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In this work, a commercial linear low density polyethylene (LLDPE) utilized for packaging applications was melt compounded with different amounts (from 10 up to 50 wt. %) of poly(3-hydroxybutyrate) [P(3HB)], with the aim to evaluate the possibility to partially replace LLDPE with a biodegradable matrix obtained from renewable resources. The processability, microstructural, and thermo-mechanical behavior of the resulting blends was investigated. Melt flow index (MFI) values of the LLDPE matrix were not much affected until a P(3HB) content of 20 wt.%, while for higher P(3HB) concentrations an evident decrease of the viscosity was detected. Scanning electron microscope (SEM) observations on the blends highlighted that at limited P(3HB) concentrations the secondary phase was homogeneously dispersed in form of isolated domains, while at a P(3HB) content of 50 wt.% a continuous layered morphology could be detected. Thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and Fourier transform infrared spectroscopy (FT-IR) did not evidence any chemical or physical interaction between the two polymer phases. Quasi-static tensile tests and dynamical mechanical analysis showed that the introduction of P(3HB) led to a pronounced stiffening effect, while the progressive drop of the yield and ultimate mechanical properties could be attributed to the weak interfacial adhesion and poor compatibility between the two matrices. The resistance to hydrolytic degradation of the LLDPE/P(3HB) blends was evaluated over a period of 100 days of immersion in water at 50°C. It was observed that the weight variation and the decrease of the tensile properties due to the hydrolytic process on the biodegradable phase were evident only for a P3HB content of 50 wt.%. In conclusion, this work showed that the partial replacement of LLDPE with a biobased P(3HB) could lead to the development of an innovative blend with good processability and mechanical properties, until a P(3HB) amount of 20 wt.%.
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INTRODUCTION

In the last few decades global climate change and ecosystems deterioration have been the main driving forces for a progressive switch from a take-make-dispose economy based on continuous growth and increasing resource throughput to a circular economy in which resource input, waste, emission, and energy leakage are minimized by slowing, closing, and narrowing material and energy loops (Geissdoerfer et al., 2017). Circular Economy is receiving increasing attention as an effective way to prevent and/or reduce industrial waste and increase the efficiency of the production processes, reaching thus a better equilibrium and harmony between economy, environment, and society. This can be achieved through a better manufacturing strategy that focuses on long-lasting design, maintenance, repair, reuse, remanufacturing, refurbishing, and recycling (Ghisellini et al., 2016; Kalmykova et al., 2018). Accumulation of non-degradable plastics is one of the main problems for the environment and human health, because of the generation of secondary microplastics and nanoplastics, release of hazardous chemicals during manufacturing, use and the following landfilling, incineration, or improper disposal (Soroudi and Jakubowicz, 2013; Laycock et al., 2017). Thanks to their limited weight, flexibility and durability, plastics production has reached 380 million tons in 2015, and about 40% of this amount is applied in packaging field (Groh et al., 2019). For as concerns the management of the packaging waste, its reuse and recycling could reduce their environmental impact, delivering thus both economic and environmental benefits (Dilkes-Hoffman et al., 2018; Geueke et al., 2018). However, recycling would be neither practical nor economical for certain applications such as bags, agricultural mulch films, and food packaging (Pedroso and Rosa, 2005). Due to safety issues, it is particularly challenging to fully recycle food packaging waste to produce new food package, because of the presence of contaminants and/or chemicals that can directly migrate from the packaging into the food or beverage (Groh et al., 2019).

Considering the difficulties in recycling plastics for packaging applications, it is thus clear that biopolymers could represent a valuable solution to reduce the environmental burden associated to the life cycle of industrial packages. In fact, packaging is the largest market for biopolymers, accounting for about 58% of the total volume share. Despite this, biopolymers market represents today only a limited percentage of the total plastics production (Niaounakis, 2019). Processing biodegradable plastics under composting conditions at the end of their life could be preferred over recycling for these kinds of applications (Geueke et al., 2018). However, the end of life of biopolymers is a debatable issue. Even if recycling of biodegradable polymers does not exploit their biodegradability, the disposal of biopolymer articles through biodegradation has the disadvantage of discarding valuable raw materials and could lead to environmental problems such as the emission of methane. To reduce the consumption of renewable resources used for the synthesis of biopolymers is important to be able to recycle them. In this way, biopolymers waste may become a valuable alternative feedstock for monomers and intermediates (Hahladakis and Iacovidou, 2018).

Most of the traditional thermoplastic used as packaging materials are polyolefins, such as high-density polyethylene (HDPE), low-density polyethylene (LDPE), and polypropylene (PP). Polyethylene is a general-purpose thermoplastic polymer with good processing and mechanical properties as well as relative low price. In particular, linear low-density polyethylene (LLDPE), thanks to its elevated tear and impact strength, is generally applied in film production for the packaging. LLDPE is constituted by a linear hydrocarbon backbone with short chain branching, formed by a copolymer of ethylene and an α-olefin or diene (i.e., butene, hexane, or octene) (Dorigato et al., 2010a,b, 2011, 2013; Dorigato and Pegoretti, 2012, 2013). It finds large application in grocery bags, heavy duty shipping sacks, agricultural films, pipes, liners for consumers, landfills, and waste ponds (Hancox, 1992). An important issue for economic and environmental reasons is the problem of post-consumer recycling of this material, since the use of these plastics is continuously increasing (Hole and Hole, 2019).

Polyhydroxyalkanoates (PHAs) are generally considered a promising group of biopolymers from renewable resources and bacteria and they possess a high potential as bio-based and biodegradable plastic packaging materials in the transition toward a circular economy (Ragaert et al., 2019). Among all the PHAs, poly(3-hydroxybutyrate) [P(3HB)] is one of the most innovative thermoplastic. P(3HB) is synthesized by microorganism as an intracellular storage product under suitable growth conditions (abundant carbon source, limited sources of oxygen, phosphorous, or nitrogen). The carbon is assimilated and converted into hydroxyalkanoate monomers, polymerized, and stored in the cell cytoplasm. The resulting polymer is a biocompatible high molecular weight crystalline polyester that can be used to produce films and foils for the packaging industry and tissue engineering (Chen and Hajnal, 2015; Valentini et al., 2019). Moreover, P(3HB) can be degraded by microorganisms (i.e., bacteria, fungi, and algae) under different environmental conditions (Wang et al., 2014; Emadian et al., 2017; Pakalapati et al., 2018).

Nowadays, the major challenge in the biopolymers research is to partially/totally replace conventional petroleum-based polymers with the biodegradable ones, in view of a more sustainable development. Therefore, blending biodegradable polymers with traditional plastics, such as polyethylene, has recently received considerable attention, in order to simultaneously improve/tailor the physical properties of the resulting materials and lower their environmental burden. A key point to be investigated in these systems is whether the biodegradable component could be effectively biodegraded by the microorganisms under certain conditions, and whether the remaining polyolefinic phase could be even degraded (Chandra and Rustgi, 1998). Several research efforts were thus made in this direction, through the development of different LDPE/biopolymer blends, such as LDPE/wax (Krupa and Luyt, 2000, 2001), LDPE/starch (Nguyen et al., 2016; Datta and Halder, 2019) and LDPE/PLA (Bhasney et al., 2019) systems. It was demonstrated that the degradation of polyethylene can be accelerated by environmental factors such as temperature, UV irradiation or the action of microorganisms (Restrepo-Flórez et al., 2014). For instance, Veethahavya et al. (2016) investigated the possibility to accelerate the biodegradation through microorganisms digestion of LDPE upon blending with natural polymers, finding that in liquid cultures the degradation rate of LDPE increased with the starch concentrations. Only a limited number of papers addressing the thermo-mechanical properties and the degradative behavior of LLDPE/P(3HB) blends are available in the open scientific literature. In these work, the attention was mainly focused on the morphology, highlighting that the blend components are thermodynamically incompatible and a clearly distinguishable interface is formed between the disperse phase (PHB) and the continuous matrix LDPE (Ol'khov et al., 2000; Pankova et al., 2010). With packaging application in mind, this immiscibility was exploited to regulate the resistance to hydrolysis and biodegradation through the control of water permeability studying the interaction between the two polymer phases against water according to Flory–Huggins theory (Pankova et al., 2010). Biodegradability of LDPE/PHB blends was extensively studied and also improved when natural additives such as castor oil or guar gum were inserted (Burlein and Rocha, 2014; Rocha and Moraes, 2015). Pro-oxidant additives, such as oxidized polyethylene wax, represent a promising solution to the problem of the environment contamination and could reduce the phase separation of LDPE with PHB and increased the biodegradation during aging in soil (Rosa et al., 2007).

Therefore, the present work aims to investigate the effect of blending P(3HB) to LLDPE at different concentrations (from 10 to 50 wt.%). A systematic investigation of the processability, of the microstructural and of the thermo-mechanical properties of the resulting blends was performed. Particular attention was devoted to the hydrolytic degradation of these systems, analyzing the water absorption, and the change of the thermal and mechanical performances of the samples as a function of the hydrolysis time.



EXPERIMENTAL PART


Materials

Poly(3-hydroxybutyrate) was provided by Biomer (Schwalbach, Germany) in form of white powder (Mw = 3.7 ± 0.2 · 105 Da, density = 1.18 g/cm3). Preliminary NMR studies on the obtained powder (not reported for sake of brevity) showed the characteristic signals of poly-3-hydroxybutyrate [P(3HB)] (i.e., C=O, -OCH-, -CH2-, and –CH3), excluding thus the presence of poly-hydroxyvalerate (PHV) or of poly-4-hydroxybutyrate [P(4HB)] in the purchased material. Linear low-density polyethylene used in this work was Flexirene® CL10 (density of 0.918 g/cm3, melting temperature of 120°C, melt flow index (MFI) at 190°C and 2.16 kg of 2.6 g/10 min), provided by Versalis Spa (San Donato Milanese, Italy) in form of granules.



Sample Preparation

Prior compounding, both LLDPE and P(3HB) were dried in an oven at 80°C for 24 h. The two polymers were mixed at different relative concentrations with a Thermo Haake Rheomix® 600 melt compounder at 190°C. After some preliminary trials, a rotor speed of 60 rpm and a compounding time of 10 min were selected, in order to provide a good homogenization of the blends. The resulting materials were then hot pressed at 190°C for 10 min in a Carver hot plate press, applying a pressure of 2.5 MPa, to obtain square sheets with a length of 20 cm and a thickness of about 1 mm. In this way, neat LLDPE, neat P(3HB) and LLDPE/P(3HB) blends with different P(3HB) concentrations, ranging from 10 up to 50 wt.%, were prepared. Samples were designated indicating the relative content of LLDPE and P(3HB) phases, i.e., LLDPE_x_PHB_y, where x and y are the weight percentage of LLDPE and P(3HB), respectively.



Experimental Techniques

In order to evaluate the processability of the resulting blends, melt flow index (MFI) measurements were performed according to ASTM D1238–04 standard, by using a Kyeness 4003DE plastomer at a temperature of 180°C under a load of 2.16 kg investigating about 10 g of material for each sample. This testing parameters were selected in order to evaluate the MFI under the same conditions for all the samples.

Morphological properties of the cryo-fractured surface of the LLDPE/PHB blends were determined by using a Zeiss Supra 40 high resolution field emission scanning electron microscope (FESEM), operating at an acceleration voltage of 4 kV. Prior to be observed, samples were covered with a conductive platinum/palladium coating deposited through a sputter coater.

FT-IR spectroscopy was conducted with a Perkin Elmer Spectrum One machine, in order to analyze the vibrational transitions inside molecules of the different samples. This analysis was performed in a wavenumber range between 650 and 4,000 cm−1.

DSC measurements were performed on one specimen for each sample in order to get information about the glass transition, crystallization, and melting temperature of the material. DSC tests were carried out with a Mettler DSC30 calorimeter under a nitrogen flow of 10 ml/min. A heating run from −100 to 200°C was followed by a cooling stage to −100°C and by a second heating run up to 200°C. All the scans were performed at a heating or cooling rate of 10°C/min. In this way, it was possible to determine the melting (Tm) and crystallization temperature (Tc) of LLDPE and P(3HB). The crystallinity degree (Xc) was computed as the ratio between the melting enthalpy of the samples and the reference value of the fully crystalline polymers, i.e., 293 J/g for LLDPE and 146 J/g for P(3HB) (Barham et al., 1984).

Knowing the critical issues of P(3HB) regarding its thermal degradation, it is extremely important to determine the thermal degradation of the blends. For this purpose, thermogravimetric analysis (TGA) was performed on one specimen for each sample through a TA Instruments TGAQ500 thermobalance, operating under a nitrogen flow of 10 ml/min in a temperature interval between 30 and 700°C, setting a heating rate of 10°C/min.

Viscoelastic behavior of the blends as a function of the temperature was investigated through dynamical mechanical analysis (DMA) with a TA Instrument DMA Q800. The tests were carried out in tensile mode on a rectangular specimen for each sample with dimension of 30 × 5 × 1 mm3 in a temperature range between −100 and 100°C, at a heating rate of 3°C/min and a testing frequency of 1 Hz.

Quasi-static tensile properties of the different polymer blends were evaluated at ambient temperature with an Instron 5969 electromechanical testing machine, testing ISO 527 1BA dogbone specimens, having a gage length of 30 mm. Elastic modulus (E) was evaluated at 0.25 mm/min with an extensometer with a gage length of 12.5 mm, setting a maximum deformation of 1%. E was computed as secant modulus between deformation levels of 0.05% and 0.25%. Tensile stress at yield (σy), stress at break (σb), and strain at break (εb) were determined without the use of an extensometer, setting a crosshead speed of 1 mm/min. At least five specimens were tested for each sample.

In order to evaluate the resistance to hydrolysis, the blends were subjected to hydrolytic degradation tests, simulating a low run-off condition. The analysis was conducted in a thermostatically controlled bath at a constant temperature of 50°C. ISO 527 1BA dumbbell specimens were immersed in 80 ml of distilled water and the run-off condition was simulated by performing a periodically change of water every week, for a total duration of the tests of 100 days. Some samples were periodically extracted and dried in a vacuum oven at a temperature of 60° C for 90 h, in order to eliminate the absorbed water. The evaluation of hydrolytic degradation on the dried samples was performed by calculating the relative variation in weight of the specimens. Moreover, DSC tests were carried out on the same samples to monitor the trend of the crystallinity degree of LLDPE with the hydrolysis time, and also quasi-static tensile tests were performed to evaluate their elastic modulus and yield strength. For these tests, the same testing conditions applied for non-hydrolyzed samples were adopted.




RESULTS AND DISCUSSIONS

One of the main issues in the production of polyethylene-based film for packaging applications is the processability of the resulting materials. Therefore, the evaluation of the viscosity of the produced blends in the molten state is of utmost importance. Figure 1 summarizes the MFI values of neat LLDPE and relative blends at different P(3HB) concentrations.


[image: Figure 1]
FIGURE 1. MFI values of neat LLDPE and LLDPE/P3HB blends (T = 180°C, load = 2.16 kg). Error bars represent the standard deviation.


It is interesting to observe how the MFI increases with the P(3HB) amount, thus indicating a progressive lowering of the viscosity of the blends in the molten state. For instance, at a P(3HB) loading of 50 wt.%, a MFI value of 37 g/10 min was reached. While the observed MFI increase is rather limited up to a biopolymer concentration of 20 wt.%, a more rapid increase can be detected at higher P(3HB) amounts. Considering that the selected LLDPE grade is generally used for the production of extruded film for food packaging, it is clear that the retention of the original MFI is a fundamental processability requirement for this process (Van Krevelen and Te Nijenhuis, 2009). MFI suggested for polyethylene in this manufacturing process is between 1 and 20 g/10 min (Patel, 2016) so it can be concluded that a P(3HB) content of 50 wt.% is probably not suitable for the production of extruded packaging films.

SEM analysis was then carried out, in order to appreciate the most important morphological features of the blends. In Figures 2A–D some representative micrographs of the cryofracture surfaces of LLDPE and of the relative blends are reported. As expected, the fracture profile of neat LLDPE is rather smooth (Figure 2A), while in the blends at low P(3HB) content the secondary phase is present in round domains homogenously distributed within the LLDPE matrix, with a mean size ranging from 2 to 4 μm (see Figures 2B,C). In these micrographs, the presence of the P(3HB) phase can be often detected by the holes produced during the cryofracturing operations. In any case, a rather limited interfacial adhesion between the two polymer phases, with an evident debonding, can be clearly seen. This is a first indication of the limited miscibility between the two constituents. At a P(3HB) amount of 50 wt.% a co-continuous morphology with a clear separation of the two phases can be seen (Figure 2D). The obtained microstructure depends on polymer molecular structure, composition, the method of blend preparation and also by the surface free energy (Venugopal and Krause, 1992; Walheim et al., 1997). LLDPE could have an average molecular weight higher than that of P(3HB) according to MFI, it is reasonable to consider that higher molecular weight polymers experiences a larger entropy penalty at the surface in respect of the lower molecular weight ones so the blend surface is expected to be depleted in LLDPE and enriched in P(3HB) as results of reduced conformational entropy (Wattenbarger et al., 1990; Bower, 2002). Moreover, the amplitude of entropically driven surface segregation is found to be proportional to the backbone density of substitute and small differences in this value could lead to strong surface segregation (Wu and Fredrickson, 1996). Therefore, the linear polymer, i.e., LDPE, concentration is expected to increase moving from the surface to the bulk respect to the concentration of the thicker “microbranched” polymer, i.e., P(3HB).


[image: Figure 2]
FIGURE 2. SEM micrographs of the cryofractured surface of (A) neat LLDPE, (B) LLDPE _90_PHB_10, (C) LLDPE _80_PHB_20, (D) LLDPE _50_PHB_50.


FT-IR spectra of neat matrices [i.e., LLDPE and P(3HB)] and of their relative blends are reported in Figure 3. Neat LLDPE sample shows characteristic peaks related to the antisymmetric (2,916 cm−1) and symmetric (2,848 cm−1) stretching vibrations of CH of saturated hydrocarbons and to the bending of the CH at 1,463 cm−1 (Gulmine et al., 2002). Increasing the amount of P(3HB) it is possible to observe the characteristic peak of this polyester, i.e., the stretching vibration of the C=O at 1,720 cm−1 (Padermshoke et al., 2005). From the FT-IR spectra of the blended samples it is not possible to detect any reflection different from those typical of the neat constituents, meaning that the two polymers are not miscible and that no physical and/or chemical interaction is present between the two polymer phases. Quite interestingly, the spectra of the LLDPE_50_PHB_50 is very similar to that of the neat PHB. According to the SEM images (see Figure 2D) and the previous considerations, it can be assumed that at elevated P(3HB) concentrations a superficial film of P(3HB) is formed on the samples, thus hiding the IR signal of the polyolefin phase.


[image: Figure 3]
FIGURE 3. FT-IR spectra of neat LLDPE, neat P(3HB), and relative LLDPE/P(3HB) blends.


Thermal properties of the neat matrices and of the blended samples were investigated by using differential scanning calorimetry (DSC). In Figures 4A,B, representative DSC thermograms for the first heating and the cooling cycle are shown, while in Table 1 the most important results in terms melting temperature (Tm), crystallization temperature (Tc), and the degree of crystallinity (Xc) are summarized.


[image: Figure 4]
FIGURE 4. DSC thermograms of neat LLDPE, neat P(3HB), and relative LLDPE/P(3HB) blends. (A) First heating and (B) cooling scan.



Table 1. Results of DSC tests neat LLDPE and relative LLDPE/P(3HB) blends (first heating scan).

[image: Table 1]

Melting peaks of LLDPE and P(3HB) are clearly distinguishable in DSC thermograms collected during the first heating scan, and the intensity of these peaks is proportional to the relative amounts of the constituents within the blends. In the cooling scan, the crystallization peak of P(3HB) can be detected only for PHB contents higher than 50%, while for lower P(3HB) amounts it is hidden by the crystallization peak of the LLDPE constituent. From the results reported in Table 1 it can be concluded that the melting and the crystallization temperature of both the LLDPE and the PHB phases seem to be substantially unaffected by the relative composition of the blends. The same can be said for the crystallinity content of the LLDPE. Quite interestingly, the presence of the LLDPE in the blends seems to hinder the crystallization process of the PHB phase, lowering thus the Xc values, especially at elevated LLDPE contents. Further studies will be required to have a better comprehension of this aspect. However, also from DSC thermograms it can be concluded that the interaction between the two polymer constituents in the blends is rather limited, and immiscible blends are formed all the tested compositions.

Thermogravimetric analysis (TGA) was then performed, in order to evaluate the thermal stability of the LLDPE/P(3HB) blends. This is a very important point, due to the well-known processability limits of P(3HB) (Yeo et al., 2017). The curves of the weight loss as a function of the temperature and their corresponding derivative curves are presented in Figures 5A,B.


[image: Figure 5]
FIGURE 5. Thermogravimetric analysis on neat LLDPE, neat P(3HB) and relative LLDPE/P(3HB) blends. (A) Residual mass and (B) derivative of the mass loss curves.


The curves show two distinct degradation steps, relative to P(3HB) and LLDPE phases, respectively. LLDPE starts to degrade at temperatures higher than 400°C, while P(3HB) starts to thermally decompose at temperatures higher than 240°C. Considering that the melting temperature of P(3HB) from DSC tests resulted to be at 176°C (see Table 1), it can be concluded that the processability window of these blends, even if rather restricted, is still suitable for the production of extruded films for packaging applications. The degradation temperature of the LLDPE and P(3HB) phases within the blends, associated to the maximum mass loss rate, is respectively located at around 440 and 270°C, and is not substantially influenced by the relative concentration of the constituents in the blends. This confirms again the limited interaction between the two polymer phases. It is also interesting to notice that the residual mass at 700°C is very near to zero for all the tested compositions, meaning that both the neat samples and the blended specimens are completely decomposed into gaseous products even under an inert atmosphere. Due to the narrow processability window of P(3HB), the compounding temperature was set at 190°C, in order to guarantee the complete melting of the P(3HB) and minimize the risk of its thermal degradation.

DMA tests were performed to evaluate the viscoelastic properties of the blends and their thermal transitions. DMA curves showing the trends of the storage modulus (E′) and of the loss tangent (tanδ) are shown in Figures 6A,B. At a general level, it can be seen that the progressive introduction of the P(3HB) within the blends leads to an important stiffening effect, with an increase of the storage modulus and a corresponding lowering of the tanδ values.


[image: Figure 6]
FIGURE 6. Dynamical mechanical analysis of neat LLDPE, neat P(3HB) and relative LLDPE/P(3HB) blends (frequency = 1 Hz). (A) Storage modulus and (B) loss tangent curves.


Differently from DSC thermograms, in DMA curves of the neat P(3HB) sample it is possible to detect the presence of the Tg, located at around 30°C (see tanδ peak in Figure 6B). This signal is still visible in the LLDPE_50_PHB_50 blends, while for lower PHB contents it practically disappears. Therefore, the introduction of a relatively stiff polymer like P(3HB) can increase the dimensional stability of the blends at ambient temperature, but for temperatures above 30°C (i.e., higher than the Tg of PHB) a strong decrease of the dimensional stability of the material can occur in the blends at elevated PHB amounts. This issue must be taken in serious consideration for the intended application of the blends as food packaging films.

Representative stress-strain curves of neat LLDPE and of the relative blends at different PHB amounts are reported in Figure 7, while in Table 2 the results of the most important tensile properties are summarized.
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FIGURE 7. Representative stress-strain curves from quasi-static tensile tests of neat LLDPE and relative LLDPE/P(3HB) blends.



Table 2. Results of quasi-static tensile tests on neat LLDPE and relative LLDPE/P(3HB) blends.
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In these tests, it was not possible to obtain the values of the tensile properties of neat P(3HB), because it was too brittle. According to DMA analysis, the progressive introduction of a stiff polymer like P(3HB) leads to a remarkable increase of the elastic modulus (E). For instance, with a P(3HB) amount of 30 wt.% it is possible to double the original stiffness of the LLDPE matrix, and raising the P(3HB) concentration to 50 wt.% the elastic modulus is even four times higher. As a drawback, ultimate elongation values (εb) are strongly reduced. Even if until a P(3HB) concentration of 20 wt.% the observed εb drop is not dramatic, a harsher decrease can be seen at elevated P(3HB) loadings. Similar results regarding the elastic modulus and the elongation at break were found by Burlein and Rocha, the stiffness of LDPE has been doubled with an addition of 30% of P(3HB) and a drop in the elongation at break from 100 to 16% have been reported increasing the concentration from 20 to 30% (Burlein and Rocha, 2014). The same considerations are valid also for the tensile strength (σb). It is also interesting to notice that also the yield strength values (σy) are progressively reduced upon the PHB addition. According to the indication reported in our previous works of polyolefin based nanocomposites (Dorigato et al., 2012), an enhancement of the yield strength is generally related to a rather strong filler-matrix interaction, otherwise σy would decrease. In fact, in polyolefins filled with traditional microfillers (talk, mica, calcium carbonate) the increase in the stiffness of the material is generally accompanied to an heavy drop of the yield stress, because these fillers do not bear the load in the direction of deformation (Ahmed and Jones, 1990; Nielsen and Landel, 1994; Galeski, 2003). Thus, the low degree of miscibility and the rather limited interfacial interaction between the two polymeric constituents of these blends detected in microstructural and thermal analysis seems to be supported by the observed drop of the yield (and also of the failure) tensile properties.

Hydrolytic degradation tests were finally performed, in order to evaluate the influence of the PHB introduction on the thermo-mechanical behavior of the blends at different hydrolysis treatment times. In these tests, the characterization activity was focused on the evaluation of the variation of the weight, of the crystallinity degree and of the quasi-static tensile performances (normalized with respect to the mechanical properties before the treatment). The trends of these properties for the different blends formulations as a function of the treatment time is graphically represented in Figures 8A–D. From weight variation curves (see Figure 8A) it is possible to notice that the weight gain is more intense in the first 10 days of hydrolytic treatment, while a stabilization occurs for longer times. It can be generally concluded that the weight gain is rather limited for all the tested compositions, and only with a P(3HB) content of 50 wt.% a maximum weight variation of 0.25% can be registered. For as concerns the thermal properties, it can be seen from Figure 8B that the variation of the LLDPE crystallinity degree is completely absent or rather limited at all the PHB contents, without any clear correlation with the treatment duration and/or the P(3HB) concentration.


[image: Figure 8]
FIGURE 8. Results of hydrolytic degradation tests on neat LLDPE and relative LLDPE/P(3HB) blends. (A) Weight variation, (B) relative crystallinity degree of LLDPE, (C) relative elastic modulus, (D) relative yield stress. Error bars represent the standard deviation.


More interesting information can be obtained from the analysis of the mechanical properties. From the trends of the relative elastic modulus reported in Figure 8C, it can be seen that the introduction of P(3HB) determines a fast lowering of the stiffness of the material in the first 10 days of hydrolysis, while for longer times the observed decrease is less intense. The drop of the stiffness of the material seems to be proportional to the P(3HB) amount. For instance, the relative variation of the elastic modulus after 100 days with a P(3HB) content of 20 wt.% is about 30%, while increasing the P(3HB) concentration up to 50 wt.% the relative drop is as high as 80%. This means that after 100 days of hydrolytic treatment the pristine dimensional stability of this blend is completely compromised. A similar trend can be detected considering the stress at yield values (see Figure 8D), even if in this case the observed drop is more limited.

The relative variation of the σy values is practically negligible until a P(3HB) concentration of 20 wt.%, while increasing the P(3HB) amount up to 50 wt.% a σy drop of about 30% can be seen after 100 days. The observed decrease of the mechanical properties at a P(3HB) content of 50 wt.% could be directly correlated to the morphological features of this blend. In fact, SEM micrographs highlighted that at this blend composition a change in the morphology can be observed, with a formation of a continuous P(3HB) phase with layered structure (see Figure 2D). In these conditions, it can be hypothesized that the hydrolytic degradation process can freely take place in the P(3HB) phase, that is not entrapped anymore in the LLDPE matrix. It can be therefore concluded that the prepared blends demonstrate a good hydrolytic degradation resistance until a P(3HB) concentration of 20 wt.%, with a good retention of the original thermo-mechanical properties even after a prolonged treatment.



CONCLUSIONS

Different amounts of Poly(3-hydroxybutyrate) P(3HB) were melt compounded with a Linear Low Density Polyethylene (LLDPE) matrix, and the resulting materials were characterized from a microstructural and thermo-mechanical point of view, with the aim to evaluate the possibility to partially replace LLDPE with a novel biobased plastic.

MFI measurements evidenced that the pristine processability of the LLDPE matrix was not substantially affected until a P(3HB) content of 20 wt.%, while for higher P(3HB) amounts an evident drop of the viscosity was observed. SEM micrographs highlighted that the two polymer constituents have a limited miscibility and a scarce interfacial interaction degree, while at a P(3HB) content of 50 wt.% a co-continuous phase can be detected. Also DSC, TGA, and FT-IR measurements did not highlight any chemical or physical interaction between the two polymer phases. A pronounced increase of the stiffness of the blends with the P(3HB) amount was detected through DMA and quasi-static tensile tests, while the low compatibility between the constituents determined a heavy drop of both the yield and the failure tensile properties. Hydrolytic degradation tests, performed over a timeframe of 100 days, showed that the decrease of the mechanical properties in the treated blends was evident only for P(3HB) contents higher than 20 wt.%. It was therefore demonstrated that the substitution of LLDPE with a biobased plastic like P(3HB) at a relative amount of 20 wt.% leads to the development of a material with suitable processability requirements and good mechanical properties, even after a prolonged hydrolytic degradation treatment.
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