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Project summary 

At STOPP, we're pioneering a transformative initiative to revolutionize the way 
we approach food packaging by working with all the stakeholders in the value 
chain to promote the "5 Rs": Refuse, Reduce, Redesign, Reuse, and Recycle  

Our main aim is to drastically reduce the environmental impact caused by 
plastic waste in food packaging, aligning closely with the EU's Packaging and 
Packaging Waste Directive. Our collaborative efforts encompass every facet 
of the food packaging value chain.  

We're set on creating circular strategies that not only appeal to plastic 
production and processing but also drive awareness through a multi-actor 
network. Our strategic actions include analysing plastic waste impact, 
monitoring current usage, designing sustainable business models, boosting 
recycling efforts, and understanding consumer attitudes through an in-depth 
study. 
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Executive summary 

Improving plastic waste collection and sorting is a critical step towards 
increasing recycling rates and enabling the production of high-quality 
recycled plastics suitable for high-quality applications. Differences in 
collection systems, sorting practices, and feedstock composition across 
Member States can significantly influence the quality and performance of 
recyclates, with direct implications for material recoverability, consistency, 
and downstream use. 

Deliverable D5.2 of the STOPP project investigates how different plastic 
packaging collection systems affect the quality of recycled rigid 
polypropylene (PP). The study focuses on home-separated (HS) and post-
home-separated (PHS) collection schemes, using feedstock sourced from 
selected regions in Finland and Germany. Through controlled laboratory-scale 
simulations of mechanical recycling processes, followed by comprehensive 
material characterisation, the report assesses the impact of collection and 
sorting on recyclate purity, thermal behaviour, melt flow properties, and 
mechanical performance. 

The results show that rigid PP feedstock obtained from both HS and PHS 
systems across all regions is predominantly composed of PP copolymers and 
can be successfully mechanically recycled. However, clear differences 
emerge in terms of material consistency and purity. Home-separated 
collection systems, particularly in Finland, consistently yield recyclates with 
lower variability, more stable melt flow behaviour, and higher material purity 
compared to post-home separated systems. In contrast, comingled collection 
systems (mixed plastic packaging streams) exhibit a higher risk of cross-
contamination, notably from flexible packaging materials such as 
polyethylene, which can affect recyclate properties and processability. 

A semi quantitative analysis of Non-Intentionally Added Substances (NIAS) 
shows that collection systems can affect on the chemical contamination of 
recycled rigid PP. More precisely, post-home separated (PHS) streams tend to 
show higher level of residue related compounds while home-separated 
streams (HS) decrease the transfer of NIAS in general. The significant 
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variability within both systems emphasizes the role of input composition, 
consumer behaviour as well as local waste handling practices. 

Despite these differences, the mechanical and thermal properties of all 
recycled PP samples remain within ranges suitable for common processing 
applications such as injection moulding and compounding. This 
demonstrates that, with appropriate sorting and processing, post-consumer 
rigid PP packaging can deliver technically viable recyclates. Nevertheless, the 
findings underline the importance of polymer-specific and separate 
collection systems in achieving higher quality and more predictable recycled 
materials. 

Overall, this deliverable provides evidence-based insights into the influence of 
collection and sorting practices on recycling outcomes. The results support 
the development of best practices for waste collection systems that can 
enhance recycling efficiency, improve recycled material quality, and 
strengthen the role of recycled plastics within a circular economy for food and 
consumer packaging.  
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Acronyms and abbreviations 

DSC Differential Scanning Calorimetry 
EC European Commission 

EPR Extended producer responsibility, EU Policy 
FTIR Fourier Transform Infrared Spectroscopy 
GE Germany 

HDPE High-density Polyethylene 
HS Home-separated plastic food packaging feedstock 

HSY Helsingin seudun ympäristöpalvelut (waste management) 
LDPE Low-density Polyethylene 
MFR Melt Flow Rate index for polymers 
NIC National Institute of Chemistry, Slovenia 
PE Polyethylene 

PHS Post-home-separated plastic food packaging feedstock 
PJH Pirkanmaan Jätehuolto Ltd (waste management) 
PP Polypropylene 

PRE Plastics Recycling Europe 
RE REMONDIS Sustainable Services GmbH (waste management) 

TGA Thermogravimetric analysis 
VTT Technical Research Centre of Finland Ltd 
WP Work Package 
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1. Introduction 

Achieving high-quality plastic recycling is a prerequisite for meeting the 
European Union’s circular economy objectives, particularly in the context of 
plastic packaging from the food system. While separate collection and 
improved sorting are widely recognised as key enablers of recycling 
performance, significant differences persist across Member States in terms of 
collection systems, material quality, and resulting recyclate properties. These 
variations directly affect the capacity to produce recycled plastics that meet 
technical and application-specific requirements.  

Within this context, Work Package 5 of the STOPP project focuses on increasing 
plastic recycling and enabling the safe use of recycled materials by improving 
upstream stages of the recycling value chain. Deliverable D5.2 – Improving 
plastic waste collection and sorting builds on the experimental work carried 
out under Task 5.1 and aims to assess how different collection systems 
influence the quality and performance of recycled plastic materials. The study 
focuses on rigid polypropylene (PP) packaging waste collected through 
home-separated (HS) and post-home-separated (PHS) systems across 
selected regions in Finland and Germany. This work is even more important, 
taking into consideration the Packaging and Packaging Waste regulation 
(PPWR), aiming at publishing a report on Harmonised Sorting Labels to 
increase the collected plastic waste.  

This report combines controlled laboratory-scale recycling simulations with 
detailed material characterisation to compare feedstock purity, thermal 
behaviour, melt flow properties, and mechanical performance of recycled PP 
originating from different collection schemes. By providing evidence-based 
insights into the impact of collection and sorting practices on recyclate 
quality, this deliverable supports informed decision-making for policymakers, 
waste management authorities, and industry stakeholders. The findings 
contribute to identifying best practices for collection and sorting systems that 
can enhance recycling efficiency, material quality, and ultimately the circular 
use of plastics in packaging applications. 
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2. Methodology 

As a core part of task 5.1, the sorting and recycling experiments are designed 
to explore how collection systems influence the quality of plastic recyclates. 
The objective is to determine which collection methods enable the highest 
purity and yield of target materials during the mechanical recycling phase. 
This involves experiments with plastics packaging waste as input feedstock, 
coming from project partners and their national sorting centers, which then 
would undergo a ‘simulation’ of the mechanical recycling process (i.e., 
laboratory-scale mechanical recycling processing), whose output (i.e., 
plastics pellets) would then be analysed to assess their technical quality and 
level of contamination. Specifically, the evaluation of the differences and 
efficiency of the two main plastic packaging collection systems namely 
home-separated (HS) and post-home-separated (PHS) for the PP rigid waste 
stream is being carried out. The comparison of the feedstock from the two 
different collection types will be carried out at two levels: at the regional level, 
by comparing results of input materials coming from 2 different Finnish 
regions (to evaluate/assess possible regional differences within the same 
country), and then, on country level, where results for the material from Finland 
will be compared to the ones from Germany.  
This feedstock represents the input material to the ‘simulation’ of the recycling 
line and as such, is being processed to finally be compared by carrying out 
different analyses. The assessment of the recyclates’ quality will involve 
technical performance (MFR & mechanical tests) and contamination 
analyses (NIAS).  More details can be found in the next section.  

The feedstock pretreatment and processing steps are presented in Figure 1. 
These processing steps will be followed in the exact same manner for both 
home-separated (HS) and post-home-separated (PHS) collection types (and 
for both regions) so that an effective comparison can be ensured. As such, it 
is deemed critical for the study that the same unwashed bales (input) enter 
the processing line and are ground and washed in such a line. This processing 
will be carried out in a timely manner, meaning home-separated material 1 
from region 1 and post-home-separated material 2 from region 1 shall be 
processed in a similar time frame (e.g., one week after the other).   
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Figure 1. Overview of feedstcok pretreatment and mechanical recycling steps. 

 

2.1. Feedstock materials 

Rigid Polypropylene (PP) waste was selected as feedstock and collected from 
different regions in Finland and Germany directly at the sorting centres, from 
home-separated (HS) and post-home-separated (PHS) collection types. A 
detailed split of the input materials is given below in Figure 2. The collected 
rigid PP feedstock was comprised of food packaging and other post-
consumer packaging. 

 

Figure 2. Flowchart of collected rigid PP waste per two collection systems at regional and country level. 

Table 1: List of samples 

Feedstock name Region Separation 
PP-PJH-HS Finland / PJH home separated 

PP-PJH-PHS Finland / PJH post-home separated 
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PP-HSY-HS Finland / HSY home separated 
PP-HSY-PHS Finland / HSY post-home separated 
PP-HS-GE-A Germany / Remondis home separated 

 

2.1.1. Collection and sorting 

Helsinki Region Environmental Services Authority (HSY) is Finland’s largest 
public environmental services provider, delivering municipal water and waste 
management services to approximately 1.3 million residents in the Helsinki 
metropolitan area.  

In the Helsinki Region Environmental Services (HSY) and Pirkanmaan 
Jätehuolto (PJH) Oy area, plastic packaging waste is collected separately on 
a property-specific basis. HSY provides the collection containers and 
organises transport for all properties that fall under the mandatory separate 
collection requirements. The system is based on the extended producer 
responsibility (EPR) for packaging waste: the producer responsibility 
organisation oversees the recycling of packaging waste, while HSY is 
responsible for the practical implementation of household waste 
management within its service area.  

The separate collection of plastic waste became mandatory in 2019 for 
residential buildings with at least ten dwellings. In 2021, the requirement was 
extended to include properties with a minimum of five dwellings. Smaller 
properties may also participate in the system voluntarily. 

For the study in HSY area, plastic materials were sourced from households 
both separately collected plastic packaging waste and mixed municipal 
waste. Loads were randomly selected from HSY’s regular plastic waste 
collection. These loads consisted primarily of household plastic packaging, 
with small additional quantities originating from service-sector premises such 
as schools and daycare centres. In addition, samples were taken from mixed 
waste loads, from which plastic packaging fractions were manually separated 
for further analysis.  

Upon arrival at the sorting site, each load was emptied and spread out on the 
floor (at HSY industrial hall) as in Figure 3, after which the sorting personnel 
collected two composite samples per load—one taken from the beginning and 
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one from the end of the load. Each composite sample was assembled evenly 
from multiple sections of the spread-out load to improve representativeness.  
 

 

Figure 3. Home-separated plastic waste load delivered to HSY, spreaded on industrial hall for further 
sampling and sorting. 

In total, six samples of 100 kg each (600 kg in total) were collected as shown in 
Figure 4 and subsequently manually sorted into predefined fractions (rigid 
plastic packaging, film plastic packaging, other rigid plastics, other film 
plastics, and non‑plastic materials), as in Figure 5. 
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Figure 4. HSY 100kg samples of separately collected (home-separated) plastic material ready to be 
sorted by hand. 

 

 

Figure 5.  Manual sorting of HSY home-separated plastic feedstock into rigid plastic packaging, film 
plastic packaging, other rigid plastics, other film plastics, and non-plastic materials. 
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The post-home-separated rigid plastic packaging was manually sorted from 
mixed municipal waste. The delivered mixed-waste samples were spread for 
handling, where large items were removed and weighed separately. 
Subsamples were shovelled into 660 litre containers for hand sorting into 
multiple material fractions as in Figure 6, enabling the isolation of plastic 
packaging for further analysis. For the subsequent research stages, samples 
were categorised into hard plastic packaging and film-based plastic 
packaging. 

For all Finnish feedstock, the manual plastic identification and sorting was 
realised by using plastic resin identification code (5 for PP) and a handheld 
Near-Infrared Spectroscopy (NIR) sensor (Pal One model, trinamiX GmbH, 
Ludwigshafen, Germany). 

 

 

Figure 6. Manual sorting of mixed waste at HSY into multiple material fractions, including plastic food 
packaging for the STOPP project. 

REMONDIS Recycling GmbH & Co. KG is one of the leading companies in the 
field of circular economy and raw materials management in Germany and is 
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part of the internationally operating REMONDIS Group. The company makes a 
key contribution to the collection, treatment, and recycling of recyclable 
materials, supporting municipalities, industry, and commercial sectors in the 
sustainable use of resources and the efficient management of waste streams. 

Within its operational scope, REMONDIS Recycling is responsible for the 
collection of plastic packaging waste as part of a comprehensive collection 
system. The company provides suitable collection containers and organises 
the collection as well as the transport of the gathered materials to sorting and 
treatment facilities. 

REMONDIS Recycling is responsible for the operational implementation of 
separate waste collection and works in close cooperation with municipalities 
and waste management associations. Through continuous optimisation of 
collection and recycling systems, the company contributes to increasing 
recycling rates and returning secondary raw materials into the economic 
cycle. 

For the purpose of the study within the catchment area, the plastic fractions 
were exclusively sourced from private households. Both separately collected 
plastic packaging and materials from mixed municipal solid waste were 
included. The collection loads originated from regular waste management 
operations and were selected randomly. The majority of the collected plastics 
consisted of typical household packaging waste. 

Upon arrival at the sorting facility, incoming bales were first subjected to 
random sampling analyses conducted by quality assurance. If the materials 
met the specified requirements, the loads were unloaded and fed into the 
input system of the sorting plant. 

Within the system, the bales were opened and metallic components were 
separated. The material then passed through several sorting stages, 
beginning with a vibrating screen and an air classifier. Subsequently, it was 
conveyed via belt systems through ten near-infrared (NIR) sorting units, where 
separation was performed based on color and polymer type.  

Finally, the sorted material was recompressed into bales , as in Figure 7, and 
transported to the respective facility for further processing. 
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Figure 7.  Sorted and compressed PP bales by Remondis. 

 

2.1.2. Grinding  
At REMONDIS, the incoming material was delivered in the form of compressed 
bales. These bales were first opened to release the contained material, which 
was subsequently subjected to a preliminary shredding process, as shown in 
Figure 8. Following this size reduction step, metallic components were 
removed using appropriate separation technologies. The pre-treated 
material was then processed using near-infrared (NIR) sorting. After NIR 
sorting, the material underwent a sink-float separation process. Subsequently, 
the material was processed in a wet cutting mill, ground to a target particle 
size of approximately 12–15 mm. 
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Figure 8. . Size reduction of PP bales with an industrial shredder at Remondis. 

At VTT, the Finnish materials came in bags, uncompressed, from hand-
separation realised by PJH, HSY and manual NIR sorting of PP in collaboration 
with VTT. Grinding was performed in dry conditions with a cutting grinder 
having an 8 mm screen size for particles. Some pieces were pre-cut with 
scissors to fit the opening of the grinder. 

 

Figure 9. Pilot-scale grinding setup at VTT, used for size reduction.  
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2.1.3. Washing and elutriation 
For the German material, after wet grinding, the material passed through a 
cold washing stage. During this process, a defoaming agent was added, while 
no external heating was applied. Any temperature variation arise solely from 
frictional effects. 

For the Finnish material, the washing process involved a separation of the 
sinking fraction from ground flakes (see Figure 10) and a 10-minute wash for 
each batch with 10 °C water and no washing agents. The batches were rinsed 
three times after washing and air-dried. 

 

Figure 10. Snapshot of sorted Finnish PP flakes. A, unwashed fraction, B, sink float separated and washed 
fraction. 

The air elutriation setup at VTT was modified from a gas flow coating 
equipment by building a trap for the light fraction and installing air flow 
measurement to the exhaust (see Figure 11). This setup was calibrated 
according to RecyClass air elutriation – calibration -guidelines (Elutriation 
Calibration Procedure for HDPE Color developed by PFE and APR). With the VTT 
equipment, the targeted 99% removal of the lights couldn’t be reached without 
significant material loss, the achieved removal in the calibration was ~90%. 

This allowed for the separation of the lightest fraction (films, paper) from the 
batches. Any dust leftover from the grinding was also removed at this phase 
by the airflow and filters.  
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The elutriation was performed on each batch in a few parts to accommodate 
the limited volume accepted by the equipment. Air flow and processing time 
were fixed based on the calibration.  

 

Figure 11. Air elutriation setup. A: schematic of the process. B: Actual equipment, Blue line demonstrates air 
flow, yellow bottom of the barrel (heavies) and red placement of the light fraction trap. 

 

2.1.4. Polymer processing   
All five material batches for this task were melt-processed into pellets at VTT 
Tampere. Equipment used at this phase was a co-rotating twin-screw 
extruder Berstorff ZE 25 X 48 D. Processing temperature was 230 °C with a 
rotating speed of 200 rpm. The polymer strand was cooled in a water bath and 
granulated. Afterwards, the pellets were dried in an oven at 50 °C overnight. 
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2.2. Characterisation 

2.2.1. FTIR 
The chemical composition of recycled PP feedstock was investigated by 
Attenuated Total Reflectance-Fourier Transform Infrared spectroscopy (ATR-
FTIR) method. The analyses were performed using a Perkin-Elmer Spectrum 
One device (Perkin Elmer, Waltham, MA, USA) equipped with a diamond crystal 
attachment measuring in the 4000–400 cm−1 range. The FTIR signal was 
obtained by averaging 16 scans at a resolution of 4 cm−1. The tested samples 
were in the form melt homogenised pellets. 

2.2.2. DSC 
The thermal behaviour was analysed by Differential Scanning Calorimetry 
(DSC) (Mettler Toledo, Greifensee, Switzerland TGA/DSC thermogravimeter). 
Samples in the form of melt homogenised pellets were tested in nitrogen 
atmosphere with a flow rate of 20 mL/min, between 25-200 °C with a heating 
rate of 10 °C/min. 

2.2.3. MFI 
The melt flow behaviour of recycled PP feedstock was characterised by a melt 
flow index tester (mi40 visco, GÖTTFERT). The melt volume-flow rate (MVR) of 
pellets was characterised per ISO 1133 method B (i.e., displacement transducer 
to measure the extrudate volume). The die length and bore diameter were 8 
mm and 2.095 mm, respectively. The pelletised PP samples were charged to 
the cylinder in 6-8 gr batch size. After precompression and compaction of the 
pellets within the barrel, the pellets were pretreated for 5 minutes at the 
targeted melting temperature. The MVR was measured within 30 mm piston 
displacement at 40 test points and converted to mass-flow rate (MFR) value 
by weighing the mass of extrudate. The MFR values were recorded at standard 
conditions for PP per ISO 19069-2, by applying 2.16 kg load at 230 °C. 
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2.2.4. Mechanical testing 
Quasi-static tensile tests were performed using the Instron 4505 testing 
device. The polymer specimens were injection-moulded into 1A dumbbell 
geometry and tested per ISO 527-2/1A/5. The dimensions of specimens at 
narrow portions (i.e., gauge length) were 10 mm × 4 mm (width × thickness). 
The specimens were tested with a 10 (kN) load cell. The specimens were 
gripped with a pneumatic side-action grip (2712-04, 10 kN force capacity, 
Instron), at a gripping force of 2 bar to avoid slip towards maximum force (i.e., 
failure). The displacement rate was set to 5 mm/min per ISO 19069-2, as the 
elongation at failure of specimens was less than 10%. The elongation of 
specimens was recorded by a video extensometer (AVE 2, Instron) at an initial 
gauge length of 75 mm. The tensile elastic modulus was calculated as a linear 
least-squares regression line within 0.05 % and 0.25% strain range. The 0.2% 
offset was reported as the onset transition point between the linear-elastic 
stress-strain behaviour and elastic-plastic deformation of specimens.  The 
maximum force at break was 1 (kN). A prestress of 0.1 MPa (corresponding to 
yield strength/100 per ISO 527) was used. A minimum of 5 specimens were 
tested per polymer type. The specimens were stored and tested in a controlled 
environment of 24 ± 1  °C and 49 ± 1 %RH. A representative injection moulded 
specimen per material series is preseted in Figure 12. Overall the HS fractions 
(e.g., A and C) have lighter colour compared to post-home-separated (PHS) 
(e.g., B and D). 
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Figure 12. Injection moulded PP tensile test bars per ISO 527-2/1A from five different collection system. 

  

2.2.5. Chemical analysis 
The chemical characterisation of recycled rigid polypropylene (PP) feedstocks 
was performed by AIMPLAS – Instituto Tecnológico del Plástico through a 
screening of semi‑volatile organic compounds (SVOCs). The analyses were 
conducted using gas chromatography coupled with mass spectrometry 
(GC/MS) following solvent extraction. Each sample was placed in contact with 
dichloromethane for a period of three days at 40 °C, allowing the extraction of 
SVOCs potentially present in the material. The resulting extracts were then 
analysed by GC/MS using 4,4′‑difluorobiphenyl and tridecane as internal 
standards. Compound identification was carried out by comparing the 
acquired mass spectra with reference spectral libraries, with match quality 
assessed through the search index (SI) and reverse search index (RSI). The 
detected substances were reported with semi‑quantitative concentrations 
(mg/kg of sample) based on the response factors of the internal standards. 
This approach provides a comparative screening of the nature and relative 
abundance of SVOCs across samples, rather than an exhaustive quantitative 
or targeted NIAS analysis. 
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3. Results and discussion 

3.1. Chemical compositional analysis 

The composition of recycled PP feedstock was studied by Fourier Transform 
Infrared spectroscopy (FTIR). The FTIR spectra of polypropylene (PP) recyclates 
from five different collection systems are presented in Figure 13. The 
characteristic peaks of PP [1] are asymmetric CH3 stretching at 2951 cm-1, 
asymmetric CH2 stretching at 2920 cm-1, CH3 symmetric stretching at 2868 cm-

1, CH2 symmetric stretching at 2838 cm-1, CH3 symmetric bending at 1456 cm-1 
and 1376 cm-1 , C-H wagging, CH3 rocking and C-C stretching at 1116 cm-1, CH2 
and CH3 rocking and C-C stretching at 973 cm-1, CH2 and CH3 rocking and C-C 
stretching at 840 cm-1 [1]. PP characteristic peaks are clearly visible for all five 
recycled feedstocks. While various grades of PP or PP copolymers might not be 
detected with FTIR spectra, there is no indication of impurities from non-PP 
polymers. The results confirm that manually sorted feedstock for this study, 
from all collection systems is merely composed of PP. 
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Figure 13. FTIR spectrum of recycled PP feedstock PP-HSY-HS, PP-HSY-PHS, PP-PJH-HS, PP-PJH-PHS, and 
PP-GE-HS. 

 

3.2. Analysis of contaminants 

3.2.1. Results  
Table 2. Summary of semi quantitative NIAS analysis. 

Substance (mg/kg) PP HS F1 
1A 

PP HS F1 
2A 

PP PHS 
F1 1A 

PP PHS 
F1 2A 

PP HS GE 
A 

Branched alkane C8 2,837 2,634 3,437 3,385 2,201 

Hexanal 1,913 1,266 0,641 0,601 2,742 

Cyclotrisiloxane, 
hexamethyl- 

4,229 3,263 2,431 2,888 1,788 
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2,4-Dimethyl-1-heptene 9,897 9,081 11,109 11,247 8,640 

Styrene 0,190 0,527 0,401 0,370 0,853 

Limonene 15,912 0,923 5,576 3,029 48,765 

Alkane C10–C11 93,365 1,769 71,562 2,342 4,795 

Linear alkane C15–C16 169,195 16,248 7,937 16,189 129,048 

2,4-Di-tert-butylphenol (or 
isomer) 

26,407 4,624 14,380 4,373 22,060 

n-Hexadecanoic acid 27,693 70,065 8,972 74,734 63,557 

Oleamide 69,935 20,158 2,732 3,765 4,095 

Isopropyl palmitate 37,212 12,140 9,609 63,385 371,241 

3.2.2. NIAS marker analysis and 
comparison of collection 
systems 

The semi-quantitative analysis of selected NIAS markers highlights clear 
differences in chemical profiles between the analysed PP samples, reflecting 
both collection system effects (home-separated, HS, versus post-home 
separated, PHS) and sample-specific variability. The investigated substances 
cover a range of relevant NIAS families, including light and long-chain 
hydrocarbons, additive-related compounds, fatty acids, esters, and volatile 
use-related substances. 

Across all samples, aliphatic hydrocarbons (branched and linear alkanes) 
constitute a significant part of the NIAS profile, confirming their role as a 
background component of recycled polyolefin streams. However, marked 
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differences are observed for compounds that are more directly linked to 
contamination pathways, such as lipid-derived substances, esters, and 
certain additive degradation products. 

3.2.3. Comparison between HS and 
PHS samples (Finland) 

When comparing the Finnish samples, post-home separated (PHS) materials 
exhibit a distinct increase in ester-type contamination markers, most notably 
isopropyl palmitate. The mean concentration of this compound in PHS 
samples is higher than in HS samples, with particularly elevated values 
observed in PP PHS F1 2A. Isopropyl palmitate is commonly associated with 
lipid residues, personal-care products, and household formulations, and its 
increased presence in PHS samples indicates a greater exposure of the plastic 
fraction to organic residues prior to sorting. This observation is consistent with 
the higher risk of residue transfer expected when plastics remain mixed with 
other waste fractions for longer periods before separation. 

In contrast, several markers associated with hydrocarbon background and 
additive-related signatures show higher concentrations in HS samples. 
Notably, linear alkane C15–C16, oleamide, and alkane C10–C11 are present at 
markedly higher levels in HS samples, particularly in PP HS F1 1A. Oleamide and 
2,4-di-tert-butylphenol (or isomer) are frequently linked to polymer additives 
or their degradation products and may reflect differences in polymer grades, 
processing history, or ageing rather than direct contamination by external 
residues. These markers strongly influence the overall sum of the selected NIAS 
subset in HS samples but do not necessarily indicate poorer cleanliness in 
terms of residue-derived contamination. 

Fatty acids, such as n-hexadecanoic acid, show mixed behaviour. High values 
are observed in both HS and PHS samples (e.g. HS F1 2A and PHS F1 2A), 
indicating that the presence of lipid-related compounds is not exclusively 
determined by the collection system but may also depend on specific input 
composition and exposure conditions. 
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Overall, the Finnish comparison suggests that PHS collection tends to increase 
residue-related NIAS (esters and lipid-type compounds), whereas HS samples 
may exhibit higher levels of certain additive- or hydrocarbon-linked markers, 
which are not directly related to waste mixing or food residue transfer. 

3.2.4. Variability between replicates 
A key outcome of the analysis is the high variability observed within both HS 
and PHS systems. For several substances, including linear alkane C15–C16, 
alkane C10–C11, oleamide, n-hexadecanoic acid, and isopropyl palmitate, 
concentrations differ by an order of magnitude between replicates within the 
same collection category. This highlights that, beyond the collection system 
itself, factors such as input composition, consumer behaviour, packaging mix, 
and local handling conditions play a major role in shaping the NIAS profile of 
recycled PP streams. 

3.2.5. German HS sample 
The German HS sample (PP HS GE A) stands out clearly from the Finnish 
samples. It shows exceptionally high levels of isopropyl palmitate, together 
with elevated concentrations of n-hexadecanoic acid, limonene, and linear 
alkane C15–C16. This pattern indicates a strong use-residue and lipid-ester 
signature, despite the material being collected via a home-separated system. 
These results underline that HS collection alone does not fully prevent 
chemical contamination and that residue transfer during use and disposal 
can substantially influence the NIAS profile, depending on local collection 
practices and user behaviour. 

 

3.2.6. Conclusions from the NIAS 
marker comparison 

The analysis of selected NIAS markers shows that collection system design 
influences the type of chemical contamination observed in recycled PP, but 
does not determine it alone. 
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Post-home separated (PHS) samples tend to show higher concentrations of 
residue-related NIAS, particularly ester-type compounds indicative of lipid 
and household product contamination. Home-separated (HS) samples, on 
the other hand, may display higher levels of hydrocarbon and additive-related 
markers, which are more closely linked to polymer composition, processing, 
and ageing than to external contamination. 

Importantly, significant variability is observed within each collection category, 
highlighting that collection system effects must be interpreted as tendencies 
rather than absolute rules. The German HS sample further demonstrates that 
substantial residue-related contamination can occur even under HS 
collection, depending on local conditions. 

Overall, the results support the conclusion that early separation at household 
level can reduce the transfer of residue-related NIAS, but that achieving 
consistently low chemical contamination in recycled plastics requires not only 
appropriate collection systems, but also attention to input material 
composition, consumer behaviour, and downstream handling conditions. 

 

3.3. Thermal behaviour of recyclates  

The thermal behaviour of recyclates was studied by the Differential Scanning 
Calorimeter (DSC) to provide further insights into their composition, physical 
and processing conditions. The DSC thermograms of recycled PP feedstocks 
is presented in Figure 14, as the first and second heating cycles show 
endothermic melting polymer melting peaks and the cooling cycle showing 
exothermal crytallisation behaviour of polymers.  

All the Finnish feedstocks demonstrate one major melting peak at 164-165 °C 
temperature range, which is characteristic of PP [2]. The recycled rigid PP 
feedstock from Finnish collection systems demonstrates melting enthalpy 
within 84-85 (J/g) and crystallisation enthalpy within 85-87 (J/g) range. The 
melting enthalpy of PP homopolymer (e.g., isotactic) is typically larger than 
100 (J/g) [3], therefore, all recycled feedstock from Finnish collection systems 
are possibly a PP copolymer. There is no indication of polymer traces other 
than PP within Finnish recycled feedstock.  
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Figure 14. Differential scanning calorimeter thermograms of recycled PP feedstock. 

The DSC thermograms of rigid PP from the comingled German collection 
system (home separated) (PP-HS-GE) indicate a minor melting peak around 
126 ° C and a major melting peak at 162 °C corresponding to PP [3]. The minor 
peak at 126 ° C is likely due to small impurities from linear low-density 
polyethylene (LLDPE) streams [2, 3] within the rigid PP feedstock. Contrary to 
high-density polyethylene (HDPE), which has a good miscibility with PP, the 
LLDPE is present as a distinct and isolated melting and crystallisation peaks 
from PP [2]. Due to the potential impurity from LLDPE, the PP-HS-GE 
demonstrates a slightly lower degree of crystallinity compared to the Finnish 
feedstock. The key DSC results are summarised in Table 2. Overall, the results 
indicate that rigid PP collected by home-separated, and post-home-
separated from all regions are composed of PP and their melting and 
crystallisation behaviour is consistent and comparable. The German home-
separated feedstock has a trace amount of LLDPE however, it is 100% polyolefin. 
There is no contamination from any other polymer stream. 

Table 3. Summary of melting and crytallisation characteristics of recycled rigid PP feedstocks. 

Melt peak (°C) Enthalpy (J/g) 
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Recycled 
feedstock 

  
Minor Major Melt fusion Crystallisation 

PP-PJH-HS NA 164 85 86 
PP-PJH-PHS NA 164 85 87 
PP-HSY-HS NA 164 84 85 

PP-HSY-PHS NA 165 85 87 
PP-HS-GE-A 126 162 80 82 

 

3.4. Melt flow behaviour 

The melt flow rate (MFR) of polymers is an important quality control parameter 
for their processing. The MFR values of PP recyclates are presented in Table 3. 
As reflected in the data, the higher MFR corresponds to lower viscosity values 
and vice versa. The melt density of all recyclates is within 0.75-0.79 (g/ cm3) 
range, which is a common value for PP. Based on the results, rigid PP from all 
collection methods has the MFR within 13-15 (g/ 10 min) range, making it 
suitable for injection moulding and compounding. The PHS feedstock has 15-
18% lower MFI compared to HS at all regions, suggesting a higher molecular 
weight of PHS due to the presence of PP copolymers. Although the PP feedstock 
was sorted only based on composition and not based on colour, or contact-
sensitive application, the MFR standard deviation values for Finnish feedstock 
are minimal. This highlights the importance of accurate polymer sorting for 
recyclates with consistent and predictable melt flow behaviour. 

The HS collected German feedstock has the highest MFR of 25 (g/10 min) 
compared to Finnish feedstock, which is still suitable for injection moulding 
and compounding applications. The higher melt flow of PP-HS-GE can be 
ascribed to its heterogeneous composition and lower molecular weight due 
to the presence of LLDPE (as discussed by DSC results) within PP sorted 
feedstock. The MFR standard deviation of German feedstock is therefore one 
order of magnitude higher than that of Finnish feedstock.  

Overall the results show that rigid PP sorted from HS and PHS collection 
methods within different regions in Finland yield a consistent and comparable 
MFR. The HS feedstock has consistently lower MFR than PHS, suggesting a 
higher purity of HS collection method. The separate collection of plastics (i.e., 
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HS in Finland) yields higher purity feedstock compared to the separate 
collection of all packaging categories (i.e., HS in Germany, comingled 
collection). The comingled collection seems to enhance the risk of cross-
contamination between flexible and rigid packaging.  

 

Table 4: Average melt flow properties of home-separated (HS) and post-home separated (PHS) recycled 
PP feedstock tested per ISO 1133 and ISO 19069-2.  

Recycled feedstock MFR  
(g. 10 min-1) 

Melt density  
(g. cm-3) 

Apparent viscosity 
(Pa.s) 

PP-PJH-HS 15.46 ± 0.08 0.76 521.74 
PP-PJH-PHS 13.05 ± 0.06 0.75 615.51 
PP-HSY-HS 15.86 ± 0.08 0.78 527.67 

PP-HSY-PHS 12.98 ± 0.04 0.75 617.00 
PP-HS-GE-A 25.98 ± 0.23 0.79 327.29 
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3.5. Mechanical properties of recyclates 

The consistency in characteristic mechanical properties of recycled polymers 
is investigated with quasi-static tensile tests. In Figure 15A, all five recycled PP 
feedstocks present a rather brittle behaviour with the elongation at failure 
range of 9-10% when tested at 50 (mm/s) displacement rate. The elongation 
at failure value of PP is typically larger than 50%. For such brittle PP grades it is 
recommended by ISO 19069-2 to study their stress-strain behaviour at 5 
(mm/s), as in Figure 15B-F. Interestingly, PP feedstocks collected from different 
regions in Finland, either home-separated (HS) or post-home separated 
(PHS), and Germany, all present a comparable behaviour until the yield point. 
The maximum tensile strength is within the 24-26 MPa range, and elastic 
tensile modulus values are within 1200-1400 MPa, which are typical for PP [5]. 
The results are promising as they show that the engineering properties of 
recycled rigid PP from post-consumer packaging are consistent across 
various collection methods.  

 

Figure 15. Tensile stress-strain behaviour of recycled rigid PP. (A) representative curves per series tested 
at 50 mm/s, (B) PP-PJH-HS, (C) PP-PJH-PHS, (D) PP-HSY-HS, (E). PP-HSY-PHS, and (F) PP-GE-HS. Series B-F 
tested at 5 mm/s. 

The impact of possible impurities within recycled PP feedstocks is visible in 
stress-strain curves after the yield point. For instance, in Figure 15C and F, there 
are possibly fractions of various PP copolymer grades causing distinct plastic 
behaviour from batch to batch, while stress-strain curves in Figure 15B, D, and 
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E are consistent within each feedstock. These results suggest that separate 
collection of plastic packaging and especially home-seperated (HS) fractions 
contains mostly PP, while PHS feedstock might contain higher traces of various 
PP copolymers, which are difficult to differentiate by sorting for consistent 
recycled quality.  

The average tensile properties of all recycled feedstock are summarised in 
Table 4. The elastic modulus and yield values are comparable between 
various collection methods and regions. However, the average elastic 
modulus of PHS fractions has a higher standard deviation compared to HS, 
showing higher purity PP collected via HS system. The rigid PP from the 
comingled packaging collection system (PP-HS-GE) has a slightly lower 
elastic modulus compared to other feedstocks, which corroborates its lower 
crystallinity (see Table 2). It is worth noting that the results here are valid for 
manual sorting from 1000 kg batches, where the industrial scale sorting and 
collection shall be investigated for the robustness of conclusions. 

 

Table 5: Average tensile properties of home-separated (HS) and post-home-separated (PHS) recycled 
PP feedstock tested per ISO 527-2/1A/5.  

Recycled 
feedstock 

Elastic Modulus 
(MPa) 

Yield strength 
(MPa) 

Yield strain 
(%) 

Elongation 
at break* 

(%) 
PP-PJH-HS 1307 ± 40 24.6 ± 0.1 7.7 ± 0.4 9.5 ± 0.3 

PP-PJH-PHS 1388 ± 41 25.2 ± 0.1 8.2 ± 0.4 9.8 ± 0.6 
PP-HSY-HS 1323 ± 37 23.9 ± 0.1 7.5 ± 0.1 10.3 ± 2.2 

PP-HSY-PHS 1413 ± 71 25.9 ± 0.2 7.9 ± 0.4 9.6 ± 1.1 
PP-HS-GE-A 1213 ± 100 23.8 ± 0.1 8.4 ± 0.2 9.4 ± 0.3 

* The elongation at break value is reported at 50 (mm/min) displacement rate. 
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4. Conclusions 

The compositional and thermal (FTIR and DSC) analysis results indicate that 
rigid Polypropylene (PP) feedstock sorted from home-separated (HS) and 
post-home-separated (PHS) at all regions is composed of PP copolymers. The 
melting and crystallinity level of HS and PHS feedstock from different regions 
in Finland is at a comparable level. The German HS feedstock contained a  
trace of linear-low-density-polyethylene (LLDPE) with the main polymer 
composition of PP. The results show that the rigid PP sorted from various 
collection systems and regions present a rather similar composition.  

The rigid PP feedstocks sorted from HS and PHS within different regions of 
Finland presented a consistent and comparable melt flow rate, melting and 
crystallisation behaviour, which is promising and shows the importance of 
polymer-specific sorting. Based on the MFR results, the HS feedstock has 
higher purity compared to PHS. The colour of processed pellets from HS was 
notably lighter (light grey) than PHS (dark grey). The German HS feedstock 
presents higher MFR compared to Finnish HS and PHS due to cross-
contamination from flexible packaging such as LLDPE. 

Based on tensile test results, the engineering properties of recycled rigid PP 
from post-consumer packaging have comparable values within various 
regions and collection methods. All five recycled PP feedstocks present a 
rather brittle behaviour, which can be addressed by additives if needed. The 
home-separated (HS) feedstock has higher PP purity compared to PHS, based 
on the standard deviation values in elastic modulus. 
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