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Abstract: Nowadays, society is oriented toward reducing the production of plastics, which have
a significant impact on the environment. In this context, the recycling of existing plastic objects
is currently a fundamental step in the mitigation of pollution. Very recently, the outstanding de-
velopment of artificial intelligence (AI) has concerned and continues to involve a large part of the
industrial and informatics sectors. The opportunity to implement big data in the frame of recycling
processes is oriented toward the improvement and the optimization of the reproduction of plastic
objects, possibly with enhanced properties and durability. Here, a deep cataloguing, characterization
and recycling of plastic wastes provided by an industrial sorting plant was performed. The potential
improvement of the mechanical properties of the recycled polymers was assessed by the addition of
coupling agents. On these bases, a classification system based on the collected results of the recycled
materials’ properties was developed, with the aim of laying the groundwork for the improvement of
AI databases and helpfully supporting industrial recycling processes.

Keywords: polymers; post-consumer plastic waste; plastic sorting; fractions; mechanical recycling;
artificial intelligence

1. Introduction

Plastic products are highly predominant in several sectors because of their interesting
performances and effective costs with respect to other materials [1]. The typical character-
istics of plastic products include the good optical, thermal and barrier properties, good
mechanical performances, light weight and easy processability [2].

Amongst the different plastic products, packaging is one of the most important appli-
cations [3]. The main function of plastic packaging is the protection of different products,
aimed at preventing damage during their transport and storage and at increasing their use-
ful life. This concept of protection is even more important in the case of the food packaging
industry, with the main scope of food packaging being to delay the deterioration of food
and to guarantee its high quality and safety by providing chemical, physical and biological
protection [4].

Nevertheless, such packaging materials are becoming the major component of the
plastic waste stream because of their short life cycle, thus seriously contributing to overbur-
dening the management of urban solid waste disposal [5].
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Indeed, urbanization, economic development, and the increasing population are
continuously increasing the use of plastic products, with the consequent progressive
growth of the generated plastic waste [6]. At present, the estimated worldwide yearly
production of municipal solid waste has reached the incredible value of about 2 billion
tons per year, and this figure is expected to increase by roughly 70% by 2050 [7]. Within
this global figure, in 2020, the worldwide plastic waste production was estimated about
400 million tons, with about 8.8 million tons mismanaged and entering the oceans [8].

At the end of their useful life, plastic wastes are discarded and, coming into contact
in different ways with various ecosystems, they can have a negative impact on the envi-
ronment and human health through different mechanisms [9–11]. Indeed, plastic wastes
can act as carriers of organic pollutants and heavy metals [12–15] and also of various
pathogens [16,17]. The progressive degradation of plastic products under the action of
physical, chemical and biological processes gives rise to smaller plastic debris, so that in
the last few years microplastic pollution has become a global environmental problem of
emerging concern [12,18–20], also because they can interact with biological systems and
have relevant negative effects on human health [21–25].

To effectively deal with the increasing quantities of plastic waste, in addition to other
objectives, such as the reduced production of plastic waste, the harmonization of national
measures on packaging and the management of packaging waste, the Packaging and
Packaging Waste EU Directive promotes the reuse, recycling and other forms of recovery of
packaging waste, instead of its final disposal. In particular, with this Directive, the EU sets
the following specific targets for plastic recycling: 50% recycling rate by the end of 2025
and 55% by 2030 [26].

In this frame, the most effective strategy for the management of post-consumer plastic
waste is considered a holistic approach that include effective waste collection schemes,
sustainable sorting processes and finally, mechanical recycling of recovered homogeneous
plastic fractions [27–29].

Mechanical recycling is a complex process including the grinding of the waste items,
their washing and, for thermoplastic polymers, their reprocessing by melt mixing, in
particular by extrusion, to produce new secondary plastic compounds that in general
retain their original chemical structure [30]. Nevertheless, for mechanical recycling, it
should always be considered that most of the polymers constituting plastic waste streams
are immiscible.

Thus, the simultaneous reprocessing of inhomogeneous plastic fractions containing
different types of polymers leads to the production of recycled compounds with poor
mechanical properties, mainly due to the potential phase separation phenomena of the
different polymeric components. For this reason, the compositional heterogeneity caused
by the complex composition of specific objects (fillers, additives, multilayered structures)
and/or contamination by organic and inorganic substances during the life cycle represents
a major technological challenge for recycling in terms of the quality and properties of
recycled materials [31–37].

Thus, the effectiveness of sorting processes, that is, their ability to reduce the inhomo-
geneity of plastic streams to be reprocessed, and the implementation of methods to identify
and quantify contaminants are highly relevant parameters to evaluate and improve the
economic sustainability of post-consumer plastic recycling strategies [38].

To effectively sort plastic wastes, different approaches are currently used. Amongst
them, the main strategies are based on source separation or post-separation. In source
separation processes, citizens are required to separate plastics from other wastes before
their collection, while in post-separation, wastes are separated after collection, mostly at
treatment and recovery centers. In Italy, the source separation approach is used, where
citizens separate plastic items from other classes of wastes. Then, the sorting of the
multicomponent plastic waste stream is performed in industrial sorting plants to obtain
homogeneous fractions constituted by the same types of polymers, each of them suitable
for mechanical recycling. With the currently available technologies, the main recovered
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fractions are those constituted by poly(ethylene terephthalate) (PET), polyethylene (PE),
polypropylene (PP) and polystyrene (PS) [39].

Moreover, one of the significant barriers preventing higher recycling rates is the vari-
ability of the properties of recycled plastic products, deriving from the variable properties
of the polymers constituting different items in the original plastic waste streams [40,41].

In this frame, it can be inferred that the prediction of the most suitable process con-
ditions to obtain the most performing product after recycling is not trivial. Nowadays,
digitalization supplies the growing need for viewable data to streamline the processes’
performances. Some research investigated how big data interpretation and artificial intelli-
gence (AI) can support industrial recycling to allow the realization of relatively high-quality
recycled materials [42–44]. Indeed, AI can be used to automate processes such as sorting
and waste management: AI algorithms have the potential to identify and sort different
recyclable polymers with excellent efficiency and accuracy, and AI-assisted recycling fa-
cilities could streamline manual labor and operations generally. Then, AI algorithms, by
analyzing data and patterns, and therefore, by predicting and planning the best methods
for the recycling of heterogeneous materials, can optimize recycling processes, reducing
waste. AI also has potential in the revolution of recycling infrastructure and logistics by
analyzing data on specific collection routes and recycling facility capacities in terms of the
optimization of the collection and transportation of recyclable materials. These algorithms
can be based on many different machine learning methods, including neural networks [45],
support vector machines (SVMs) [46] and k-nearest neighbor (kNN) [47]. Overall, AI
can potentially enhance all of the recycling system, reducing its costs and minimizing
its environmental impact [48]. However, as said, the boundary conditions may vary by
analyzing a specific social fabric; so, the analysis and the interpretation of further cases of
study have the potential to further increase the knowledge, helping to implement strategies
and structures, improving their functionality in optimizing recycling processes.

In this work, we performed a case study investigation that included the compositional
analysis of different batches of multi-material post-consumer plastic wastes collected in an
industrial sorting plant in Italy, the characterization of homogenous plastic fractions after
the industrial sorting process, and the evaluation of the processability and performances
of recycled compounds obtained from different plastic waste batches. Moreover, we
investigated the effectiveness of performance improvers in terms of the properties of the
recycled compounds. Finally, in view of facilitating the implementation of AI databases
to improve the efficiency of recycling processes of polymer wastes, we hypothesized a
classification method for the recycled compounds that is able to easily classify them in
terms of the processability and performance.

2. Materials and Methods
2.1. Analysis of Unsorted Plastic Waste

Three different batches of light multi-material plastic wastes were collected at the in-
dustrial sorting plant Lavorgna Igiene Urbana srl (San Lorenzello, BN, Italy) and character-
ized to evaluate the average composition of the unsorted materials. Before characterization,
the collected wastes were washed with deionized water for 1 h at 90 ◦C and allowed to
dry in environmental conditions (25 ◦C, 50% RH) for at least 2 days. Cross-contamination
amongst the samples was prevented by careful storage of each batch. Each batch was stored
in a different plastic container. The washing system was cleaned 3 times with deionized
water at the end of each washing process, before passing to the washing of the next batch.

Each collected item was weighted, then a small fragment was manually removed and
the material was characterized by Fourier-transform infrared (FTIR) spectroscopy and by
differential scanning calorimetry (DSC).

The FTIR spectra were recorded by means of a Spectrum 100 FTIR spectrometer
(PerkinElmer, Waltham, MA, USA) equipped with an attenuated total reflectance accessory
(ATR). The scanned wavenumber range was 4000–700 cm−1. All the spectra were recorded
in environmental conditions (25 ◦C, 50% RH) with a resolution of 4 cm−1, and 8 scans were
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averaged for each sample. The FTIR identification was performed by using the software
Perkin Elmer Spectrum 10 equipped with a proprietary FTIR polymer library database.

DSC analysis was performed on a TA-Q2000 system equipped with an RCS-90 cooling
unit (TA Instruments, New Castle, DE, USA). The instrument was calibrated in temperature
and energy with pure indium. About 5 mg of each sample were sealed into aluminum pans
and subjected to the following temperature program: heating from 25 to 200 ◦C; cooling
from 200 to 25 ◦C; and heating from 25 to 300 ◦C. The heating/cooling rate for all the runs
was fixed at 10 ◦C/min.

2.2. Analysis of Sorted Plastic Waste

Three different batches of light multi-material plastic wastes were sorted by composi-
tion in the semi-automatized sorting plant equipped with NIR detectors of the industrial
plant Lavorgna Igiene Urbana srl. The sorting was assisted by a visual inspection of the
plant operators. For this work, the PET, PP, PE and PS fractions were collected, washed with
deionized water for 1 h at 90 ◦C and dried in environmental conditions, as described above.
Then, the samples were ground at 25 ◦C and 50% RH with a lab-scale granulator Wanner
B08.10 (Wanner Technik GmbH, Wertheim-Reicholzheim, Germany) equipped with sieves
with holes of 4 × 4 mm. Selected fragments of the obtained granules were characterized
by FTIR spectroscopy using the same equipment and experimental conditions detailed in
Section 2.1 for the unsorted plastic waste fractions.

2.3. Melt Mixing and Compression Molding of Sorted PP, PS and PE Fractions

The sorted, washed and ground PP, PS and PE granules were processed by melt mixing
using a Brabender Plastograph (Brabender GmbH & Co, Duisburg, Germany) internal
mixer. The PP and PS fractions were processed at 190 ◦C for 10 min. The PE fractions
were processed at 160 ◦C for 10 min. For all the systems, the mixing speed was fixed at
60 rpm. After mixing, the processed samples were ground with the above-specified Wanner
granulator to obtain granules with a lateral size < 4 mm.

The granules were then used to produce sample plates (size 10 × 10 × 0.1 cm3 and
10 × 10 × 0.3 cm3) by compression molding using a hot platen press Collin P200 (Collin Lab
& Pilot Solutions GmbH, Maitenbeth, Germany). The compression molding temperature
was 200 ◦C for PP and PS, and 160 ◦C for the PE plates. The samples were compression
molded for 10 min, progressively increasing the pressure up to 100 bar. Then, the samples
were quickly cooled to room temperature by the water-cooling cassette system of the hot
platen press.

The obtained samples were used to perform the elemental analysis, to evaluate the
presence of inorganic contaminants. Moreover, the plates were used to evaluate the tensile
properties of the PE, PP and PS recycled samples and the flexural properties of the PP and
PS recycled samples. The PE samples were not tested in terms of the flexural configuration
due to their very low elastic modulus. The elemental analysis was performed by energy
dispersive X-ray spectroscopy (EDX). Samples removed from the plates were mounted on
aluminum stubs by means of bi-adhesive carbon disks and analyzed using a FEI Quanta
200 (FEI, Eindhoven, The Netherlands) scanning electron microscope (SEM) operating at
30 KV acceleration voltage, equipped with an Oxford Inca LN2 free EDX detector (Oxford
Instruments, Abingdon, UK). The analysis was performed on different areas of each sample,
and the average amount of each element, as well as its standard deviation, was calculated.

Concerning the evaluation of the processability of the sorted PP, PE and PS fractions,
the compounds obtained by melt mixing of the sorted fractions from the 3 different batches
were characterized by measuring the melt flow rate (MFR). The MFR (g/10 min) analysis
was performed on a Ceast MF20 tester (ITW Test and Measurement Italia S.r.l., Pianezza,
TO, Italy). The experimental conditions were as follows: 230 ◦C/2.16 kg for PP batches,
190 ◦C/2.16 kg for PE batches, and 200 ◦C/5 kg for PS batches.
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2.4. Mechanical Analysis

Tensile tests were performed on PP and PE at room temperature (25 ◦C) and 50% RH
on dumb-bell specimens (4 mm2 cross-section, 1 mm thickness, 25 mm gauge length) at a
cross-head speed of 10 mm/min by using a 5564 Instron mechanical testing instrument
(Instron, Norwood, MA, USA). The Young’s modulus, yield stress, strain at break values
and related standard deviation values were calculated as the average values over at least
5 tested samples.

Flexural tests were carried out on the PP and PS samples at room temperature (25 ◦C)
and 50% RH by using an Instron 4505 mechanical testing instrument (Instron, Norwood,
MA, USA). The test span was 48 mm and the cross-head speed was 2 mm/min. The flexural
modulus, flexural strength and strain at yield (for PP) and at break (PS) and the related
standard deviation values were calculated on un-notched samples (60 mm long, 10.0 mm
wide, 3.0 mm thick) over at least 5 tested samples.

The results were expressed as average values and the standard deviation values
were calculated.

2.5. Preparation of Compounds with Coupling Agents and Characterization

Compounds based on recycled PP and PE containing suitable compatibilizers or
coupling agents able to possibly promote better adhesion between the recycled polymer
phases and the contaminants present in the waste fractions were prepared. The following
materials were used as coupling agents:

- Commercial PP grafted with maleic anhydride (PPMA), trade name KA 805, con-
taining approximately 1 wt% of grafted meleic anhydride, kindly supplied by Basell
Polyolefins spa (Ferrara, Italy).

- Commercial PE grafted with maleic anhydride (PEMA), trade name Compoline
CO/LL, with a grafted maleic anhydride content of 1.4 wt%, kindly supplied by
Auser Polimeri srl (Lucca, Italy).

Recycled PP and PE, selected from batch 2 since it was the one with the higher
compositional variability, were, respectively, compounded with PPMA and PEMA with
the above specified Brabender Plastograph internal mixer, setting the same temperature
and mixing time used for the neat PP and PE, respectively. The PP/PPMA weight ratios
were 95/5 (PP2_5PPMA) and 90/10 (PP2_10PPMA). Similarly, the PE/PEMA weight ratios
were 95/5 (PE2_5PEMA) and 90/10 (PE2_10PEMA).

On these compounds, the MFR was measured as previously specified for the neat
recycled PP and PE. Furthermore, the compounds were compression molded, realizing
plates suitable for mechanical analysis. Tensile tests were carried out on both the PP/PPMA-
and PE/PEMA-based compounds using the same experimental conditions as specified for
the corresponding systems prepared without coupling agents.

3. Results and Discussion
3.1. Compositional Analysis of Unsorted Plastic Waste

A combined FTIR/DSC analysis was used to investigate the composition of the un-
sorted plastic waste collected at the industrial plant. The results are summarized in the
following Tables 1–3 for the three different batches analyzed.

Table 1. Results of the identification of the unsorted waste materials (batch 1).

Item # Description Weight
(g)

Tm or Tg *
(◦C)

Automatic FTIR Identification
(Matching %)

Combined DSC/FTIR
Identification

1.1 Detergent container 54.2 140 (Tm) PE (>98%) PE
1.2 Detergent container 38.4 143 (Tm) PE (>98%) PE
1.3 Detergent container 44.4 137 (Tm) PE (>98%) PE
1.4 Detergent container 32.4 139 (Tm) PE (>98%) PE
1.5 Shopper 2.6 108 (Tm) PE (>97%) PE



Polymers 2024, 16, 2898 6 of 19

Table 1. Cont.

Item # Description Weight
(g)

Tm or Tg *
(◦C)

Automatic FTIR Identification
(Matching %)

Combined DSC/FTIR
Identification

1.6 Packaging film 1.4 121 (Tm) PE (>98%) PE
1.7 Shopper 2.1 121 (Tm) PE (>98%) PE
1.8 Shopper 2.4 123 (Tm) PE (>98%) PE
1.9 Beverage bottle 40.2 247 (Tm) PET (>99%) PET

1.10 Beverage bottle 40.9 246 (Tm) PET (>99%) PET
1.11 Beverage bottle 40.1 246 (Tm) PET (>99%) PET
1.12 Beverage bottle 42.3 248 (Tm) PET (>99%) PET
1.13 Oil bottle 28.8 245 (Tm) PET (>99%) PET
1.14 Food tray 8.5 245 (Tm) PET (>98%) PET
1.15 Food tray 6.5 245 (Tm) PET (>98%) PET
1.16 Food tray 6.2 244 (Tm) PET (>98%) PET
1.17 Beverage bottle 20.8 246 (Tm) PET (>99%) PET
1.18 Beverage bottle 40.3 247 (Tm) PET (>99%) PET
1.19 Beverage bottle 41.8 248 (Tm) PET (>99%) PET
1.20 Beverage bottle 40.8 245 (Tm) PET (>99%) PET
1.21 Beverage bottle 40.2 247 (Tm) PET (>99%) PET
1.22 Beverage bottle 10.1 247 (Tm) PET (>99%) PET
1.23 Beverage bottle 10.6 246 (Tm) PET (>99%) PET
1.24 Beverage bottle 9.4 248 (Tm) PET (>99%) PET
1.25 Beverage bottle 40.1 248 (Tm) PET (>99%) PET
1.26 Beverage bottle 9.1 247 (Tm) PET (>99%) PET
1.27 Beverage bottle 10.4 246 (Tm) PET (>99%) PET
1.28 Beverage bottle 25.3 246 (Tm) PET (>99%) PET
1.29 Single-use plate 3.5 162 (Tm) PP (>98%) PP
1.30 Packaging film 1.4 160 (Tm) PP (>98%) PP
1.31 Food tray 6.4 159 (Tm) PP (>98%) PP
1.32 Packaging film 2.4 157 (Tm) PP (>98%) PP
1.33 Packaging film 1.6 158 (Tm) PP (>97%) PP
1.34 Shopper 3.1 160 (Tm) PP (>98%) PP
1.35 Single-use plate 3.4 161 (Tm) PP (>99%) PP
1.36 Plant container 12.5 99 (Tg) PS (>95%) PS
1.37 Packaging net 3.2 97 (Tg) PS (>98%) PS
1.38 Expanded packaging 9.4 101 (Tg) PS (>98%) PS
1.39 Packaging film 6.8 110 (Tg) PS (>97%) PS
1.40 Packaging item 6.2 96 (Tg) PS (>98%) PS

* Melting temperature (Tm), glass transition temperature (Tg).

Table 2. Results of the identification of the unsorted waste materials (batch 2).

Item # Description Weight
(g)

Tm or Tg *
(◦C)

Automatic FTIR Identification
(Matching %)

Combined DSC/FTIR
Identification

2.1 Detergent container 38.4 130 (Tm) PE (>97%) PE
2.2 Detergent container 28.7 141 (Tm) PE (>98%) PE
2.3 Detergent container 19.4 130 (Tm) PE (>99%) PE
2.4 Milk bottle 12.2 135 (Tm) PE (>99%) PE
2.5 Detergent container 18.2 139 (Tm) PE (>99%) PE
2.6 Packaging 6.2 120 (Tm) PE (>98%) PE
2.7 Shopper 6.2 120 (Tm) PE (>98%) PE
2.8 Flexible packaging 8.4 119 (Tm) PE (>95) PE
2.9 Shopper 4.2 125 (Tm) PE (>96%) PE

2.10 Flexible packaging 3.2 114 (Tm) PE (>99) PE
2.11 Flexible packaging 5.6 116 (Tm) PE (>97) PE

2.12 Food tray 6.2 123 (Tm)
150 (Tm) PE (>97%)/PP (>98) PE/PP

2.13 Flexible packaging 5.6 109 (Tm)
177 (Tm) PE (>98%)/PP (>98) PE/PP
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Table 2. Cont.

Item # Description Weight
(g)

Tm or Tg *
(◦C)

Automatic FTIR Identification
(Matching %)

Combined DSC/FTIR
Identification

2.14 Pot for plants 8.2 122 (Tm)
160 (Tm) PE (>97%)/PP (>96) PE/PP

2.15 Compact disk 14.8 249 (Tm) PC (>95%) PC
2.16 Toy 2.2 53 (Tm) PCL (>88%) PCL
2.17 Beverage bottle 30.4 249 (Tm) PET (>99%) PET
2.18 Beverage bottle 18.2 246 (Tm) PET (>98%) PET
2.19 Beverage bottle 28.2 251 (Tm) PET (>99%) PET
2.20 Beverage bottle 32.4 250 (Tm) PET (>99%) PET
2.21 Beverage bottle 29.3 251 (Tm) PET (>99%) PET
2.22 Beverage bottle 18.9 249 (Tm) PET (>98%) PET
2.23 Beverage bottle 10.2 253 (Tm) PET (>99%) PET
2.24 Beverage bottle 9.4 255 (Tm) PET (>99%) PET
2.25 Milk bottle 8.4 248 (Tm) PET (>99%) PET
2.26 Beverage bottle 28.7 244 (Tm) PET (>98%) PET
2.27 Beverage bottle 23.4 245 (Tm) PET (>99%) PET
2.28 Beverage bottle 10.3 255 (Tm) PET (>99%) PET
2.29 Case for liquids 9.1 165 (Tm) PP (>97%) PP
2.30 Packaging for fruit 12.4 162 (Tm) PP (>97%) PP
2.31 Food tray 10.5 163 (Tm) PP (>97%) PP
2.32 Flexible packaging 6.3 162 (Tm) PP (>99) PP
2.33 Single-use glass 2.1 155 (Tm) PP (>98%) PP
2.34 Container for liquids 6.2 163 (Tm) PP (>99%) PP

2.35 Flexible packaging 6.2 159 (Tm)
252 (Tm) PP (>97%)/PET (>98%) PP/PET

2.36 Expanded packaging 7.2 90 (Tg) PS (>97%) PS
2.37 Food tray 9.4 82 (Tg) PS (>98%) PS
2.38 Expanded packaging 4.2 85 (Tg) PS (>98%) PS
2.39 Expanded packaging 9.2 80 (Tg) PS (>98%) PS
2.40 Food tray 4.3 82 (Tg) PS (>97%) PS

* Melting temperature (Tm), glass transition temperature (Tg).

Table 3. Results of the identification of the unsorted waste materials (batch 3).

Item # Description Weight
(g)

Tm or Tg *
(◦C)

Automatic FTIR Identification
(Matching %)

Combined DSC/FTIR
Identification

3.1 Detergent container 14.1 139 (Tm) PE (>99%) PE

3.2 Detergent container 9.9 133 (Tm)
185 (Tm)

PE (>97%)/
PP (>92%) PE/PP

3.3 Flexible packaging 2.4 111 (Tm) PE (>98%) PE
3.4 Flexible packaging 4.2 110 (Tm) PE (>99%) PE
3.5 Flexible packaging 3.8 116 (Tm) PE (>99%) PE
3.6 Flexible packaging 4.5 114 (Tm) PE (>98%) PE
3.7 Packaging film 4.5 120 (Tm) PE (>99%) PE
3.8 Packaging film 3.8 107 (Tm) PE (>99%) PE
3.9 Soap container 9.1 137 (Tm) PE (>98%) PE

3.10 Packaging container 8.2 122 (Tm) PE (>98%) PE

3.11 Shopper 6.2 110 (Tm)
123 (Tm) PE (>94%) PE. PE

3.12 Flexible packaging 7.5
114 (Tm)
126 (Tm)
254 (Tm)

PE (>95%)/
PET (>98%) PE. PE. PET

3.13 Flexible packaging 6.7 101 (Tm)
153 (Tm)

PE (>98%)/
PP (>99%) PE. PP

3.14 Packaging net 2.4 117 (Tm)
162 (Tm)

PE (>97%)/
PP (>94%) PE. PP

3.15 Beverage bottle 29.4 245 (Tm) PET (>99%) PET
3.16 Beverage bottle 18.4 246 (Tm) PET (>98%) PET
3.17 Beverage bottle 42.3 249 (Tm) PET (>99%) PET
3.18 Beverage bottle 19.4 251 (Tm) PET (>98%) PET
3.19 Beverage bottle 32.3 253 (Tm) PET (>98%) PET
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Table 3. Cont.

Item # Description Weight
(g)

Tm or Tg *
(◦C)

Automatic FTIR Identification
(Matching %)

Combined DSC/FTIR
Identification

3.20 Beverage bottle 19.7 243 (Tm) PET (>99%) PET
3.21 Beverage bottle 12.1 240 (Tm) PET (>99%) PET
3.22 Milk bottle 9.4 244 (Tm) PET (>99%) PET
3.23 Beverage bottle 12.4 245 (Tm) PET (>99%) PET
3.24 Beverage bottle 11.3 249 (Tm) PET (>99%) PET
3.25 Single use gloves 12.2 254 (Tm) PET (>97%) PET
3.26 Beverage bottle 10.4 250 (Tm) PET (>99%) PET
3.27 Beverage bottle 27.7 250 (Tm) PET (>99%) PET
3.28 Beverage bottle 34.7 245 (Tm) PET (>98%) PET
3.29 Beverage bottle 12.9 248 (Tm) PET (>98%) PET
3.30 Beverage bottle 39.2 247 (Tm) PET (>98%) PET
3.31 Beverage bottle 29.6 246 (Tm) PET (>98%) PET
3.32 Food tray 4.8 155 (Tm) PP (>97%) PP
3.33 Office item 6.2 158 (Tm) PP (>99%) PP
3.34 Detergent container 28.2 164 (Tm) PP (>98%) PP
3.35 Shopper 3.2 160 (Tm) PP (>99%) PP
3.36 Container 8.2 161 (Tm) PP (>99%) PP
3.37 Toy 4.6 96 (Tg) PS (>99%) PS
3.38 Single-use plate 2.4 85 (Tg) PS (>97%) PS
3.39 Expanded packaging 7.2 87 (Tg) PS (>97%) PS
3.40 Packaging tray 4.3 86 (Tg) PS (>94%) PS

* Melting temperature (Tm), glass transition temperature (Tg).

As shown, the analysis of a total of 120 samples from three different batches of
unsorted multi-material waste allowed us to uniquely evaluate the composition of all the
samples. The results obtained for the different batches and the total items investigated are
summarized in Figure 1. As shown, for all the investigated batches, PET is the predominant
component, whose amount in the three different batches ranges from 55.8 to 71.3 wt%
(average value, shown in Figure 1D, over all the batches 65.5 wt%), followed by PE, with a
highly variable amount, ranging from 10.0 to 24.2 wt % (average value over all the batches
19.9 wt%), PP, with amounts ranging from 2.9 to 9.3 wt% (average value 6.2 wt%), and PS,
with amounts ranging from 3.4 to 5.5 wt% (average value 4.5 wt%). Waste items with a
mixed composition were also found, with the corresponding amounts ranging from 0 to
6.0 wt% (average value 3.1 wt%), while other materials constituted less than 1 wt% of the
total amount of wastes.
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3.2. Sorting and Analysis of Sorted Plastic Wastes

An industrial sorting of the multi-material wastes was performed on three different
batches in an industrial plant, as detailed in the experimental section. By the industrial
sorting process, for each batch, four different fractions were recovered: PET, PP, PE, and
PS. Then, each separated fraction was collected, washed with deionized water for 1 h at
90 ◦C, dried in environmental conditions, and ground with a lab-scale granulator, obtaining
granules with a lateral size < 4 mm.

For each batch and homogeneous fraction, 100 granules were randomly selected and
characterized by FTIR spectroscopy, identifying their composition by software matching
with a polymer FTIR database. The results are reported in Table 4. Thus, the FTIR char-
acterization confirmed the effectiveness of the sorting process, revealing the presence of
cellulose contaminants only for the PS fraction of batch 2 (PS2).

Table 4. Results of the identification of granules obtained by the grinding of the sorted plastic wastes.

Batch Fraction Identification Results by FTIR
(% of Analyzed Granules)

1 PET1 PET: 100%
2 PET2 PET: 100%
3 PET3 PET: 100%
1 PP1 PP: 100%
2 PP2 PP: 100%
3 PP3 PP: 100%
1 PE1 PE: 100%
2 PE2 PE: 100%
3 PE3 PE: 100%
1 PS1 PS: 100%
2 PS2 PS: 98%; cellulose: 2%
3 PS3 PS: 100%

3.3. Melt Mixing and Compression Molding of the PP, PE and PS Polymer Fractions

In order to evaluate the recyclability of the sorted plastic wastes, the sorted fractions
constituted by PP, PE and PS were processed by melt mixing, as detailed in the experimental
section. For this activity, the PET fractions were excluded because PET, as detailed in
Tables 1–3, mainly derives from drinking bottle, and thus can be considered a plastic
fraction suitable for a mechanical recycling process without significant problems due to its
inhomogeneous composition.

3.3.1. Elemental Analysis of PP, PE and PS Polymer Fractions

As detailed in the experimental section, compression molded plates were produced
and used to evaluate the presence of inorganic contaminants by EDX spectroscopy. The
results are reported in Table 5. As shown, EDX analysis revealed the presence of relatively
small amounts of inorganic materials, mainly constituted by elements such as titanium,
calcium, silicon and aluminum, often present in common fillers used in the formulation of
polymeric compounds. In a few cases, iron (PP2) and chlorine (PS3) were also detected in
low amounts, probably as a consequence of external impurities contaminating the materials
during the waste collection and transport, which the washing process was unable to remove.
In general, the results reported in Table 5 evidenced low amounts of inorganic contaminants
that reach values higher than 1 wt% only for calcium.

Although in the analyzed batches the amount of contaminants is very low, the iden-
tification and quantification of contaminants is a mandatory step before planning any
mechanical recycling process to exclude the presence of harmful and or toxic substances in
the recycled materials.
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Table 5. Results of the elemental analysis of the PP, PE and PS sorted fractions in different batches.

Batch Fraction
Elemental Composition (wt%)

C O Al Si Cl Ca Ti Fe

1 PP1 94.36 ± 0.15 4.76 ± 0.23 0.03 ± 0.02 0.13 ± 0.01 - 0.42 ± 0.07 0.33 ± 0.01 -
1 PE1 93.17 ± 0.38 6.13 ± 0.41 0.08 ± 0.02 0.08 ± 0.01 - 0.15 ± 0.01 0.41 ± 0.01 -
1 PS1 90.20 ± 0.22 7.20 ± 0.16 - 0.10 ± 0.03 - 0.98 ± 0.08 1.28 ± 0.14
2 PP2 92.01 ± 0.28 6.06 ± 0.11 0.11 ± 0.02 0.32 ± 0.01 - 1.05 ± 0.15 0.41 ± 0.02 0.07 ± 0.03
2 PE2 93.88 ± 0.32 5.14 ± 0.35 0.06 ± 0.03 0.07 ± 0.01 - 0.24 ± 0.01 0.63 ± 0.02 -
2 PS2 90.25 ± 0.45 7.57 ± 0.49 - 0.19 ± 0.08 - 1.15 ± 0.01 0.83 ± 0.03 -
3 PP3 94.72 ± 0.64 3.72 ± 0.42 0.06 ± 0.02 0.35 ± 0.01 - 0.79 ± 0.20 0.38 ± 0.01 -
3 PE3 93.20 ± 1.76 5.58 ± 1.82 0.11 ± 0.04 0.18 ± 0.05 - 0.81 ± 0.06 0.14 ± 0.01 -
3 PS3 90.60 ± 0.12 7.00 ± 0.36 - 0.09 ± 0.02 0.22 ± 0.04 0.92 ± 0.06 1.17 ± 0.11 -

3.3.2. Melt Flow Rate

Before compression molding, recycled compounds prepared by melt mixing and
grinding were analyzed by measuring their MFR. The results are reported in Table 6.

Table 6. Results of the MFR analysis of the PP, PE and PS sorted fractions from different batches.

Batch Fraction Test Conditions MFR (g/10 min)

1 PP1 230 ◦C/2.16 kg 31.36
2 PP2 230 ◦C/2.16 kg 20.61
3 PP3 230 ◦C/2.16 kg 15.41
1 PE1 190 ◦C/2.16 kg 0.96
2 PE2 190 ◦C/2.16 kg 0.78
3 PE3 190 ◦C/2.16 kg 1.79
1 PS1 200 ◦C/5 kg 6.34
2 PS2 200 ◦C/5 kg 8.35
3 PS3 200 ◦C/5 kg 6.46

The PP samples showed MFR values at 230 ◦C/2.16 kg ranging between about
31 g/10 min (batch 1) and 15 g/10 min (batch 3), with an average MFR value over the three
different batches of 22.5 ± 8.1 g/10. These values are compatible with the MFR values of
virgin PP products, although the variability recorded among the different batches suggests
some caution in the definition of the processing conditions for recycling.

In detail, the recorded MFR values for the recycled PP batches are compatible with
those of commercial virgin PP materials, such as the following:

- Sabic PP 48M40, MFR 15 g/10 min @ 230 ◦C/2.16 kg, injection-molding grade, used
for crates, boxes and rigid packaging.

- LyondellBasell Moplen HP483R, MFR 27 g/10 min @ 230 ◦C/2.16 kg, injection-
molding grade, used for caps and closures, furniture, and household articles.

- Borealis RF365MO, MFR 20 g/10 min @ 230 ◦C/2.16 kg, used for closures and thin
wall containers.

Similarly, the mixed PE samples show MFR values at 190 ◦C/2.16 kg ranging between
about 0.8 g/10 (batch 2) and 1.8 g/10 min (batch 3), with an average and standard deviation
MFR value over the three different batches of 1.2 ± 0.5 g/10. These MFR values are
compatible with those of some commercially available virgin PE, such as the following:

- Sabic LDPE 2801H0W, MFR 0.55 g/10 min @ 190 ◦C/2.16 kg, used for shrink films
and packaging films.

- LyondellBasell Lupolen 3020F, MFR 0.90 g/10 min @ 190 ◦C/2.16 kg, used for bags
and pouches, food packaging films, and lamination films.

- Dow DOWLEX 2049, MFR 1.0 g/10 min @ 190 ◦C/2.16 kg, used for food packaging.

Indeed, although some commercial grades of PE for injection molding have signifi-
cantly higher MFI values, the analyzed waste PE batches contain high amounts of end-of-life
packaging films, which are usually produced from PE grades with relatively low MFR.
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Finally, the mixed PS samples show MFR values at 200 ◦C/5 kg ranging between
about 6 g/10 min (batches 1 and 3) and 8 g/10 min (batch 2), with an average and standard
deviation MFR value over the three different batches of 7.0 ± 1.1 g/10. Also in this case, the
recorded MFR values of the recycled PS are compatible with those of virgin PS products,
such as the following:

- Ineos Styrolution PS-148G, MFR 6 g/10 min @ 200 ◦C/5 kg, general purpose polystyrene.
- Sabic PS 155 PS, MFR 7 g/10 min @ 200 ◦C/5 kg, general purpose polystyrene.

Thus, the overall analyses of the composition, the presence of inorganic contaminants
and the MFR of the PP, PE and PS sorted batches evidence the good processability of the
recycled products.

3.4. Mechanical Analysis of PE, PP and PS Compounds

As detailed in the experimental section, PP, PE and PS plates realized by compression
molding were analyzed to evaluate their mechanical properties. In particular, tensile tests
were performed on the PP, PE and PS samples, whereas flexural tests were performed on
the PP and PS samples. The results are reported in Table 7.

Table 7. Results of the mechanical analysis of the PP, PE and PS recycled samples.

Tensile Tests

Sample Young’s modulus
(MPa)

Stress at yield
(MPa)

Strain at break
(%)

PP1 855 ± 15 17.8 ± 1.8 5.8 ± 1.9
PP2 860 ± 25 17.1 ± 1.4 5.6 ± 0.9
PP3 780 ± 35 17.6 ± 1.8 5.9 ± 0.4

PP average over 3 batches 832 ± 45 17.5 ± 0.4 5.8 ± 0.2
PE1 585 ± 35 19.6 ± 0.6 770 ± 50
PE2 640 ± 45 19.4 ± 0.5 735 ± 80
PE3 595 ± 25 19.2 ± 0.1 680 ± 100

PE average over 3 batches 606 ± 30 19.4 ± 0.2 728 ± 45
PS1 1400 ± 120 20.2 ± 2.4 1.4 ± 0.2
PS2 1455 ± 100 21.1 ± 2.2 1.6 ± 0.1
PS3 1410 ± 65 20.8 ± 1.7 1.5 ± 0.2

PS average over 3 batches 1422 ± 21 20.7 ± 0.5 1.5 ± 0.1

Flexural tests

Sample Flexural modulus
(MPa)

Stress at
yield/break (MPa)

Strain at
yield/break (%)

PP1 530 ± 80 24.5 ± 3.1 * 8.1 ± 0.3 *
PP2 545 ± 60 25.5 ± 2.8 * 8.6 ± 0.2 *
PP3 525 ± 25 22.5 ± 1.2 * 8.9 ± 0.2 *

PP average over 3 batches 533 ± 10 24.1 ± 1.5 * 8.5 ± 0.4 *
PS1 1720 ± 110 27.1 ± 1.4 ** 3.3 ± 0.1 **
PS2 1650 ± 150 27.4 ± 1.8 ** 3.0 ± 0.4 **
PS3 1580 ± 70 28.8 ± 2.4 ** 2.9 ± 0.3 **

PS average over 3 batches 1650 ± 70 27.8 ± 0.9 ** 3.1 ± 0.2 **
* yield; ** break. Standard deviations on the PP, PE and PS average values are calculated on the three batches
average values, i.e., they are not dependent on the errors on the single batches measurements.

As illustrated in Table 7, irrespective of the analyzed batches, the PP samples show
good and highly reproducible Young’s modulus values, ranging from 780 to 860 MPa, and
tensile strength (17.1 to 17.8 MPa), with relatively low strain at break values, in all cases
close to 5%. Flexural analysis confirmed the good reproducibility of the properties in the
three investigated batches, with flexural modulus values in the 525–540 MPa range, stress
at yield between 22.5 and 25.5 MPa and strain at yield values between 8.1 and 8.9%.

Nevertheless, comparing the recorded properties with those of commercial virgin
PP homopolymer, we can note that both the modulus of the recycled PP batches and the
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tensile strength are significantly lower. For instance, the homopolymer PP mentioned in
the previous section (Sabic PP 48M40, LyondellBasell Moplen HP483R, Borealis RF365MO)
show a tensile modulus in the range of 1150–1400 MPa and a tensile yield strength in the
range of 26–32 MPa. The low mechanical parameters recorded on our recycled PP can
be compared with high-impact modified PP materials (e.g., SABIC PP 90910, elastomer
modified, with elastic modulus 850 MPa and yield strength 18 MPa), but without the
benefits induced by the modification.

Results with good reproducibility in the three investigate batches were also shown by
tensile tests of the PE fractions, with Young’s modulus values in the range of 585–640 MPa,
stress at yield between 19.2 and 19.6 MPa and strain at break close to 700%. The high
ductility of PE was thus preserved in the recycled materials, despite the presence of
inorganic additives and contaminants.

For the recycled PE, by comparing the recorded mechanical properties with those
shown by commercial virgin PE, we can note interesting similarities.

For instance, commercial LDPE materials such as the already mentioned Sabic LDPE
2801H0W, LyondellBasell Lupolen 3020F, and Dow DOWLEX 2049 show a tensile modulus
in the range of 300–340 MPa, a stress at yield in the range of 12–15 MPa, with an ultimate
elongation > 500%. Being a mixture of different low- and high-density PE grades, our recy-
cled PE shows a ductility similar to most commercial LDPE, with somewhat higher stiffness
and strength. The mechanical response is close to that of (partly) recycled commercial PE
such as Versalis Revive COM70HF1 (70% recycled content, elastic modulus 650 MPa, yield
strength not declared), or LyondellBasell CirculenRecover HD45U06 (40% recycled content,
elastic modulus 850 MPa, yield strength 24 MPa).

Interesting results were also obtained on the PS fractions, also showing low variability
in the properties of the three analyzed batches. Indeed, tensile tests revealed a Young’s
modulus between 1400 and 1455 MPa, a tensile strength between 20.2 and 21.1 MPa and
strain at break values close to 1.5% due to the brittle nature of the polymer. Similar results
were obtained by flexural tests of PS, with a flexural modulus value close to 1650 MPa for
all the PS1, PS2 and PS3 batches, flexural strength between 27.1 and 28.8 MPa and strain at
break values close to 3%.

For the recycled PS, by comparing the recorded mechanical properties with those
shown by a commercial virgin PS, we can note that both the flexural modulus of the
recycled PS batches and the flexural strength are significantly lower. For instance, the PS
homopolymer PS 155 (Sabic) shows a flexural strength of 66 MPa and a flexural modulus of
about 3600 MPa. Also, in this case, the properties of the recycled PS are better compared to
the modified PS grades, like the high impact Ineos Styrolution PS 476L, flexural modulus
of 1950 MPa, and flexural strength of 40 MPa.

In general, the variability of the mechanical properties of the same recycled polymers
over different batches of sorted wastes was very low, with deviations in all cases similar or
lower than those recorded amongst samples belonging to the same batch. For the PP and
PS recycled materials, the recorded mechanical properties are significantly lower than those
expected for a virgin homopolymer. This finding is not new in comparison to the available
literature data. In general, the properties of recycled polyolefin blends are much worse
than those of virgin polymers [49] and different approaches based on the additivation of
sorted plastic fractions with virgin fractions [50,51], the implementation of close recycled
loops to prevent contamination [52] or the use of performance improvers [53] are needed
to obtain recycled compounds with properties more similar to those of virgin materials.

Therefore, the results confirmed that the recycling of PP, PE and PS polymer fractions
is able to produce recycled compounds with highly reproducible properties, which are
then suitable for the production of recycled compounds, although effective strategies to
improve the properties of recycled compounds must be considered, such as mixing them
with virgin polymer fractions to improve their properties and making them suitable for
products with good commercial value.
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3.5. Property Improvement of Recycled PP and PE Fractions

In order to evaluate the possibility of further improving the mechanical properties of
PP and PE recycled materials, sorted and grinded granules were additivated with coupling
agents in order to possibly promote better adhesion between the recycled polymer phases
and the contaminants present in the waste fractions.

For this reason, PPMA and PEMA were, respectively, added to the PP and the PE
granules of the second batch at 5 and 10 wt% loading (with respect to the amount of
PP and PE, respectively). The obtained samples were coded PP2_5PPMA, PP2_10PPMA,
PE2_5PEMA and PE2_10PEMA.

First, MFR tests were performed on the compounds containing the selected cou-
pling agents.

For PP, by the addition of PPMA, the MFR (230 ◦C/2.16 kg) only slightly increased,
from 20.61 g/10 min (PP2) to 21.12 g/10 min at 5 wt% PPMA content (PP2_5PPMA) and to
21.54 g/10 min at 10 wt% PPMA content (PP2_10PPMA). A negligible increase in the MFR
(190 ◦C/2.16 kg) was instead recorded for PE, whose MFR changed from 0.78 g/10 min
(PE2) to 0.84 at 5 wt% PEMA content (PE2_5PEMA) and to 0.81 g/10 min at 10 wt% PEMA
loading (PE2_10PEMA).

The melt-mixed and compression-molded samples were then analyzed by tensile tests.
The results are reported in Table 8, where the tensile properties of PP2 and PE2 are also
repeated from Table 7 for comparison. As shown, the addition of 5 wt% of PPMA to the
recycled PP compound mainly induced an appreciable increase in the tensile strength,
which passed from 17.1 MPa for PP2 to 21.6 MPa for PP2_5PPMA. The addition of 5 wt%
of PPMA also increased the strain at break of the PP, while it had a non-appreciable effect
on the Young’s modulus. Further addition of PPMA (10 wt% for the sample PP2_10PPMA)
did not induce a further improvement of the mechanical properties of the recycled PP,
confirming that, due to the low amount of impurities, 5 wt% is the optimal amount to
promote an improvement of the mechanical properties of the recycled PP fraction.

Table 8. Results of the mechanical analysis of the PP and PE recycled samples containing coupling
agents.

Tensile Tests

Sample Young’s Modulus
(MPa)

Stress at Yield
(MPa)

Strain at Break
(%)

PP2_5PPMA 855 ± 45 21.6 ± 0.7 8.5 ± 1.6
PP2_10PPMA 790 ± 45 21.1 ± 1.0 8.7 ± 1.8

PP2 860 ± 25 17.1 ± 1.4 5.6 ± 0.9
PE2_5PEMA 660 ± 45 21.0 ± 0.4 635 ± 105

PE2_10PEMA 650 ± 30 19.3 ± 0.8 570 ± 40
PE2 640 ± 45 19.4 ± 0.5 735 ± 80

Concerning the PE fraction, instead, it is to be noted that only at 5 wt% of PEMA
loading was a slight increase of the tensile strength of the PE2 recorded (from 19.4 to
21.0 MPa), while the Young’s modulus and the strain at break were unaffected by the PEMA
addition. Also, for PE, the addition of 10 wt% of PEMA did not induce an appreciable
improvement of the tensile properties of the recycled fraction.

Therefore, in order to promote an improvement of the properties of the recycled PP
and PE fractions, a strategy based on the addition of low amounts of maleated PP or PE
(up to 5 wt%) able to improve the adhesion between the recycled polymer phase and the
inorganic contaminants can be applied. Nevertheless, when the amount of contaminants
is low, such as in the present case study, the use of maleated agents does not induce
dramatic improvements of the properties and thus a decision about their addition must
be taken after performing a detailed cost–benefit and environmental impact analysis.
Nevertheless, it must be underlined that previous studies have evidenced that whereas
the use of performance improvers significantly affects the economic impact of a recycling
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process, in mechanical recycling, compatibilizers and other additives added at the step of
compounding or re-extrusion do not have any significant impact on the overall LCA of the
recycling process [54,55].

3.6. Classification of Sorted Polymers

The creation of a database, potentially exploitable with the help of AI, containing
specific information regarding the processes involving the recycling of a polymer can be
an effective way to efficiently predict the performances of recycled materials. With this
aim, compounding industries would benefit from a comprehensive classification method
for sorted and compounded recycled fractions that is able to quickly evidence the main
properties of the recycled compounds.

On the basis of the tests carried out and the results previously discussed, a classification
system was designed based on the MFR, the Young’s modulus and the tensile strength of
PP and PE, and on the flexural modulus and the flexural strength of PS. In addition, for the
PE fraction, a final code will define the elongation at break.

In particular, based on the analysis of virgin and recycled materials, the classes of
materials specified in Table 9 were hypothesized for PP, PE and PS. For each property,
a progressive subcode was defined, with a number that progressively increases with
increasing the specified property.

Table 9. Classification ranges and subcodes for each specific property for PP, PE and PS.

PP

MFR @
230 ◦C/2.16 kg

(g/10 min)

Sub
code

Young’s modulus @
10 mm/min

(MPa)

Sub
code

Stress at yield @
10 mm/min

(MPa)

Sub
code

<5 R0 <500 M0 <10 S0
5–10 R1 500–875 M1 10–15 S1

10–20 R2 875–1250 M2 15–20 S2
20–30 R3 1250–1625 M3 20–25 S3
30–40 R4 1625–2000 M4 25–30 S4
>40 R5 >2000 M5 >30 S5

PE

MFR
190 ◦C/2.16 kg

(g/10 min)

Sub
code

Young’s modulus @
10 mm/min

(MPa)

Sub
code

Stress at yield
@ 10 mm/min

(MPa)

Sub
code

Strain at break @
10 mm/min

(%)

Sub
code

<0.3 R0 <400 M0 <15.0 S0 <100 E0
0.3–0.8 R1 400–600 M1 15.0–17.5 S1 100–300 E1
0.8–1.3 R2 600–800 M2 17.5–20.0 S2 300–500 E2
1.3–1.8 R3 800–1000 M3 20.0–22.5 S3 500–700 E3
1.8–2.3 R4 1000–1200 M4 22.5–25.0 S4 700–900 E4

>2.3 R5 >1200 M5 >25 S5 >900 E5

PS

MFR
200 ◦C/5 kg
(g/10 min)

Subcode
Flexural modulus @

2 mm/min
(MPa)

Subcode
Stress at break @

2 mm/min
(MPa)

Subcode

<4 R0 <1000 M0 <20.0 S0
4–6 R1 1000–1400 M1 20.0–23.0 S1
6–8 R2 1400–1800 M2 23.0–26.0 S2
8–10 R3 1800–2200 M3 26.0–29.0 S3

10–12 R4 2200–2600 M4 29.0–32.0 S4
>12 R5 >2600 M5 >32 S5

For instance, considering the example of PP, the subcodes for the MFR are R0, R1,
R2, R3, R4 and R5 for MRF values that progressively increase from values < 5 to val-
ues > 40 g/10 min in standard measuring conditions suitable for testing PP compounds.
Similarly, for the Young’s modulus, the subcodes vary from M0 to M5 for Young’s mod-
ulus values increasing from <500 MPa to values > 2000 MPa. The same approach (see
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Table 9) was used for the tensile strength, with subcodes S0–S5 for materials showing
tensile strength values increasing from values < 10 MPa to values > 30 MPa. The same
approach was used for the PS compounds, as detailed in Table 9, considering for PS the
MFR values and flexural modulus and strength. For PE, a further subcode (E0–E5) was
hypothesized, which takes into account the elongation at break, a very relevant parameter
for this ductile polymer. Although the elongation at break is very relevant for PP, too, in the
case of recycled PP fractions, they always contain relevant amounts of inorganic additives
and pigments, such as calcium carbonate, talc, and titanium dioxide, and these substances
strongly affect the elongation at break of recycled PP compounds. Indeed, in our case, the
elongation at break of the recycled PP compounds obtained from different batches never
overcame 5.9% (see Table 7), and also for recycled compounds containing coupling agents,
the maximum strain at break recorded was 8.7% (Table 8). For the limited range of strain at
break values that can be obtained for the recycled PP batches, we excluded this parameter
from those identified to design a classification method for recycled polymers.

Therefore, for each PP or PS fraction, a compound will be characterized with a classifi-
cation code:

Polymer_Rx_My_Sz, where:
Polymer indicates the type of polymer (PP or PS);
Rx, where x is an integer number from 0 to 5, which indicates the MFR range under

the typical experimental conditions, respectively, used for PP or PS specified in Table 9;
My, where y is an integer number from 0 to 5, which indicates the range of Young’s

modulus values for PP or the range of flexural modulus values for PS specified in Table 9;
Sz, where z is an integer number from 0 to 5, which indicates the range of tensile stress

at yield for PP or flexural stress at break for PS specified in Table 9.
For PE, instead, a compound will be characterized by the following classification code:
PE_Rx_My_Sz_Ew, where:
Rx, My and Sz are the same subcodes used for PP, with the range properly defined on

the basis of typical properties of PE, as specified in Table 9;
Ew, where w is an integer number from 0 to 5, which indicates the elongation at break

range of PE during tensile tests, as also detailed in Table 9.
In addition to the previous subcodes Rx, My, Sz and Ew, a further subcode can be

used, C%, to indicate the addition of a performance improver, such as a coupling agent,
with the % value indicating the wt% amount of this agent in the compound.

Thus, for PP and PS, the classification codes would become:
Polymer(C%)_Rx_My_Sz
And for PE:
PE(C%)_Rx_My_Sz_Ew
Thus, considering the recycled compounds reported in the previous sections and the

results obtained by their MFR and mechanical characterization, each compound can be
classified as reported in Table 10.

Table 10. Classification of the recycled compounds.

Batch Sample Classification Code

1 PP1 PP_R4_M1_S2
1 PE1 PE_R2_M1_S2_E4
1 PS1 PS_R2_M2_S3
2 PP2 PP_R3_M1_S2
2 PP2_5PPMA PP(C5)_R3_M1_S3
2 PP2_10PPMA PP(C10)_R3_M1_S3
2 PE2 PE_R1_M2_S2_E4
2 PE2_5PEMA PE(C5)_R2_M2_S3_E3
2 PE2_10PEMA PE(C10)_R2_M2_S2_E3
2 PS2 PS_R3_M2_S3
3 PP3 PP_R2_M1_S2
3 PE3 PE_R3_M1_S2_E3
3 PS3_MIX PS_R2_M2_S3
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As shown in Table 10, an overlap between the subcodes related to the MFI and
mechanical properties can be observed for certain grades of recycled PP and recycled
PE, but this does not affect the validity of the classification, as the first subcode for each
material clearly reports the type of polymer. Thus, the proposed classification system is
able to clearly show salient data in the code to quickly visualize the processability and
the main mechanical properties of the recycled samples, including the eventual amount of
performance improvers.

4. Conclusions

In this work, we report the results obtained by a case study investigation of different
batches of multi-material post-consume plastic wastes collected in an industrial sorting
plant in Italy. The batches were characterized by compositional analysis of homogenous
plastic fractions collected through industrial sorting, evaluation of their processability
through MFR measurements and assessment of the performances of recycled compounds
obtained from the different batches.

The sorting allowed us to obtain PP, PE and PS fractions. The accuracy of the sort-
ing was proved through combined spectrometric and calorimetric analysis, revealing the
presence of very small amounts of polymeric contaminants in each sorted fraction. The
sorted fractions were then ground and processed by melt mixing. The MFR of the recycled
compounds revealed low variability amongst different batches of each sorted fraction and
MFR values comparable to those of commercial virgin analogous polymers. The recycled
compounds were then processed into plates by compression molding and mechanically
characterized by tensile and flexural tests. The results showed that the recycled PP and PS
compounds have mechanical properties appreciably lower than those shown by commer-
cial virgin analogous, while the recycled PE fraction shows satisfactory modulus, tensile
strength and ductility in comparison to virgin PE.

Moreover, we investigated the effectiveness of performance improvers in terms of
the properties of the recycled PP and PE compounds, realized by additivation during the
reprocessing of the recycled waste fraction with maleated PP and PE coupling agents,
respectively. The use of the coupling agent induced an improvement of the tensile strength
and elongation at break of PP, whereas it had only a slight effect on the recycled PE
batches, demonstrating that the effectiveness of performance improvers depends on the
composition and contamination level and a decision about their use needs a detailed
cost–benefit analysis.

Overall, the results demonstrate that by mechanical recycling of different batches
coming from the same collection and sorting plant, recycled products with low variability
in terms of the processability and mechanical properties can be obtained. Recycled PE
compounds have also good performances, while recycled PP and PS compounds have
mechanical properties appreciably lower than those shown by commercial virgin analogous.

Moreover, when the amount of contaminants in the sorted plastic fractions is low,
such as in the present case study, the use of maleated agents does not induce dramatic
improvements of the properties and thus a decision about their addition must be taken
after performing a detailed cost–benefit and environmental impact analysis.

Finally, a classification system for the recycled products has been created based on
the MFR and mechanical results obtained by the characterization of the recycled com-
pounds, with the aim of building a database for AI systems, paving the way to predict the
characteristics of recycled polymers obtained from urban solid waste.

All these findings are of great interest in defining effective industrial mechanical
recycling strategies for multi-material plastic wastes. Nevertheless, the results obtained
by the reprocessing and characterization of recycled fractions as well as the application
of the proposed classification method should be validated on a large number of sorted
and recycled waste batches, also coming from plants located in different geographic areas,
possibly extending the study to the analysis of the effect of the sorting efficiency and the
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presence of contaminants in the sorted plastic fractions on the economic and environmental
impacts of the mechanical recycling processes.
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