau GmbH, Selb, Germany) between 20 and 900 °C in dynamic (50 mL/min) air atmosphere. The evolved gases were transferred through heated transfer lines and analysed on the fly with the help of an FTIR Tensor 27 from Bruker (Bruker Co., Ettlingen, Germany) equipped with an internal thermostatic gas cell.





3. Results and Discussion


3.1. Physical–Mechanical Properties


Some of the most important physical–mechanical characteristics of the samples are presented in Table 4. The analysed mixtures have a rebound resilience (elasticity) of 16–18%, and a decrease of 11.11% is noticed in samples containing TPS-s, indicating that plasticized starch can reduce the elasticity of LDPE.



The values of tensile strength and tear strength decrease by 13.25% and 44.34%, respectively, by mixing LDPE with TPS-s (sample A1 compared to sample A0); an improvement in these characteristics is noticed (6.59% and 40.47%, respectively) in sample A2, which contains LDPE-g-AM compatibilizing agent, compared to A1. When adding EPDM elastomer (sample A3), decreases of 20.72% and 21.9%, respectively, can be observed for tensile strength and tear strength, which may be due to a reduction in the crystalline phase percentage as a result of adding the elastomer. Therefore, the values of tensile and tear strength of polymer blends depend on the individual values of each component but also on the compatibility between mixture components [47].



Elongation at break has low values, of 40–100% for all samples, and shows a decrease when adding TPS-s in LDPE, which may indicate that starch macromolecules with lower molecular weight than polyethylene existing in the samples have a lower resistance to the action of strong forces. In the A2 mixture containing LDPE-g-AM, a 33.33% improvement in elongation at break can be observed, which can be due to the improvement in the adhesion between the two phases (the polar one—TPS-s and the non-polar one—LDPE) as a result of esterification reactions between LDPE-g-MA and TPS-s [31,32]. For the A3 mixture, a reduction in this characteristic (by 50%) can be observed, which could be due to the reinforcing effect of carbon black, which is the active filler from EPDM (28% mass ratio) [48,49].



The hardness of samples (Table 4) in the normal state is 53–59 °Sh D. When adding TPS-s, LDPE-g-AM and EPDM in the LDPE matrix, a slight decrease in hardness value can be observed compared to the control sample (LDPE), which may be due to a reduction in the crystalline phase percentage by adding low-molecular-weight compounds, grafted polymers, and elastomers, respectively, with a high percentage of amorphous phase. The behaviour of the samples after accelerated ageing for 168 h at 70 °C is very good, with the variation in hardness being only ±3 °Sh D.



The melt flow index (MFI) values at 200 °C and a pressing force of 2.16 kg (Table 4) for the analysed samples vary between 14.9 and 29.8 g/10 min and decrease from control sample A0 (LDPE) as the other ingredients are added (TPS-s, LDPE-g-AM, and EPDM, respectively), the lowest value being that of sample A3, which contains the EPDM elastomer (and may be due to amorphous regions that can affect melt flow) [50].



This characteristic depends both on the flow indexes of individual components and on their morphology, and, when adding ingredients in the mixture, their structure changes; therefore, the flow of macromolecules towards each other is hindered.




3.2. FTIR Spectra Analysis


Figure 2 and Figure 3 present the FTIR spectra of the analysed samples, and Table 5 indicates the main absorption bands noticed in their FTIR spectra and the corresponding functional groups.



The FTIR spectrum of thermoplastic starch (Figure 2) shows a wide absorption band at 3301 cm−1 corresponding to the stretching vibration of the O–H bond associated with hydrogen bonds or valence vibrations of polar O–H bonds existing in the TPS [51]. Absorption bands appearing at 2929 cm−1 are due to the asymmetric vibration of C–H bonds from CH2 moieties. The TPS-s spectrum contains several absorption bands located in the fingerprint region, such as absorption bands attributed to stretching vibrations of the C–O bond in C–O–H (1151 cm−1 and 1077 cm−1) and in C–O–C (997 cm−1, 926 cm−1, and 858 cm−1) from starch [52].



As all the samples contain LDPE, absorption bands at 2915 cm−1 and 2848 cm−1 (Figure 3) can be noticed. These are attributed to asymmetric and symmetric stretching vibrations of the methylene group [53]. The intensity of these two bands is higher than in the TPS sample as they are related to the presence of LDPE in the sample. In control sample A0 (LDPE), there is an absorption band at 719 cm−1 attributed to the in-plane deformation vibration (rotation) of the methylene group (-CH2-), this also being specified in other works [54,55,56]. In samples A1 and A2, respectively, containing thermoplastic starch (TPS-s), a division of this band in two can be observed (called crystal splitting), with the appearance of a second peak at 730 cm−1. This indicates that TPS-s influenced the degree of crystallization of the samples, and the existing starch in TPS-s behaved as a nucleating agent and led to short-range ordering of the samples. This phenomenon was more visible in sample A2, where there is also splitting of the peak at 1464 cm−1 into an absorption band at 1463 cm−1 and one at 1472 cm−1. Among these bands, those at 1472 cm−1 and 730 cm−1 are generated by the crystalline phase and those at 1463–1464 cm−1 and 718–719 cm−1 refer to the amorphous phase (see Figure 3b,c) [57,58,59].



The FTIR spectrum for the A3 sample contains additional features, specific to the EPDM elastomer. Such extra features are visible as the absorption bands due to the deformation vibration of the C–H bond at 718 cm−1, at 1079 cm−1 (specific to the chemical group CH3-CH2-CH2-), at 1377 cm−1 (corresponding to the chemical group -CH3), and the band at 1152 cm−1 (corresponding to the group >C(CH3)2) [60]. Despite spectra overlapping between EPDM and LDPE, a reduction in the splitting of the two peaks specific to the division of the crystal field through the chain interaction mentioned above can be observed for A3 (Figure 3). This indicates a reduction in the crystalline phase.



The spatial distribution of the polymer compounds in each sample was monitored by FTIR microscopy. Moreover, 2D maps were recorded for each sample, and they are depicted in Figure 4 for relevant wavenumbers (2931 cm−1 for C–H bond vibration; 1480 cm−1 CH2 bending; 1170 cm−1 C–O stretch; and 1005 cm−1 ring vibration), with red areas indicating the highest absorbance and blue areas corresponding to the lowest absorbance. The FTIR maps for the thermoplastic starch samples indicate that plasticization took place according to the working parameters (temperature, plasticization time, and homogenization). For samples A1 to A3, the recorded FTIR maps indicate good compounding (homogenization) of the thermoplastic starch with simple and functionalized polyethylene and EPDM, favouring good dispersion into the final mixture. As can be observed from Figure 4, the samples are quite homogenous, with only minor differences being present at the maximum level of tens of µm. The introduction of the compatibilizer, LDPE-g-MA, reduces the agglomeration tendency of constituent polymers and improves the dispersion into the LDPE matrix of the hydrophilic component (thermoplastic starch) and hydrophobic component, EPDM.




3.3. Complex Thermal Analysis TG-DSC-FTIR


The thermal behaviour was investigated by thermal analysis in dynamic air atmosphere. The overall results are presented in Figure 5a–c.



As expected, the thermoplastic starch has a lower thermal stability and starts losing bound water before 100 °C. The process is accompanied by an endothermic effect, with a minimum peak at 89.1 °C on the DSC curve. The recorded mass loss up to 150 °C is 2.99%. Additional water molecules are eliminated by the dehydration process of starch up to 250 °C. After this temperature the degradative oxidation processes start to break up the polymer backbone, and a strong exothermic effect can be observed on the DSC curve. The residual carbonaceous mass is burned away between 350 and 500 °C. Figure 6 presents the details of thermal analysis of thermoplastic starch up to 250 °C. An apparent glass transition can be observed around 50 °C, which is similar to some values reported in the literature [61,62].



The thermal analyses of the polyethylene samples (A0, A2, and A3) exhibit similar behaviour, with good stability up to 300 °C (Figure 5a), followed by rapid fragmentation of the backbone and oxidation of the resulting fragments, as observed from the strong exothermic effects on the DSC curves (Figure 5b). The burning of residual carbonaceous mass occurs from 450 to 550 °C but can extend to 650 °C for the sample containing EPDM.



As Figure 7 indicates, the A0 sample stability up to 300 °C is challenged by small oxidation processes that start just before this temperature, with CO2 being observed in the evolved gases. The degradative processes begin after 335 °C, when not only CO2 and H2O from oxidation reactions are observed but also important quantities of non-oxidized hydrocarbon fragments from backbone scission (Figure 7).



The details of thermal analysis up to 300 °C, presented in Figure 8, permit observation of minor differences among polyethylene for the A0, A2, and A3 samples. Thus, the addition of thermoplastic starch decreases the overall stability of the polymer mix as it will lose bound water that starch brings into the sample composition. The presence of a single endothermic effect due to the melting of the polymer blend indicates a homogenous sample, with only one crystal type, with little influence from the TPS-s addition, as reported previously by [35].



The presence of thermoplastic starch also influences the composition of the evolved gases from thermal analysis (Figure 9). The apparition of hydrocarbon fragments starts earlier, from 300 °C, mainly due to degradation of starch as simple polyethylene exhibits higher thermal stability.



The DTG curves (Figure 5c) indicate the increasing thermal stability for the new materials when compared with TPS-s or A0. The DTG peak values corresponding to Tdmax increase from 311.7 °C for TPS-s and 391.2 °C for A0 to 442.5 and 471.4 °C for samples A2 and A3, respectively.



The principal data from the thermal analysis are presented in Table 6.



The crystallinity degree was calculated as the ratio between measured melting enthalpy (ΔHm) and melting enthalpy of 100% crystalline polymer (ΔH0m) reported by Wunderlich (293 J/g) [63,64], additionally taking into account the PE content (%) in each mixture. The introduction of TPS or EPDM in the LDPE blends leads to an increase in crystallinity degree as the presence of these macromolecules can act as a nucleating agent, leading to short-range ordering of the LDPE chains around them. While TPS induced an increase of ~2.6% in the crystallinity degree, the addition of EPDM led to a further increase of ~0.7%.




3.4. Scanning Electron Microscopy—SEM


The mechanical properties of such polymer blends depend on the morphology and dispersion homogeneity. In these blends, the minor component (TPS-s) forms the dispersed phase in the matrix of the major component (LDPE). In order to assess the homogeneity of the polymer blending, cryo-fractured samples were exposed to hydrolytic degradation, which was performed in a HCl 6N solution at 60 °C for 48 h. The TPS-s phase is extracted via HCl to generate the contrast. The SEM micrographs obtained for each sample are presented in Figure 10.



The micrographs are presented at low magnification (100×) to gather the general aspect of the fracture, but also at higher magnification (up to 2000×) to notice the details of the surface.



As expected, the A0 sample containing only LDPE presents a typical fracture pattern, with stress marks along the fracture propagation direction but with no erosion due to HCl treatment as it is an inert polymer.



When hydrophilic polymers are blended with hydrophobic ones, various morphologies can be observed, like lamella/matrix, fibre/matrix, and droplet/matrix [33]. The A1 sample exhibits a smoother surface along the fracture, indicating a different fracture pattern when compared with the A0 sample, with lesser uneven formations due to micro-cracks propagation among TPS-s domains inside the LDPE matrix. The surface is marked by a well-dispersed hole pattern, formed after TPS-s hydrolysis. The hole location indicates zones where TPS-s was in the polymer blend; therefore, it can be concluded that the TPS-s phase exists as droplets dispersed inside the LDPE matrix. Their dispersion and lack of coalescence zones represent indications of homogeneity, as previously indicated by the FTIR microscopy analysis. The higher magnification micrograph for the A1 sample (1000×) indicates that, along micrometric pores, many smaller pores are present in the nanometre range.



The TPS-s particles’ size provides information about the interactions between the blend components, in which larger particles indicate poor interactions and smaller particles show better interactions. The A2 SEM micrographs exhibit smaller density regarding both micrometre and nanometre pores, indicating that addition of LDPE-g-MA compatibilizer results in a highly homogenous polymer blend, most probably with mixing reaching the polymer chains level. This high level of homogeneity might explain the better mechanical properties of the A2 sample vs. the A1 sample.



In the case of the A3 sample, the EPDM addition is modifying the fracture aspect, lamellar and fibrous structures being observed due to reduction in the crystalline phase percentage. The presence of the elastomer generates specific micrometric structures as fracture progresses, which can be evidenced as partially detached lamella from the polymer matrix and also as depressions. The pores are corresponding to the zones where TPS-s was present in the polymer blend and indicate similar dispersion with the A2 sample, with a low number of both micrometre- and nanometre-size pores.



The SEM micrographs obtained on the surface of the A0–A3 samples are presented in Figure 11. The smooth surface presents some dents that can be attributed to imperfections of the compression moulding plates. Additionally, for the A1–A3 samples, a low number of holes can be observed. These were generated by the presence of some small TPS-s droplets on the surface. We can conclude that TPS-s is present in negligible quantities on the surface of the samples (as also observed from the cross-section micrographs in Figure 10). This feature is important when assessing the stability and biodegradability of polymer blends [65]. The surface morphology of a sample indicates the probability and possibility of biodegradation by environmental factors as biodegradation is a surface phenomenon.



Aside from TPS-s agglomeration size, phase continuity represents the critical factor affecting the biodegradability of this polymer blend. As we have demonstrated, TPS-s is found well-dispersed in droplets, from nanometre to micrometre size, the blends being highly homogenous after adding LDPE-g-MA compatibilizer. The lack of continuity in the TPS-s phase and the minimal presence of TPS-s on sample surfaces indicate that moisture penetration and microbial invasion do not have a clear pathway to occur. These are important factors that are blocking the biodegradability of the polymer blends and therefore are minimizing the possibility of microplastics formation during normal use. Therefore, we report here polymer blends based on LDPE with good dispersion of the TPS-s phase and different morphology on the surface and inside that were obtained by using low TPS-s proportions and compatibilizers. Previous literature reports highly inhomogeneous blends containing TPS of 20% and up [33,34], with a sponge-like structure that is highly prone to biodegradation. In other cases, when low TPS content is reported (5–20%) and LDPE-g-MA compatibilizer is used, poor homogeneity is assessed from the DSC peaks, while SEM study occurs without TPS etching, therefore being inconclusive [35]. This morphology, with homogenous dispersion of TPS-s into the LDPE matrix, can be assigned to both compatibilizing agents: citric acid from TPS-s and LDPE-g-AM.





4. Conclusions


Mixtures based on LDPE and TPS-s were obtained and processed easily using specific laboratory equipment. The thermal analyses showed that TPS-s has good resistance for temperatures up to 250 °C, with only minor mass losses being observed up to this temperature due to the elimination of surface residual water molecules. The blends of LDPE and TPS-s have improved thermal stability when compared to TPS up to 300 °C. The crystallinity degree of the samples calculated from the thermal analysis indicates a slight increase for adding other ingredients to LDPE (TPS-s, LDPE-g-AM, and EPDM, respectively). Crystallinity modification also led to a decrease in some physical–mechanical properties, such as hardness, tensile strength, and tear strength. At the same time, the FTIR analyses indicated that TPS-s influenced the degree of crystallization of the samples, and the starch present in TPS-s can act as a nucleating agent, leading to short-range ordering of the samples. The FTIR maps indicated that the technological process and the working parameters selected for obtaining TPS-s and LDPE-TPS-s samples led to homogeneous samples. At the same time, they showed that the introduction of LDPE-g-AM (compatibilizing agent) reduced the agglomeration tendency of the constituent polymers and improved the dispersion of TPS-s and EPDM in the LDPE matrix. Similarly, SEM microscopy indicated that the obtained polymer mixtures present good dispersion of the TPS-s phase, as well as a different morphology when LDPE-g-MA compatibilizer and EPDM are added. This may be due to the use of a low TPS-s ratio and the presence of LDPE-g-MA. The melt flow index at 200 °C and a pressing force of 2.16 kg show values of 15–30 g/10 min, indicating good processability of the samples through methods specific to plastics, such as extrusion and injection. The obtained polymer blends can be used as packaging (from films to boxes), foils for general use in construction or agriculture, shielding plates, or other plastic components for the automotive industry, etc.
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Figure 1. Diagram showing the variation in torque versus time when obtaining the blends on Plasti-Corder Brabender. 
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Figure 2. FTIR spectrum of thermoplastic starch TPS-s. 
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Figure 3. FTIR spectra of A0, A1, A2, and A3 samples (a), and details for 700–740 cm−1 (b) and 1450–1480 cm−1 (c). 
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Figure 4. FTIR 2D maps for samples TPS-s, A1, A2, and A3. 
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Figure 5. TG curves (a), DSC curves (b), and DTG curves (c) between 20 and 900 °C recorded for thermoplastic starch TPS-s and polyethylene mixtures A0, A2, and A3. 
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Figure 6. Details of TG, DTG, and DSC curves between 20 and 250 °C for the thermoplastic starch TPS-s sample. 
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Figure 7. FTIR diagram of evolved gases from thermal analysis of A0 (a); 2D projection in temperature/wavenumber plan of the FTIR 3D diagram, with temperature intervals and specific substances marked—red line in the upper part is the FTIR spectrum from 365 °C; green line on right side is the trace of hydrocarbon fragments elimination (b). 
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Figure 8. Details of TG-DSC curves between 20 and 300 °C for A0, A2, and A3 samples. 
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Figure 9. FTIR diagram of evolved gases from thermal analysis of A2 (a); 2D projection in temperature/wavenumber plan of the FTIR 3D diagram, with temperature intervals and specific substances marked—red line in the upper part is the FTIR spectrum from 364 °C; green line on the right side is the trace of hydrocarbon fragments elimination (b). 
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Figure 10. The SEM micrographs for the cryo-fractured cross-sections of A0, A1, A2, and A3 samples after 48 h treatment with HCl 6N at 60 °C. 
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Figure 11. The SEM micrographs for the A0, A1, A2, and A3 samples after 48 h treatment with HCl 6N at 60 °C. 
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Table 1. Main characteristics of materials used.
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	Material
	Producer
	Role
	Characteristics





	Low-density polyethylene (LDPE) TIPOLEN MF 243-51
	MOL Petrochemicals Co., Ltd., Tiszaújváros, Hungary
	Polymer matrix
	MFR—Melt Mass Flow Rate (190 °C, 2.16 kg) 20 g/10 min; density: 0.922 g/cm3; Vicat softening temperature 90 °C



	Soluble starch from potatoes
	Lach-Ner, Neratovice

Czech Republic
	Organic filler
	Water insoluble substances 0.28%, loss on drying (105 °C) 17.52%



	Glycerol
	Lach-Ner, Neratovice, Czech Republic
	Plasticizer
	Acidity 0.02%, density 1.26 g/cm3



	Sorbitol
	Thermo Scientific, Brno, Czech Republic
	Plasticizer
	D-sorbitol 97%



	Citric acid anhydrous
	Reanal Laborvegyszer Kft., Budapest, Hungary
	Compatibilizing agent
	C8H8O7, molecular weight of 192.13 g/mol, purity 99.8%, sulphate ash < 0.02%, chlorides (Cl) < 0.0005%, sulphates (SO4) < 0.02%, oxalates (C2O4) < 0.05%



	LDPE-g-AM Admer NF 468E
	Mitsui Chemicals Europe GmbH, Düsseldorf, Germany
	Compatibilizing agent
	Density 0.92 g/cm3, melting point 120 °C



	EPDM Rubber Nordel 47130
	Dupont Elastomer, Wilmington, DE, USA
	Elastomer
	Containing 67% (wt) ethylene and 4.9% (wt) 5-ethylidene-2-norbornene; Degree of crystallinity 9%, density 0.97 g/cm3; carbon black amount: 28%

Mw = 308,000; Tc = 8 °C










 





Table 2. Composition of mixtures.
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Ingredients

	
Sample Code




	
A0

	
A1

	
A2

	
A3






	
LDPE, (g)

	
260

	
235

	
225

	
200




	
TPS-s, (g)

	
-

	
25

	
25

	
25




	
LDPE-g-AM, (g)

	
-

	
-

	
10

	
10




	
EPDM, (g)

	
-

	
-

	
-

	
25











 





Table 3. The characteristics obtained using the Plasti-Corder Brabender during the preparation of the mixtures.
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	Sample

Code
	Specific Energy, [kNm/g]
	Torque Variation Range, [Nm]
	Temperature Variation Range, [°C]





	A0
	0.4
	31.7–87.9
	105–153



	A1
	0.7
	37.6–124
	103–155



	A2
	0.7
	36.9–113.3
	92–154



	A3
	0.8
	47.5–104.5
	80–159










 





Table 4. Physical–mechanical characteristics of the samples.
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Characteristics

	
Sample Code




	

	
TPS-s

	
A0

	
A1

	
A2

	
A3






	
Rebound resilience, %

	
-

	
18.0 ± 0.33

	
16.0 ± 0.58

	
16.0 ± 0.58

	
16.0 ± 0.58




	
Tensile strength, N/mm2

	
4.25 ± 0.04

	
15.4 ± 0.67

	
13.36 ± 0.16

	
14.24 ± 0.17

	
11.29 ± 0.05




	
Elongation at break, %

	
40 ± 4.41

	
100.0 ± 2.89

	
60.0 ±2.89

	
80.0 ± 2.89

	
40.0 ± 0.58




	
Tearing strength, N/mm

	
20.5 ± 0.26

	
99.9 ± 4.45

	
55.6 ± 4.73

	
78.1 ± 1.67

	
61.0 ± 4.69




	
Hardness, °Sh D

	
31 ± 0.58

	
59 ± 0.33

	
56 ± 0.33

	
55 ± 0.33

	
53 ± 0.58




	
MFI at 200 °C and 2.16 kg, g/10 min

	
-

	
29.8 ± 017

	
26.1 ± 0.17

	
22.9 ± 0.97

	
14.9 ± 0.21











 





Table 5. Correspondence between the bands in the FTIR spectra of the samples and the chemical groups.
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	Group Frequency (cm−1)
	Functional Group/Assignment





	3299–3359
	O–H, hydroxyl group, H-bonded OH stretch (from TPS-s)



	2915–2929
	methylene asym/sym stretch (from starch, LDPE, EPDM)



	2848
	methyl asym/sym stretch (from starch, LDPE, EPDM)



	1471–1472
	Crystalline bending methylene (CH2)



	1463–1464
	Amorphous bending methylene (CH2)



	1333–1413
	tertiary alcohol, OH bend, methylene C–H bend, trimethyl or tert-butyl (multiplet)



	1262
	Primary or secondary, OH in-plane bend



	1010–1170
	primary, secondary, tertiary alcohols, C–O stretch, C–O–C, cyclic ethers, large rings, C–O stretch, C–O–C, alkyl-substituted ether, C–O stretch



	926–1024
	Cyclohexane ring vibrations (from starch)



	730
	Crystalline rock methylene (CH2)



	718–719
	Amorphous rock methylene (CH2)










 





Table 6. Principal data from thermal analysis of thermoplastic starch and polyethylene samples.
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	Sample
	T5%
	T10%
	Tdmax
	Tm
	ΔHm
	Crystallinity Degree





	TPS-s thermoplastic starch
	176 °C
	218 °C
	311.7 °C
	-
	-
	-



	A0 (PE)
	319 °C
	346 °C
	391.2 °C
	107.8 °C
	−78.20 J/g
	26.68%



	