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Abstract

:

Polymer materials and their composites are one of the most frequently used materials in the packaging and food industries. This applies to both disposable and reusable packaging, layered films with barrier properties, as well as densely overprinted polymer films and metallized food wrap films. According to statistical data from Plastics Europe, approximately 40% of processed thermoplastics are used to produce packaging, including single- and multi-layer film packaging. Growing requirements and new EU directives require the use of recycled materials in new products, which is not easy because the properties of recyclates may differ significantly from those of the primary materials with which the former are mixed. This work attempts to analyze the properties of the primary material used to produce a film using the casting method in comparison with the industrial recyclate obtained by the processing of film made of the primary material and then overprinted and metallized. The process of obtaining re-granulates and preparing test samples was presented, and the mechanical, structural, and thermal properties of the tested materials were compared. The conducted research and the obtained results demonstrated the advisability of conducting advanced mechanical recycling, which leads to obtaining re-granulates with repeatable processing properties and thermal and mechanical properties comparable to the original material despite the impurities they contain.
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1. Introduction


Films used in the food industry mainly belong to the group of thermoplastic polymer materials; these are polyethylene or polypropylene films [1]. In many cases, they are multi-layered or combined with other types of materials in order to gain properties that are impossible to obtain when using single-layer or single-material foils (including metallized and overprinted films) [2,3,4]. The introduction of new materials and multi-layer solutions is to ensure the unique properties of the film, including vapor permeability or the blocking of the transmission of certain gases or migration of biological substances (e.g., fat or bacteria, but also to improve mechanical, structural, or optical properties). In addition, modern solutions—such as overprint, labels, or decorations, introducing attractive marketing features that support sales—have an adverse impact on the possibilities of plastic packaging management when it turns into waste [5,6,7,8,9]. This is mainly related to the way the packaging is recycled and reused. Introducing multi-layer wrappings or films combined with other materials (including metals) makes it difficult or, in many cases, impossible to properly recycle them. This type of waste has so far been excluded from this stream and was used as alternative refuse-derived fuels (RDFs) after a process of preparing mixed waste with high calorific value (above 18 MJ/kg). For higher calorific value, the mixture may contain industrial waste. Therefore, only energy recovery was carried out for this type of waste, without the possibility of recycling in accordance with the principles of the circular economy [8,9,10,11].



Processing and recycling technologies have been intensively developed in recent years to reuse polymer waste characterized by a high degree of contamination [12,13,14,15,16,17]. This type of waste also includes food wrap films. The question may arise as to why to invest such significant amounts of money in materials and technologies intended for the reprocessing of contaminated thermoplastic materials. It should be taken into account that, currently, nearly 40% of the world’s production of polymer materials is consumed by the production of packaging, including films, whose product life cycle ranges from several days to several weeks. The lack of appropriate tools for the reuse of this type of waste makes it difficult to reduce CO2 emissions and results in the irreversible loss of non-renewable resources, such as the hydrocarbons from which thermoplastics are made. The European market today consumes over 58 Mt of thermoplastics per year, as shown in Figure 1 [18].



A thorough analysis of the issue of the reuse of waste films and pliable/flexible packaging was carried out by Horodytska et al. (2018). The authors systematized the division of waste received in the post-consumer waste stream and suggested some methods and possibilities for their disposal. The authors concluded that it is necessary to correlate the design of the recycling process with the broadly understood issue of the life cycle assessment as well as the collection and sorting of waste [19]. Similar problems were addressed by Cabrera et al. (2022). The authors analyzed the market for the reprocessing of multi-layer post-consumer waste films, taking into account not only mechanical recycling but also chemical recycling and energy recovery. The authors indicated many paths and possible ways of recycling plastic waste. Moreover, they concluded that the processing of multi-layer films, with each layer made of a different material, becomes extremely demanding. As they demonstrated, the chemical recycling of thermoplastic polymers seems to be extremely promising [20]. Unlike Cabrera et al., Sanetuntikul et al. (2023) analyzed the impact of waste from metallized films used as an additive (filler) to polypropylene processed by injection molding technology. The authors indicated the construction, furniture, and agricultural industries as possible areas of application of composites, provided, however, that the material does not come into contact with food [21,22]. Similar research and applications of recycled waste were also described by Bhogayata et al. (2019). The authors focused on the possibility of using properly prepared waste metallized films as fibers added to concrete in order to improve its properties. As their tests showed, the mechanical properties and impact strength were significantly improved thanks to the use of metallized film fibers. Moreover, the use of this type of fiber significantly prevented the formation of wide cracks. As the authors proved, the disposal of this type of waste by mixing it with concrete is very desirable from an environmental point of view and should be taken into account in life cycle assessments [10,22]. Many researchers also draw attention to a different approach to the issue of recycling. The first mentions of attempts to chemically recycle waste in the context of managing packaging waste and film appeared as early as 1979 in the study by Murphy et al. (1979). Their tests showed a progressive degradation process in recycled materials, but the impact of the degradation was not strong enough to significantly affect the material properties. A continuation and extension of this work is the publication by Walker et al. (2020). The authors presented a broad analysis of the possibilities of using solvent-targeted recovery and precipitation (STRAP) technology for the recycling and recovery of polymer materials, including those from multi-layer films. The authors’ method included the process of selecting solvents for recycled materials and a method for recovering individual fractions. This is an extremely interesting approach that enables the elimination of imperfections in the mechanical recycling process. At the moment, however, mechanical recycling, with its varieties and modifications, is the most popular and efficient process enabling the management of thermoplastic waste [23,24,25,26,27,28].



The aim of this research was to use the mechanical recycling process to reuse waste from the industrial waste stream (intended for the packaging and food industries). Industrial practice shows that the analyzed group of waste belongs to the group of waste that is difficult to process. This is due to a significant degree of contamination (through metallization and printing). These layers cannot be removed by mechanical recycling, so they must be processed together with the polymer material. The conducted research allowed us to determine the impact of this type of contamination on the properties of the re-granulate in relation to the original material. The innovation of this research was the use of highly contaminated polymer materials from the industrial waste stream to obtain re-granulates that can be successfully used in new applications. The publication presents data and test results for two types of re-granulates obtained from polypropylene films. The first group of granulates was the primary polymer that was used for the production of cast films. The second group was re-granulated waste made from densely overprinted and metallized polypropylene film.




2. Materials and Methods


The subjects of this research are two types of polymer materials: primary PP granulate and post-industrial re-granulate (PIR). The primary material was used to produce films using the casting method, which was metallized in the next stage. The waste came from the manufacturer of metallized polypropylene packaging film. Through Granulat-Bis Comp., waste (metallized foils) was obtained directly from their producer. In the next technological step, the obtained post-industrial waste was further processed. The aim of this work was to fragment the foil and then agglomerate it. The last stage was re-granulation in order to obtain repeatable re-granulation (in terms of its shape and properties). However, due to the confidentiality clause and the manufacturer’s know-how, it was not possible to provide the source of the raw material or the exact type of polymers used. The original material (PP_cast) and re-granulate (rPP_metallized) were obtained from Granulat-Bis (Czestochowa, Poland) in order to produce standardized samples and analyze and compare their properties.



2.1. Tested Materials


The properties of the primary granulate (used to produce the film using the casting method), as well as the re-granulate and agglomerate (derived from the recycled overprinted metallized film), were analyzed as part of the work (Figure 2 and Table 1).



The films from which the re-granulate was made were waste materials from the casting with overprinting and metallizing process. Films of this type are multi-layer materials featuring the structure shown in Figure 2.



The photos were taken using a VHX 700 digital optical microscope Keyence Ltd., (Osaka, Japan). Microscopic observations revealed the existence of the following three layers: an intermediate layer, a barrier layer, and a metallized layer (the ABA-type film). After the production cycle, the process residues and waste film were subjected to a thickening (agglomeration) process and then, re-granulation.




2.2. The Process of Preparing Test Samples


Post-industrial waste films were produced by pouring a liquid polymer through a slotted head onto a calendar roll (cast films). The metallized films that were recycled were post-production waste. The polymer re-granulate was produced from the obtained cast films in the next few steps. This re-granulate was used to produce standardized moldings for further testing.



The obtained metallized food wrap film was comminuted and thickened using a Plastcompactor HV device from Herbold Meckesheim GmbH (Meckesheim, Germany).



This step was necessary in order to correctly and repeatably dose the recycled material into a RrecoSTAR dynamic 85C-VAC granulating extruder from Starlinger & Co GmbH (Vienna, Austria). The obtained agglomerates were then processed into re-granulate using a single-screw cascade extruder. As a result of the extrusion and granulation process, the polymer re-granulate was obtained (Figure 3 and Figure 4).



The re-granulate was produced, and the primary material was then processed using a Battenfeld SmartPower 60 hydraulic injection molding machine Wittmann Battenfeld GmbH (Kottingbrunn, Austria) to produce type “A1” test samples intended for the further testing of mechanical and structural properties.



The samples were made in accordance with the standard ISO 294-1 [29]. The samples were prepared using the following processing conditions: a melt temperature of 230 °C, injection pressure of 450 bar, injection speed of 75 mm/s, holding pressure of 120 bar, and mold temperature of 4 0 °C.




2.3. Measuring Equipment Used


An analysis of differences in density of the materials subject to comparison was used to compare basic physical properties. Determining sample density is an important element of the quality control of raw materials and finished products.



The density measurement was carried out for fragments taken from standardized samples produced by injection. The density measurement was carried out in accordance with the ISO 1183-1 standard [30]. A measuring station with the AS 220.3Y laboratory scale Radwag company (Radom, Poland) was used for the density measurements.



The determination of the bulk density of the granulates and agglomerates was made in accordance with the PN-EN ISO 60 standard [31]. For this purpose, a special measuring station was used, which was made in accordance with the standard. The bulk density of each material (granulate, agglomerate, and re-granulate) was measured.



The determination of the processing factor expressed as the melt flow index was made in accordance with the PN-EN ISO 1133 standard [32]. One of the basic technological properties is the examination of the mass and volume flow rates of both samples. An LMI 5000 capillary plastometer was used in the research of the Dynisco Europe GmbH company (Heilbronn, Germany). The measurements used a weight of 2.16 kg and a measurement temperature of 230 °C. This analysis was performed to verify the impact of impurities in the form of unfiltered overprint residues and metallization on the technological indicators, viscosity, and flowability of the re-granulates produced. The measured samples of re-granulates weighing up to 10 g were dried to remove any residual moisture using a Max50 laboratory moisture analyzer, Radwag. Company (Radom, Poland). The mass flow rate was determined for 5 measurement sections in a single measurement. The average value for 5 measurements was given as the measurement result.



To determine the content of impurities, a method based on the ISO 3451-1:2019 ‘Plastics, Determination of ash, Part 1: General methods’ was used [33]. The initial tests included ashing the materials in an SNOL company (Utena, Lithuania) muffle furnace at a temperature of 600 °C for 30 min in order to assess the content of solid residues. The temperature was limited to 600 °C to prevent the melting of the aluminum layer of the film.



The analysis of the mechanical properties of the standardized samples made from the re-granulates obtained from the waste PP films was carried out in accordance with the ISO 527-1 standard [34]. The universal testing machine type AGX-V with a 50 kN force cell by Shimadzu Comp. (Kyoto, Japan) was used in the tests. The samples were stretched at a speed of 50 mm/min. Three repetitions were performed for each type of material.



The Charpy impact strength analysis of the standardized test samples was obtained from the re-granulates—the measurement was made on a notched sample. In order to determine changes in impact strength, an analysis was carried out in accordance with the ISO 179-1 standard [35]. The tests used standard samples with a type “A1” notch cut, 2 mm deep, with an angle of 45° and a rounding radius of 0.25 mm. A Zwick/Roell (Ulm, Germany) notch cutter was used to make the notch. The impact strength test was carried out using a Zwick/Roell Hit 5.5P (Ulm, Germany).



In order to verify the mechanical properties, tests were also carried out to determine the impact of impurities from overprinting and metallization on changes in the hardness of the standardized samples made from the obtained re-granulates. The hardness tests were performed in accordance with the PN-EN ISO 2039-2 standard [36]. A Sinowon DigiRock DP3 ball hardness tester was used for this purpose (Dongguan, China). A steel ball with a diameter of 6.350 mm and a test force of 980.7 N was used. The load application time was 15 s.



The analysis of the basic thermal properties, including the melting point, crystallization temperature, and melting enthalpy, was carried out. The tests were carried out in accordance with the PN-EN ISO 11357 standard [37], using a POLYMA 214 differential scanning calorimeter from Netzsch (Selb, Germany). Samples taken from the finished products (standardized moldings obtained in the injection process) were placed in aluminum measuring crucibles. The heat–cool–heat (H-C-H) temperature program was used for the measurement. An inert atmosphere was used in the measurement cell—it was flushed with nitrogen. The temperature range used was from −20 °C to + 200 °C.



The analysis of dynamic mechanical properties was carried out in accordance with the PN-EN ISO 6721-1 standard [38]. A Netzsch DMA device was used in the research (Selb, Germany). The dynamic mechanical properties of both types of materials were analyzed during the three-point bending test. Bars sized (4 mm × 10 mm, × 55 mm) were used as samples. The tests were carried out in the measurement range from −20 °C to + 80 °C.



Microscopic analysis was carried out for the recycled films obtained from re-granulates and standardized parts. The microscopic analysis of the samples was performed using a VHX 700 electronic optical microscope Keyence Ltd. (Osaka, Japan).





3. Results


3.1. Properties of Granulate, Agglomerate and Re-Granulate


Properties such as density, bulk density, mass flow rate and impurity content PP cast granules, agglomerate and re-granulate were analyzed, Table 2.



Granulate density tests were carried out for both types of samples (PP_cast and rPP_metallized granules) and the agglomerate as an intermediate product [30]. As density measurements showed, the difference between the material marked as a PP cast and the rPP_metallized material was only 0.78%, which is a negligible value. However, a significant difference was recorded for the bulk density value. For the material marked as PP_cast, the bulk density value was 6.28% higher than that of re-granulate (rPP_metallized). The recorded difference was probably due to the reprocessing and re-granulation process [39].



As shown by the analysis of the mass flow rate, significant differences in the value of this parameter were recorded. Re-granulation containing impurities in the form of metallization residues is characterized by a mass flow rate value that is approximately 36% lower than the primary material without impurities. The tests show that even a small admixture of impurities in the material can lead to a significant reduction in the processability coefficients and viscosity of the polymer. The difference in the mass flow rate for the tested re-granulates is 5.28 [g/10 min], which may significantly affect the behavior of the material during processing in future applications.



The analysis of the solids content (ash/metal) shows that the average ash content for the primary material is approximately 0.06% of the mass of the tested samples. The weight of residues of the film made of virgin PP was over 0.8% larger. The film made of virgin PP had over 0.8% more weight of residues after ashing, which was due to the presence of aluminum. No significant reduction in solid residues was observed in the agglomeration process compared to the waste film. The form of dispersion of the residues changed. On the other hand, a solids content of 0.6% and a finely fragmented ash structure were observed for the sample filtered in the re-granulation process, which demonstrated good homogenization and fragmentation on the sieves of the process line. This can certainly have an impact on the properties of the obtained test samples. The test results are presented in Table 3.




3.2. Density Measurement Results


The density of the test samples produced by injection molding is presented below. Five measurement repetitions were made for each material, and the values presented in the charts are average values (Table 4).



There are slight differences in the densities given in Table 2 and Table 4 and in the tests performed for the standardized samples resulting from differences in the production processes of the test materials. The higher densities of the PP_cast injection samples result from a higher degree of compaction and a higher value of the melt flow index. The content of residuals of aluminum from metallization could increase the density as well [39].




3.3. The Results of the Analysis of the Mechanical Properties of the Tested Samples


Tensile strength tests were carried out in three replications for each of the tested samples, and then the average was drawn and presented in collective bar graphs. The results were divided into the following three groups relating to the obtained values: modulus of elasticity, the maximum deformation, and the maximum stress and strain of the tested samples. The comparison of the obtained results is presented in Figure 5 and Table 5.



As the tests have shown, the standardized samples made from the re-granulate obtained from the metallized film have higher tensile strength and a higher longitudinal modulus of elasticity. Samples made from the PP_cast virgin material have a tensile strength that is 3.5% lower than samples made from the metal-containing re-granulate. However, the longitudinal modulus of elasticity of the samples obtained from the pure re-granulate is lower by approximately 10%.



It should be noted, however, that impurities present in the material, in the form of metal residues, have an adverse impact on the strain-to-failure ratio of the tested samples. The strain value for samples made from the rPP re-granulate is 71.14% lower than in the case of the primary samples containing no impurities [10,21].



As shown by the analysis of the mechanical properties based on the static tensile test, impurities in the form of metallization of the PP film have a positive effect on the tensile strength and the longitudinal modulus of elasticity. However, these impurities cause a significant decrease in deformability, expressed as strain at failure, which is characteristic of materials containing non-polymeric impurities.




3.4. Impact Strength Results


An analysis of impact strength was also carried out according to the Charpy method for the standardized samples obtained from both types of re-granulates, Table 6.



The analysis revealed slight differences in the impact strength of both tested sample types. As shown by the impact strength tests, the impact strength of samples obtained from the re-granulate containing impurities is 5.64% lower than the impact strength of samples without impurities (PP_cast).



This is confirmed by the fact that impurities from other materials not retained on the sieves in recycling processes cause a slight deterioration in impact strength, which is also a consequence of smaller tensile elongation. This is advantageous in the context of using re-granulates from industrial waste.




3.5. Hardness Analysis Results


The next test was the assessment of the surface hardness using the Rockwell M method, Table 7.



The hardness analysis using the HRM method (with a ball indenter) showed slight differences in the hardness value in favor of the samples made from the rPP re-granulate. Most likely, the reason for this is that metallic inclusions remained after the recycling process in the body of the material, which resulted in an increase in the hardness value compared to the primary material from which the film was made.




3.6. Thermal Analysis DSC and DMA


The analysis of the thermal properties included the following three measurements: for the PP_cast granulate, for the re-granulate obtained from the metallized film (rPP_metallized), and for the agglomerate of this film as an intermediate material.



The DSC analysis of the thermal properties of the agglomerate obtained from the film was aimed at verifying thermal changes occurring in the polymer material during the intermediate technological process. It allowed the impact of thickening and agglomeration to be assessed on the thermal properties of polypropylene containing impurities in the form of a metallized layer.



For better insight, the differential scanning calorimetry curves (thermograms) were separated (parts of the graph containing isothermal areas were removed) and superimposed on each other to compare the results and their graphical presentation. Further in the article, we also present a table containing a summary of the values of characteristic temperatures obtained during the analysis by differential scanning calorimetry, Figure 6 and Figure 7 as well as Table 8 and Table 9.



It should be noted that the melting and crystallization temperatures vary depending on the type of material and its condition (agglomerate/re-granulate). Attention should also be paid to the change in melting enthalpy, which, depending on the material type, is 99.41 J/g for the primary polymer (PP_cast), 87.8 J/g for the agglomerate and 82.88 J/g for the re-granulate (rPP_metallized). The results indicate a decrease in melting and crystallization enthalpies during subsequent processing stages, which might be caused by the progressive thermomechanical degradation processes as well as the minor impact of impurities. The factor influencing the reduction in melting enthalpy in the agglomerate and re-granulate is another technological process that thermally loads the material. Moreover, attention should be paid to the method of obtaining the rPP to re-granulate itself. It is a two-stage process, where, in the first stage, there is agglomeration with the release of heat during friction between two plates, and then in the second stage, the re-granulation process uses a granulating extruder, where the heat necessary for melting and homogenization comes from a system of heaters and from friction. As confirmation of these observations, attention should be paid to the values of melting and crystallization temperatures. For the obtained values, lower values of crystallization and melting temperatures were recorded for the agglomerate and re-granulate (rPP_metallized). The decrease in these values indicates progressive degradation. Similarly, the obtained onset temperature values indicate a deterioration of the thermal properties of recycled materials. The PP_cast material is characterized by the highest onset temperature values, which proves its greater thermal stability.



Another thermal test was the dynamic, mechanical thermal analysis (DMTA) using a DMA 303 Excelsior analyzer. The test samples were taken from the injection moldings. Changes in the elastic storage modulus E’ and tan δ in the temperature range from −100 °C to 150 °C were analyzed. The tests were performed for two frequencies, 1 Hz and 10 Hz, but the thermogram shows the results only for 10 Hz for easier presentation of the results in Figure 8.



Significant differences are visible in the changes in the storage modulus E’ as a function of temperature changes, which persist throughout the entire temperature range. The samples made from the rPP recyclate-containing metal had E’ values 1.000 MPa higher at −100 °C than the samples made from the virgin PP_cast material. The reason for this may be the content of impurities, residuals of metallization, and remnants of materials that were fragmented during recycling processes and which constituted a phase in the mass of the molded parts that caused slight strengthening. The glass transition temperature values read from the E’ and tan δ curves are similar for both tested materials. In the case of the E’ curves, the difference is 2K, while in the case of the extreme tan δ, a higher value was achieved by the sample made of the primary PP_cast material. The extreme values of the mechanical loss coefficients tan δ for both samples are similar, but they differ significantly after exceeding the glass transition temperature range. The rPP sample loses its damping properties, which corresponds to a much lower tan δ value, while the PP_cast sample, after exceeding 40 °C, shows a significant increase in this parameter, which then remains at the level of approximately 0.1 in the rest of the test temperature range of 100–150 °C.



This research confirms an increase in the stiffness of the metallized recyclate with a simultaneous decrease in the damping properties (which is due to the viscoelastic properties of the virgin material). This behavior was also confirmed by the previously performed tests.





4. Conclusions


The research has shown that a properly carried out recycling process leads to obtaining a full-fledged product (re-granulate) that does not differ significantly from re-granulate not containing inclusions. As shown by the analysis of the mechanical properties, the obtained re-granulates and the standardized samples containing impurities (metallization residues) are characterized by better static mechanical properties, higher hardness, and slightly lower impact strength.



The tests have also shown that the content of Impurities may affect the processability of the tested polymer materials. Contamination in the form of metallization and overprinting residues leads to the deterioration of processability factors (defined by the melt flow index).



As the research has shown, the basic physical properties, such as density, do not differ significantly for the PP_cast and rPP_metallized materials. However, it has been shown that re-processing (agglomeration and re-granulation) causes a change in the bulk density of the polymer, which may affect the dosing and plasticization characteristics.



The mechanical properties determined during the tangential tensile test do not differ significantly (the difference was 1.15 MPa, which is 3.62%). However, significant differences were recorded for the strain values. The impurities contained in the rPP_metallized samples significantly reduced the strain obtained during the test (rPP_metallized samples are characterized by a 71% lower strain value).



It is extremely interesting that slight differences in the impact strength values were recorded, but it should be noted that the hardness of the rPP_metallized samples was significantly higher. The obtained result was probably influenced by impurities (metallization residue), causing an increase in this property.



Thermal tests based on the DSC method showed small differences in the melting point, crystallization temperature, and onset temperature of the PP_cast and rPP_metallized samples. However, the obtained results indicate that mechanical recycling leads to the deterioration of thermal properties; the reason for this behavior of the material is thermo-mechanical degradation. However, DMTA tests confirm a significant increase in the stiffness of samples obtained from the rPP_metallized material, which is caused by the content of impurities (metallization).



An in-depth analysis of the physical properties of the primary materials and re-granulates obtained from waste from the metallized film production process allowed us to conclude that the obtained properties do not differ significantly from the properties of the primary material to such an extent that its reuse is impossible. There is a visible impact of subsequent technological processes related to recycling (agglomeration and re-granulation) in the form of a slight deterioration of certain properties of re-granulates.



Further analysis of the behavior of recycled materials is necessary for a better and more informed selection of such feedstock for future industrial applications. The research described above confirms the full usefulness of this type of materials, and the results obtained do not reveal any limitations to their functionality in such applications.







Author Contributions


Conceptualization, T.S., P.P. and M.C.; methodology, T.S., P.P. and D.G.; validation, P.P., T.S. and D.G.; investigation, T.S., P.P. and D.G.; resources, M.C.; data curation T.S.; writing—original draft preparation, T.S. and P.P.; writing—review and editing, T.S., P.P. and T.S.; visualization; supervision T.S. and P.P. All authors have read and agreed to the published version of the manuscript.




Funding


The publication was created in cooperation with Granulat BIS with the involvement of the company’s owner, Mr. Marcin Chmielarz, and the laboratory manager, Mr. Dominik Grzesiczak.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


Author Marcin Chmielarz and Dominik Grzesiczak were employed by the Granulat Bis Company. The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




References


	



Majder-Łopatka, M.; Węsierski, T.; Ankowski, A.; Ratajczak, K.; Duralski, D.; Piechota-Polanczyk, A.; Polanczyk, A. Thermal Analysis of Plastics Used in the Food Industry. Materials 2022, 15, 248. [Google Scholar] [CrossRef] [PubMed]

	



Schyns, Z.O.G.; Shaver, M.P. Mechanical Recycling of Packaging Plastics: A Review. Macromol. Rapid Commun. 2021, 42, e2000415. [Google Scholar] [CrossRef] [PubMed]

	



Jamnongkan, T.; Intraramongkol, N.; Samoechip, W.; Potiyaraj, P.; Mongkholrattanasit, R.; Jamnongkan, P.; Wongwachirakorn, P.; Sugimoto, M.; Ito, H.; Huang, C.F. Towards a circular economy: Study of the mechanical, thermal, and electrical properties of recycled polypropylene and their composite materials. Polymers 2022, 14, 5482. [Google Scholar] [CrossRef] [PubMed]

	



Ferreira, S.; Cabral, M.; De Jaeger, S.; Da Cruz, N.F.; Simões, P.; Marques, R.C. Life cycle assessment and valuation of the packaging waste recycling system in Belgium. J. Mater. Cycles Waste Manag. 2015, 19, 144–154. [Google Scholar] [CrossRef]

	



Walker, T.W.; Frelka, N.; Shen, Z.; Chew, A.K.; Banick, J.; Grey, S.; Soo Kim, M.; Dumesic, J.A.; Van Lehn, R.C.; Huber, G.W. Recycling of multilayer plastic packaging materials by solvent-targeted recovery and precipitation. Sci. Adv. 2020, 6, eaba7599. [Google Scholar] [CrossRef] [PubMed]

	



Cimpan, C.; Maul, A.; Jansen, M.; Pretz, T.; Wenzel, H. Central sorting and recovery of MSW recyclable materials: A review of technological state-of-theart, cases, practice and implications for materials recycling. J. Mater. Cycles Waste Manag. 2015, 156, 181–199. [Google Scholar] [CrossRef]

	



Erses Yay, A.S. Application of life cycle assessment (LCA) for municipal solid waste management: A case study of Sakarya. J. Clean. Prod. 2015, 94, 284–293. [Google Scholar] [CrossRef]

	



Gu, F.; Guo, J.; Zhang, W.; Summers, P.A.; Hall, P. From waste plastics to industrial raw materials: A life cycle assessment of mechanical plastic recycling practice based on a real-world case study. Sci. Total Environ. 2017, 601–602, 1192–1207. [Google Scholar] [CrossRef]

	



Hamad, K.; Kaseem, M.; Deri, F. Recycling of waste from polymer materials: An overview of the recent works. Polym. Degrad. Stab. 2013, 98, 2801–2812. [Google Scholar] [CrossRef]

	



Bhogayata, A.C.; Arora, N.K. Utilization of metalized plastic waste of food packaging articles in geopolymer concrete. J. Mater. Cycles Waste Manag. 2019, 21, 1014–1026. [Google Scholar] [CrossRef]

	



Aumnate, C.; Rudolph, N.; Sarmadi, M. Recycling of polypropylene/polyethylene blends: Effect of chain structure on the crystallization behaviors. Polymers 2019, 11, 1456. [Google Scholar] [CrossRef] [PubMed]

	



Briassoulis, D.; Hiskakis, M.; Babou, E. Technical specifications for mechanical recycling of agricultural plastic waste waste. Waste Manag. 2013, 33, 1516–1530. [Google Scholar] [CrossRef] [PubMed]

	



Briassoulis, D.; Hiskakis, M.; Babou, E.; Antiohos, S.K.; Papadi, C. Experimental investigation of the quality characteristics of agricultural plastic wastes regarding their recycling and energy recovery potential. Waste Manag. 2012, 32, 1075–1090. [Google Scholar] [CrossRef] [PubMed]

	



Pudełko, A.; Postawa, P.; Stachowiak, T.; Malińska, K.; Dróżdż, D. Waste derived biochar as an alternative filler in biocomposites—Mechanical, thermal and morphological properties of biochar added biocomposites. J. Clean. Prod. 2020, 278, 123850. [Google Scholar] [CrossRef]

	



Stachowiak, T. Product Life Cycle in Relation to the Issue of Recycling and Reuse of Waste from the Manufacture of Airbags, International Business Information Management Association (IBIMA), Education Excellence and Innovation Management: A 2025 Vision to Sustain Economic Development during Global Challenges (red.) SOLIMAN Khalid S. In Proceedings of the 35th IBIMA Conference, Seville, Spain, 1–2 April 2020; pp. 12561–12573, ISBN 978-0-9998551-4-0. [Google Scholar]

	



Ngaowthong, C.; Borůvka, M.; Běhálek, L.; Lenfeld, P.; Švec, M.; Dangtungee, R.; Siengchin, S.; Rangappa, S.M.; Parameswaranpillai, J. Recycling of sisal fiber reinforced polypropylene and polylactic acid composites: Thermo-mechanical properties, morphology, and water absorption behavior. Waste Manag. 2019, 97, 71–81. [Google Scholar] [CrossRef] [PubMed]

	



Reichert, A.A.; de Sá, M.R.; Hochmuller da Silva, G.E.; Goncalves Beatrice, C.A.; Fajardo, A.R.; de Oliveira, A.D. Utilization of pineapple crown fiber and recycled polypropylene for production of sustainable composites. J. Renew. Mater. 2020, 8, 1327–1341. [Google Scholar] [CrossRef]

	



Plastics Europe-Association of Plastic Manufacturers, An analysis of European Plastics Production, Demand and Waste, Data, Plastics—The Facts 2023. Available online: https://plasticseurope.org/knowledge-hub/plastics-the-fast-facts-2023/ (accessed on 27 December 2023).

	



Horodytska, O.; Valdés, F.J.; Fullana, A. Plastic flexible films waste management—A state of art review. Waste Manag. 2018, 77, 413–425. [Google Scholar] [CrossRef]

	



Cabrera, G.; Li, J.; Maazouz, A.; Lamnawar, K. A Journey from Processing to Recycling of MultilayerWaste Films: A Review of Main Challenges and Prospects. Polymers 2022, 14, 2319. [Google Scholar] [CrossRef] [PubMed]

	



Sanetuntikul, J.; Ketpang, K.; Naknaen, P.; Narupai, B.; Petchwattana, N. A circular economy use of waste metalized plastic film as a reinforcing filler in recycled polypropylene packaging for injection molding applications. Clean. Eng. Technol. 2023, 17, 100683. [Google Scholar] [CrossRef]

	



Sanetuntikul, J.; Narupai, B.; Petchwattana, N. A circular economy use of postconsumer polypropylene packaging for low thermal conductive and fire-retardant building material applications. J. Renew. Mater. 2023, 11, 3567–3582. [Google Scholar] [CrossRef]

	



Murphy, W.R.; Otterburn, M.S.; Ward, J.A. Solvent recycling of polypropylene: 1. Properties of the recycled polymer. Polymer 1979, 20, 333–336. [Google Scholar] [CrossRef]

	



Tian, H.; Zhang, S.; Ge, X.; Xiang, A. Crystallization behaviors and mechanical properties of carbon fiber-reinforced polypropylene composites. J. Therm. Anal. Calorim. 2016, 128, 1495–1504. [Google Scholar] [CrossRef]

	



Mauro, R.; Scarascia-Mugnozza, G. Experimental Tests on Solvent Solutions for the Recycling of Coated Polypropylene in Food Packaging. Appl. Sci. 2023, 13, 7116. [Google Scholar] [CrossRef]

	



Briassoulis, D.; Babou, E.; Hiskakis, M.; Scarascia, G.; Picuno, P.; Guarde, D.; Dejean, C. Review, mapping and analysis of the agricultural plastic waste generation and consolidation in Europe. Waste Manag. Res. 2013, 31, 1262–1278. [Google Scholar] [CrossRef] [PubMed]

	



Gandolf Rodrigues, M.A.; Piechaque Quevedo, S.; de Souza, J.; Sá de Farias, J.B. Waste Recycling in Biaxially Oriented Polypropylene—BOPP. IOSR J. Eng. 2020, 10, 2278–8719. [Google Scholar]

	



Basalp, D.; Tihminlioglu, F.; Sofuoglu, S.C.; Inal, F.; Sofuoglu, A. Utilization of municipal plastic and wood waste in industrial manufacturing of wood plastic composites. Waste Biomass Valorization 2020, 11, 5419–5430. [Google Scholar] [CrossRef]

	



ISO 294-1:2017; Plastics—Injection Moulding of Test Specimens of Thermoplastic Materials, Part 1: General Principles, and Moulding of Multipurpose and Bar Test Specimens. ISO: Geneva, Switzerland, 2017.

	



ISO 1183-1:2019; Plastics: Methods for Determining the Density of Non-Cellular Plastics, Part 1: Immersion Method, Liquid Pycnometer Method and Titration Method. ISO: Geneva, Switzerland, 2019.

	



ISO 60:1977; Plastics, Determination of Apparent Density of Material that Can Be Poured from a Specified Funnel. ISO: Geneva, Switzerland, 1977.

	



ISO 1133-1:2022; Plastics: Determination of the Melt Mass-Flow Rate (MFR) and Melt Volume-Flow Rate (MVR) of Thermoplastics, Part 1: Standard Method. ISO: Geneva, Switzerland, 2022.

	



ISO 3451-1:2019; Plastics Determination of Ash, Part 1: General Methods. ISO: Geneva, Switzerland, 2019.

	



ISO 527-1:2019; Plastics—Determination of Tensile Properties—Part 1: General Principles. ISO: Geneva, Switzerland, 2019.

	



ISO 179-1: 2010; Plastics Determination of Charpy Impact Properties, Part 1: Non-Instrumented Impact Test. ISO: Geneva, Switzerland, 2010.

	



ISO 2039-2:1987; Plastics, Determination of Hardness, Part 2: Rockwell Hardness. ISO: Geneva, Switzerland, 1987.

	



ISO 11357-1:2016; Plastics—Differential Scanning Calorimetry (DSC)—Part 1: General Principles. ISO: Geneva, Switzerland, 2016.

	



ISO 6721-1:2019; Plastics: Determination of Dynamic Mechanical Properties, Part 1: General Principles. ISO: Geneva, Switzerland, 2019.

	



Butylina, S.; Martikka, O.; Kärki, T. Physical and Mechanical Properties of Wood-Polypropylene Composites Made with Virgin and/or Recycled Polypropylene. Polym. Technol. Eng. 2011, 50, 1040–1046. [Google Scholar] [CrossRef]








[image: Materials 17 01739 g001] 





Figure 1. European market polymer production and conversion [18]. 
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Figure 2. Cross-sectional structure of the tested waste film. 
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Figure 3. The scheme of producing agglomerate, re-granulate and standardized test samples. 
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Figure 4. The process of standardized sample preparation. 
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Figure 5. Mechanical properties analysis results. 
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Figure 6. DSC thermograms of the tested samples during cooling. 
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Figure 7. DSC thermograms of the tested samples during second heating. 
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Figure 8. DMA thermograms (E’ storage modulus and tan δ tangent delta) at a frequency of 10 Hz, for both tested samples. 
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Table 1. Description of all materials tested during the research.
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Tested Materials




	
Sample Name

	
Properties Description

	
View of the Sample






	
1

PP_cast

reference sample

	
The primary PP granulate is used to produce food wrap films using the casting method. Due to business confidentiality, the trade name of the material may not be disclosed.
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2_1

Metallized film

	
Processed waste from metallized and overprinted film constituting the input research material
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2_2

Agglomerate

	
Agglomerate of waste metallized film as a semi-finished product for the production of re-granulate
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2_3

rPP_metallized

	
PP re-granulate (rPP) obtained from metallized and overprinted film
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Table 2. Basic properties of the compared polymer materials.
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Parameter

	
PP_Cast

	
rPP_Metallized






	
Density

	
0.901 g/cm3

	
0.908 g/cm3




	
Density

	
agglomerate—0.771 g/cm3




	
Bulk density

	
0.525 g/cm3

	
0.492 g/cm3




	
Bulk density

	
agglomerate—0.310 g/cm3




	
Mass flow rate (MFR)

(230 °C/2.16 kg)

	
14.55 g/10 min.

	
9.27 g/10 min.




	
Melting temperature

	
169.7 °C

	
168.6 °C




	
Crystallization temperature

	
118.2 °C

	
115.1 °C




	
Moisture content

	
less than 0.1% weight











 





Table 3. Ash content analysis results for granulate, agglomerate and re-granulate.
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	PP Virgin
	Metallized/Printed Film
	Agglomerate
	rPP
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	Ash content

0.0623%
	Ash content

0.8786%
	Ash content

0.8672%
	Ash content

0.6002%










 





Table 4. Statistical data regarding density measurement of the samples.
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Density, g/cm3




	

	
PP_Cast

	
rPP_Metallized






	
Average value

	
0.904

	
0.907




	
Standard deviation

	
0.01

	
0.001











 





Table 5. Summary of mechanical properties for compared samples.
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	PP_Cast
	rPP_Metallized





	Tensile strength, MPa
	31.78
	32.93



	Standard deviation
	0.39
	0.14



	Strain, %
	402
	116



	Standard deviation
	45.63
	79.37



	Modulus of elasticity, MPa
	1305.77
	1462.15



	Standard deviation
	35.6
	12.49










 





Table 6. Statistical data of impact strength of the comparison samples.
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Impact Strength, kJ/m2




	

	
PP_Cast

	
rPP_Metallized






	
Average value

	
3.08

	
2.91




	
Standard deviation

	
0.08

	
0.09











 





Table 7. Statistical data of Rockwell hardness [HRM].
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Rockwell Hardness, HRM




	

	
PP_Cast

	
rPP_Metallized






	
Average value

	
79.44

	
89.8




	
Standard deviation

	
0.61

	
2.37











 





Table 8. Thermal properties of the analyzed materials—crystallization.
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	Crystallization Temp., °C
	Crystallization Enthalpy, J/g
	Onset Temp., °C





	PP_cast
	118.2
	99.18
	109.4



	Agglomerate from PP film
	116.7
	81.02
	110.2



	rPP_metallized
	116.5
	76.06
	108.9










 





Table 9. Summary of thermal properties of the analyzed materials—second heating.
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	Melting Temp., °C
	Melting Enthalpy,

J/g *
	Onset Temp., °C





	PP_cast
	165.6
	99.41
	155.2



	Agglomerate from PP film
	(147.6) 162.7
	87.80
	151.7



	rPP_metallized
	(148.2) 163.0
	82.88
	151.3







* The value obtained comes from the second heating cycle and was read from the heating curve.
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