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Abstract

This pre-study investigates the effectiveness of different washing methods on the mechanical,
thermal, and chemical properties of industrial plastic waste fractions obtained from Fortum,
Essity, Renova, and Swedish Plastic Recycling (SPA). The study evaluates the impact of cold
washing, hot washing, and NaOH-assisted washing on four distinct waste streams, highlighting
the role of washing as both a cleaning and sorting method. Mechanical property analysis revealed
that NaOH-assisted washing significantly improved ductility and impact resistance in polyolefin-
rich fractions (e.g., IBC samples) by removing surface contaminants, though minor reductions in
stiffness were observed due to additive leaching. In contrast, the Essity fraction exhibited limited
mechanical improvements, with persistent brittleness linked to residual embedded impurities
from the lack of melt filtration. Thermal analysis using differential scanning calorimetry (DSC)
and oxidation induction time (OIT) indicated that NaOH-assisted washing increased additive loss,
reducing thermal stability, particularly in the IBC-L and Essity fractions. Water analysis using
GC-MS highlighted that hot NaOH washing increased organic compound extraction, including
paraffins, siloxanes, and antioxidants, reflecting surface additive leaching, while cold washing
minimized leachate release. However, the detection of TCPP (a flame retardant) in cold-washed
Fortum IBC samples underscored the importance of material history in interpreting contamination
sources. Overall, the study concludes that while NaOH-assisted washing provides effective
contaminant removal and mechanical improvements for polyolefin-rich fractions, it also increases
additive loss, impacting thermal stability. Cold washing better preserves additives but is less
effective at deep contaminant removal. These findings underscore the importance of tailoring
washing methods to material composition and history, emphasizing that pre-treatment
approaches, such as melt filtration, can significantly influence washing outcomes. The results
contribute valuable insights for developing optimized washing protocols to enhance the
recyclability of industrial plastic waste streams.
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1. Introduction

Plastics recycling remains a global challenge, with only about 10% of produced plastics
being recycled into new materials, while the majority is incinerated or landfilled
(PlasticsEurope, 2020). Despite Sweden’s advanced waste management system, a
significant portion of industrial plastic waste is incinerated due to contamination and
inefficiencies in sorting and washing processes. The issue is compounded by the
complexity of industrial plastic streams, which often contain multilayer materials,
adhesives, and residues that are difficult to separate using conventional recycling
methods (Lassesson et al., 2021).

Mechanical recycling, recognized for its cost-effectiveness and low energy
consumption, is limited by the quality of input streams. Impurities such as paper fibers,
adhesives, and multilayer plastics reduce recyclate quality, restricting their use in high-
value applications (Hopewell et al., 2009). Poorly sorted material streams often result in
lower-grade recyclates suitable only for downcycled products, thereby reducing the
economic incentives for recycling (Geyer et al., 2017). Therefore, it is crucial to identify
which streams are suitable for mechanical recycling and which require alternative
approaches, such as chemical recycling or advanced pre-treatment techniques.

Pre-treatment processes, such as washing and sorting, are critical for both mechanical
and chemical recycling. In mechanical recycling, pre-treatment removes contaminants
and homogenizes material streams, improving recyclate quality and enabling higher-
value applications (Shen et al., 2010). Without proper pre-treatment, mechanical
recycling yields low-grade materials suitable only for downcycled products, limiting
their circular potential (Hopewell et al., 2009). In chemical recycling, pre-treatment is
equally important, as contaminants such as halogens, additives, and organic residues
can disrupt chemical processes and reduce yield (Rahimi & Garcia, 2017). Proper
washing and sorting before chemical recycling minimize the formation of hazardous by-
products and enhance process efficiency (Lassesson et al., 2021). Therefore,
understanding how different pre-treatment methods impact both mechanical and
chemical recycling outcomes is essential for optimizing plastic waste management
strategies.

Washing serves as both a cleaning and sorting method, capable of removing
contaminants such as adhesives, food residues, and fine particulate matter that other
sorting techniques often miss (Rahimi & Garcia, 2017). Effective washing is crucial for
improving the purity and usability of recyclates (Jambeck et al., 2018). However, the
efficacy of washing can vary based on factors such as temperature, detergent type, and
mechanical agitation. While lab-scale experiments provide valuable insights into these
parameters, pilot-scale trials are essential for understanding their performance under
industrial conditions (Hopewell et al., 2009).
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This pre-study, conducted in collaboration with industrial partners Essity, Fortum,
Svensk Plastatervinning, and Renova, evaluates four distinct industrial plastic waste
streams. By employing washing as both a sorting and cleaning method, the study seeks
to evaluate the recyclability of these streams and explore their potential transition from
incineration to material reuse.

2. Objective & Project Structure

The project aims to assess the recyclability of plastic waste streams and evaluate the potential for
mechanical recycling through optimized pre-treatment methods. The project focuses on three key
objectives:

Evaluate Industrial Plastic Waste Streams:

Analyze four industrial plastic waste streams from Essity, Fortum, Svensk Plastatervinning, and
Renova. The evaluation will focus on understanding their composition, contamination profiles,
and suitability for mechanical recycling. This assessment is essential to identify which streams
are viable for recycling and which may require alternative treatments.

Optimize Sorting and Washing Processes:

Develop and test efficient sorting and washing methods to remove contaminants. The study will
include laboratory-scale trials to optimize washing parameters such as temperature and
detergent types,and pilot-scale washing trial on one selected waste stream to evaluate process
scalability and industrial feasibility.

A comparison between lab- and pilot-scale results will provide insights into process efficiency
and industrial applicability.

Characterize Recyclate Quality:
Conduct a detailed characterization of the washed materials to assess their quality and potential
for reuse. The analysis will include mechanical, thermal and chemical properties.

These objectives collectively aim to identify streams suitable for mechanical recycling, assess
feasible pre-treatment processes, and support the feasibility assessment for establishing a
Swedish test-center for sorting and washing.

In order to reach the above mentioned objectives the project was structured into three distinct
work packages (AP), with the last one focusing on project management and communication. The
following outlines the work packages, including key activities and involved partners:

AP1: Collection, Sorting, and Pre-Treatment (RISE, Essity, Fortum, Svensk
Plastdtervinning, Renova)

This work package involved gathering and preparing plastic waste streams for recycling trials.
Four industrial plastic streams from project partners were collected and subjected to pre-treatment
processes. Sorting utilized both manual techniques and automated methods such as near-infrared
(NIR) sorting, aiming to separate plastics by polymer type. Following sorting, washing
experiments were conducted at both laboratory and pilot scales to investigate the impact of
different parameters, such as water temperature and washing agents on contamination removal.
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Special focus was placed on polyolefin-rich fractions (e.g., HDPE, LDPE, and PP), with washed
water evaluated for their impact on recyclate purity.

AP2: Material Characterization and Assessment (RISE, Svensk Plastatervinning, Polyfuels,
Renova)

The second work package aims to analyze and improve the properties of the sorted and washed
materials. Comprehensive material characterization will be performed at RISE laboratories,
focusing on:

e Thermal properties: Analyzed using Differential Scanning Calorimetry (DSC) to
determine melting behavior and crystallinity.

¢ Mechanical properties: Evaluated through tensile strength and impact resistance tests.

e Chemical properties: Investigated via Fourier-Transform Infrared (FTIR) spectroscopy
and X-ray Fluorescence (XRF) to identify polymer composition and detect contaminants.
The effectiveness of washing strategies will also be assessed through analysis of the
washed water.

AP3: Stakeholder Engagement and Pilot Testing (RISE, Svensk Plastdtervinning, Polyfuels,
Industry Partners)

The third work package focuses on identifying potential end-users for the recycled materials and
tailoring material development to their needs. Key activities include:

e Stakeholder consultations: Engaging with industry partners to gather requirements for
recycled material properties.

e Application exploration: Assessing possible uses for the recycled polyolefin streams,
such as in packaging, construction materials, or automotive components.

o Pilot testing: Coordinating with partners to ensure a pilot-scale pre-treatment step was
carried out to assess suitability of the reject streams for industry-specific applications,
with opportunities for trial use in real-world products. The pilot-scale results will be
appended as it is in-progress on the time of report submission.

3. Materials

The project investigated four distinct industrial plastic waste streams, sourced from Essity,
Fortum, Svensk Plastatervinning, and Renova, each representing a significant industrial residue
currently destined for incineration. These streams were selected for their potential to yield high-
quality recyclates through sorting and washing processes.

i) Essity — Polyolefin-Rich Residues from Paper Production

The waste stream from Essity originated from their Lilla Edet facility, where plastic-rich residues
are generated during paper and packaging material recovery. This stream, comprising
approximately 2,000 tons of dry material annually, consists primarily of polyethylene (PE) and
polypropylene (PP) from packaging plastics. However, contamination from paper fibers and
adhesives limits its suitability for mechanical recycling. Currently incinerated, this stream
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presents a promising opportunity for recovery if enhanced pre-treatment processes, such as
manual sorting and warm washing, can effectively remove contaminants.

Figure 1: The reject fraction from Essity containing a combination of paper and plastics.

ii) Fortum — Industrial Plastic from IBC Containers

Fortum contributed a plastic stream derived from Intermediate Bulk Containers (IBCs), widely
used for transporting industrial liquids. Fortum processes approximately 12,000 IBC units
annually, each weighing between 15 and 20 kg. The primary polymer is uncolored high-density
polyethylene (HDPE), which is highly recyclable. Despite its recyclability, this stream is often
discarded due to contamination from residual industrial liquids. This fraction was selected for its
high HDPE purity and relevance to industrial recycling applications.
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Figure 2: The material from Fortum composed of large (left) and fine (right) shredded IBC's.

iii) Renova — Crosslinked Polyethylene (PEX)

Renova provided PEX plastic fractions from their industrial recycling operations derived from
Borealis operations, composed primarily of crosslinked polyethylene (PEX). The crosslinked
structure, which enhances mechanical strength, also reduces melt processability, presenting a
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significant challenge for mechanical recycling. The amount of PEX in the blend is not known and
it occurs in the form of pellets.

Figure 3: The washed PEX material from Renova AB

iv) Svensk Plastitervinning — Polyolefin-Dominated Residual Fractions

Svensk Plastitervinning contributed two industrial plastic fractions generated from their large-
scale sorting operations. These fractions, each containing more than 90% plastic, are heavily
dominated by polyolefins (over 50%), including LDPE, HDPE, and PP, which are ideal
candidates for mechanical recycling. However, the presence of PET, PS, multilayer plastics, and
minor organic residues complicates their processing. Currently these materials are agglomerated
and are known to contain potential useful polyolefin fractions.

Figure 4: The as-received agglomerated PO75 material stream from Swedish Plastics Recycling
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4. Methods
4.1 Sorting via Density Separation

Density separation was performed as a pre-treatment step to sort plastic fractions based
on their density differences, facilitating the isolation of polyolefin-rich streams. The
process was applied to the fractions that had mixed fraction with high polyolefin
contents - like Essity& Renova, targeting the removal of contaminants such as paper
fibers, metals, and high-density polymers, which could interfere with subsequent
washing and material characterization. The separation was conducted using a controlled
solid-to-liquid ratio of 1:10, ensuring efficient separation of target fractions. The
collected polyolefin fraction was retained for further washing trials, while the separated
dense fractions were discarded from the recycling stream. This method was employed to
produce a cleaner input for washing experiments and to evaluate the effectiveness of
density-based pre-sorting in improving the quality of recycled materials.

4.2 Washing

Figure 5: The cement mixer used for the lab scale washing studies

The washing protocol aimed to assess the efficiency of various pre-treatment methods
on plastic waste streams collected from Fortum, Essity, and Renova. Three approaches
were applied: cold washing, hot washing, and hot washing with NaOH. All fractions
underwent washing, except for the Swedish Plastic Recycling fraction, which was
directly analyzed in its agglomerated form. The washing experiments followed
standardized procedures, ensuring consistent solid-to-liquid ratios, controlled
temperature conditions, and systematic sampling for subsequent analysis.
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In cold washing, samples were cleaned without detergents, serving as a baseline to
assess the impact of heat and chemical treatment. The process was conducted at room
temperature, using a solid-to-liquid ratio between 1/10 and 1/5, depending on whether
the plastic was flexible or rigid, respectively. Washing continued for 10 minutes, with
water samples (5—10 ml) collected at 0, 5, and 10 minutes to monitor contaminant
removal. A 5-minute rinse with fresh water followed, and an additional 5—-10 ml water
sample was collected to evaluate residual contaminants.

In contrast, hot washing introduced elevated temperatures to enhance cleaning
efficiency. The same solid-to-liquid ratio was maintained, but washing was conducted at
40°C for optimal removal of adhesives and organic residues. The solution contained 20
wt.% NaOH (relative to sample mass), which facilitated the breakdown of stubborn
contaminants. Similar to cold washing, water samples were collected at 0, 5, and 10
minutes, with an extended 10-minute rinsing step to eliminate residual waste,
detergents, and NaOH. A final 5-10 ml water sample was taken post-rinse to confirm
cleanliness.

The washing trials covered multiple fractions from Fortum and Essity, including IBC
containers (large and fine fractions) and density-separated material. Each fraction was
subjected to cold washing while a few were subjected also to hot washing, and hot
washing with NaOH, except for Svensk Plastétervinning, which was received as pre-
agglomerated material and assessed without washing.

Table 1: The table below summarizes the washing methods for each fraction

Swedish
Type of Fortum Fortum Essit Renova Plastic
Washing (Large flakes) | (Fine Flakes) y Recycling
Sample
_ i IBC-L IBC-F Ess PEX SPA
Designation
Cold Wash X X X X -
Hot Wash X
40 °0)
Hot Wash +
X X X — *
NaOH

4.3 Size reduction

The size reduction was carried out for the Essity samples after the washing step in order to
facilitate better feeding in the hopper of the compounder. A sieve size of 3 mm was used on the
Rapid Granulator to obtain the suitable size fractions.
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4.4 Compounding and Injection Molding

The different fractions were compounded using a twin-screw extruder , model Coperion ZSK 26.
The temperature was set at 210 °C for all the samples except the Essity fraction which was set at
190 °C in order to avoid degradation. The materials were melt-filtered and air-cooled before
granulation. As mentioned before, Essity fracation couldn’t be melt-filtered due to increased
degradation owing to longer resisece times even at 190 °C. A total of 9 different material
variations were assessed within the project, all of which were run through the compounder , see
info in Error! Reference source not found..

Table 2: The different material variants that were evaluated in the project

Melt-
Material | Designation Fraction | Sorting | Washing Compounded | filtered

1 IBC-L C Fortum - Cold water Yes Yes
2 IBC-L H Fortum - Hot water Yes Yes
3 IBC-L_H+D Fortum - Hot + NaoH Yes Yes
4 IBC-F C Fortum - Cold water Yes Yes
5 IBC-F_H+D Fortum - Hot + NaoH Yes Yes
6 Ess C Essity | Density | Cold water Yes -

7 Ess H+D Essity | Density | Hot + NaoH Yes -

8 PEX C Renova | Density Cold Yes -

9 SPA_ Agg SPA - - Yes Yes

The Renova based material which is PEX_C was blended with SPA material as cross-
linked PE would not be feasible to run in the compounder without blending with a virgin
or recycled polyolefin. All 9 different material variations were injection molded into test
bars according to ISO 527-1A, using an injection molding machine of model ES 200/110
HV-L, from Engel.

4.5 Characterization

4.5.1 Mechanical properties

Tensile testing was performed according to ISO 527 with test bars according to dimensions 1A
(crosscut dimension of 10 x 4 mm) on a universal testing machine (MTS 20/M). The E-modulus
was measured at a rate of | mm/min and the tensile strength was measured with a rate of 50
mm/min on 5 specimens for each experiment.

Impact testing was done according to the Charpy test standard with notched specimen according
to ISO 179. Sample size was 100 x 10 x 4 mm and 10 specimens were tested for each experiment.
V-shaped notch maker (CEAST ANS50) was used to create notches with 45° and notch radius of
0.25 mm. The Charpy notched impact strength was then measured using a CEAST 9050 impact
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strength test machine using a 4 J pendulum. All the samples for the mechanical testing were
conditioned according to ISO 291 (room (2343 °C, 50+£5% RH).

4.5.2 Thermal Analysis

A DSC analysis consisting of the melting peaks from the second run and OIT-measurements
(Oxidation Induction Time/Temperature) were conducted on different samples according to ISO-
standard 11357:6. The time-based tests were done at a temperature of 230 °C in oxygen while the
melting peak analysis was done under in an N2 atmosphere. Thermogravimetric analysis was
performed on the samples using a Mettler Toledo DSC 1/ TGA. Duplicates were performed for
all the samples.

4.5.3 Water analysis

Seven water samples were extracted by dichloromethane before and after HCI addition to pH <5,
and the combined organic extracts were analysed by GC-MS The compounds were by identified
NIST library of mass spectra and the concentrations were estimated in decane equivalents by
external standard.
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5 Results and Discussion

In this section, the impact of washing on the visual, mechanical and thermal properties are
discussed.

5.1 Visual assessment of washing

Unwashed

Unwashed Unwashed

3> ¥ i arel

Figure 6: Visual interpretation of unwashed (above) and hot washed with NaOH (below) samples
from Essity (a) and Fortum (b & c).

In this study the samples were subjected to cold wash, hot wash and hot wash with NaOH.
However, the most significant visual interpretation was observed when the material was subjected
to hot wash with NaOH, especially for the Essity and the Fortum samples, which is why they are
discussed here. The Renova AB fraction are harder to interpret as they contained pellets of PEX
and polyolefin, see Figure 3: The washed PEX material from Renova ABwhich remained
visually heterogeneous pre and post-wash. The material from Swedish Plastic Recycling was not
washed here as the agglomerated version was compounded directly with a melt-filter

In general, a clear improvement in cleanliness was observed across all washed samples compared
to their unwashed counterparts. Surface contaminants were significantly reduced across all
fractions, with varying degrees of effectiveness depending on the washing method. As seen in
Figure 4, the Essity fraction exhibited a noticeable reduction in fibrous and adhesive residues,
particularly in hot and NaOH-assisted washing trials, which effectively loosened and removed
embedded contaminants. The Fortum IBC fractions displayed reduced discoloration and foreign
particle retention after washing, particularly for the larger fraction, which showed the most
significant visual improvement. The results of hot washing and NaOH-assisted washing were
more effective in breaking down contaminants. Although the NaOH-assisted washing
consistently resulted in the cleanest appearance, some polymer films and multilayer plastics
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remained unchanged, highlighting limitations in chemical washing for certain contaminant types
(Zhang H et al., 2023).

5.2 Mechanical properties

Table 3: Assessing the effect of different washing parameters on tensile and impact
properties.Table 3 showcases the mechanical performance of the washed fractions assessed
through tensile and impact testing to evaluate the effects of cold, hot, and NaOH-assisted washing.
The mechanical properties can be influenced by the washing methods as it involves removal of
contaminants.

When looking at the IBC fractions from Fortum, it was seen that among the IBC fractions, the
IBC-L samples, hot washing (IBC-L_H) reduced the elastic modulus from 8§70 MPa to 799 MPa,
likely due to improved surface cleaning, which reduced surface stress concentrations (Zhang et
al., 2023). The subsequent increase in modulus to 820 MPa after NaOH-assisted washing (IBC-
L H+D) indicates that deeper contaminant removal due to the alkaline solution, improving
mechanical integrity (Geyer et al., 2017). The strain at break (¢B) increased from 56.9% to 59.6%,
supporting the idea that surface defect removal contributed to higher ductility (Rahimi and Garcia,
2017).

In the IBC-F samples, the significant drop in elastic modulus from 17.5 MPa (IBC-F_C) to 9.3
MPa (IBC-F_H+D) is best explained by additive leaching from NaOH exposure, which is
common in alkaline treatments of polyethylene (Lassesson et al., 2021). However, the sharp
increase in yield strain (gy) from 11.0% to 43.2% suggests that the removal of embedded
contaminants through NaOH cleaning improved polymer chain mobility, compensating for the
loss of stiffness (Jambeck et al., 2018). The increase in impact strength at +23°C from 89.5 kJ/m?
to 91.9 kJ/m? further confirms that finer flake sizes facilitated deeper cleaning, reducing crack-
initiation sites and improving energy absorption during sudden impact (Zhang et al., 2023). At -
20°C, both IBC sets showed lower impact strength due to reduced chain mobility at sub-zero
temperatures, with IBC-F_H+D showing the lowest impact strength (30.3 kJ/m?) compared to
IBC-F_C (34.9 kJ/m?).

For the Essity fraction, mechanical responses differed from the IBC samples due to process
limitations and material composition. Elastic modulus decreased from 1287 MPa (Ess_C) to 998
MPa (Ess_ H+D), a 22% drop, which is plausibly due to a combination of surface oxidation from
NaOH exposure and additive loss since the sample was not melt-filtered due to polymer
degradation risks from extended residence times, allowing impurities to remain embedded (Geyer
et al., 2017). The strain at break (¢B) improved slightly from 5.6% to 6.3%, likely from surface
contaminant removal, but the gain was limited because bulk impurities persisted without melt
filtration (Zhang et al., 2023). Impact strength remained low, increasing only from 4.0 kJ/m? to
5.8 kJ/m?, which further supports that surface-level cleaning alone was insufficient to improve
toughness without polymer matrix melt filteration (Lassesson et al., 2021).

The PEX fraction, known for its crosslinked structure, exhibited consistent mechanical properties
across all washing treatments, with no significant change in modulus or impact strength. This
behavior is attributed to the chemical stability of the crosslinked polymer network, which resists
chemical and thermal modification (Lassesson et al., 2021).
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The SPA agglomerates, composed of mixed polyolefins, showed low mechanical performance
with negligible improvement, indicating that heterogeneous composition and embedded
impurities dominate mechanical behavior, overshadowing any surface-cleaning effects (Jambeck
etal., 2018).

Table 3: Assessing the effect of different washing parameters on tensile and impact properties.

Impact test,

Impact test,

Materials E notched +23 | notched -20
[MPa]| [MPa]| [%] | [MPa] | [%] | °C[kl/m?] | °C [k)/m?]
27.7 24 .4 14.5 56.9
IBC-L C |870(18) ©.1) 0.9) (0.4) 2.4) 98.1 (5.7) 38.1(2.9)
27.2 21.9 14.1 54.9
IBC-L H |799 (44) 03 | ©1) 0 | @7 96.2 (4.8) 39.7 (1.6)
27.4 124 14.8 59.6
- + . . . .
IBC-L_H+D | 820 (31) 0 | o 0 | @an | 82 (6.8) 33.4(2.7)
17.5 28.1 11.0 57.3
- . S5(7. 4.9 (1.
IBC-F C 0.5) ©.1) 02) 15 (0.9) (3.4) 89.5(7.5) 34.9 (1.6)
IBC-F_H+D | 9.3 (2.0) (209 '16) &‘3’% 15(0.2) (523'21) 91.9 (4.9) 30.3 (3.0)
1287 17.5 5.6
4 (0.1 1. 1
Ess C a7 X X ©.1) (5) (0.1) 5(0.1)
Ess HtD |998 (19) X X (105'36) (?':3;) 5.8(0.1) 1.8 (0.1)
13.1 126.4
PEX C | 236 (3) X X ( 03 N (32) 74.1 (1.8) 6.2 (0.8)
14.6 14.6 13.2 34
.9 (0. .1 (0.
SPA Agg |690 (16) 0.1) (0.4) ©.1) 0.4) 10.9 (0.4) 3.1(0.8)

E = Young’s modulus; o, = Stress at yield; &, = Strain at yield; op = Stress at break; gg = Strain at
break.

5.3 Thermal properties

The thermal behavior and melt flow rates (MFR) of the washed fractions were analyzed to assess
the influence of different washing methods on polymer processability, thermal stability, and
impurity removal. The results, including melting peaks, inorganic filler content, oxidation
induction time (OIT), and MFR, are discussed below.

5.3.1 MFR

According to Table 4, the IBC fractions showed slight variations in MFR, reflecting changes in
polymer purity and chain structure due to washing. Among the IBC-L samples, MFR increased
slightly from 0.32 g/10 min (cold) to 0.34 g/10 min (hot) and further to 0.35 g/10 min (hot +
NaOH). This minor increase suggests that hot and NaOH-assisted washing removed residual
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contaminants, slightly improving polymer flowability (Rahimi and Garcia, 2017). The modest
difference between hot and NaOH washing implies that NaOH-assisted washing provided deeper
cleaning without significant polymer degradation, as excessive chain scission would have caused
a more pronounced MFR increase (Zhang et al., 2023).

The IBC-F fractions showed a more notable MFR increase from 0.20 g/10 min (cold) to 0.28 g/10
min (hot + NaOH), indicating that NaOH treatment effectively removed embedded contaminants,
enhancing polymer flow. The increased effectiveness in the IBC-F fraction is attributed to the
larger surface area of finer flakes, which facilitated deeper contaminant removal (Geyer et al.,
2017). The absence of a dramatic MFR increase suggests that polymer degradation was minimal,
with the changes primarily driven by surface purification rather than chain scission (Jambeck et
al., 2018).

5.3.2 DSC and TGA

The melting peak temperatures (Tm) reflect changes in polymer crystallinity and composition. In
the IBC-L samples, a slight decrease in melting temperature from 136.2°C (cold) to 132.5°C (hot)
indicates minor crystallinity reduction, likely due to thermal relaxation during hot washing
(Lassesson et al., 2021). However, after NaOH-assisted washing (135.0°C), the restored Tm
suggests that deeper impurity removal improved polymer purity, increasing crystallinity (Rahimi
and Garcia, 2017). The IBC-F samples maintained stable melting peaks (~135°C), confirming
that the polymer structure remained intact, with changes driven by surface impurity removal
rather than bulk degradation.

The PEX fraction, with its crosslinked structure, displayed dual melting peaks at 109°C and
122°C, typical of partially crosslinked polyethylene crystallites. The stability of these peaks
across washing treatments confirms that washing did not affect the crosslinked polymer matrix
(Lassesson et al., 2021).

In the SPA agglomerates, the dual melting peaks at 135°C and 161°C correspond to polyethylene
(135°C) and polypropylene (161°C), highlighting the heterogeneous polyolefin composition
(Zhang et al., 2023). The persistence of these peaks across washing methods indicates that the
thermal behavior is primarily driven by material composition rather than surface impurities, as
PP remains stable through washing processes (Rahimi and Garcia, 2017).

Inorganic filler content, determined from TGA residue, reflects impurity removal effectiveness
and additive leaching. In the IBC-L samples, filler content increased from 0.1% (cold) to 0.5%
(hot), suggesting that organic contaminants were removed, exposing residual inorganic particles.
However, NaOH-assisted washing reduced filler content to 0.35%, indicating that alkaline
washing dissolved some surface-inorganic residues or leached additives (Zhang et al., 2023).

In the IBC-F samples, filler content decreased from 0.64% (cold) to 0.48% (hot + NaOH),
supporting that NaOH treatment effectively dissolved surface-inorganic contaminants, aided by
the larger surface area from finer flakes (Geyer et al., 2017).

The Essity fraction, which was not melt-filtered due to polymer degradation risks, retained
embedded impurities. Despite washing, inorganic filler content was not measured (X), but the
persistent low OIT (0.5 min) despite washing indicates that embedded contaminants and oxidation
catalysts remained (Lassesson et al., 2021).
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The SPA agglomerates, with the highest filler content (8%), reflect their heterogeneous origin and
high impurity content, dominated by polypropylene and polyethylene fractions. Washing was not
performed here, highlighting that the bulk material composition, rather than surface impurities,
governs thermal behavior (Jambeck et al., 2018).

Table 4: The effect of washing parameter on the MFR and thermal properties of the samples

) MFR Melting peaks Inorganic filler )
Materials (190 °C/5 kg) (ogc) coftent %) OIT [min]
IBC-L C 0.32 136.2 0.1 4.8
IBC-L H 0.34 132.5 0.5 4.06

IBC-L_H+D 0.35 135 0.35 3.8
IBC-F_C 0.2 135.2 0.64 54
IBC-F_H+D 0.28 135 0.48 8.9
Ess C X X X 0.5
Ess H+D X X X 0.5
PEX C X 109 /122 0.8 2
SPA Agg X 135/161 8 2.5

5.3.3 Oxidation Induction Time

OIT values, which indicate resistance to oxidative degradation, reveal how washing treatments
affected polymer purity and additive retention. In the IBC-L samples, OIT decreased from 4.8
min (cold) to 4.06 min (hot) and further to 3.8 min (hot + NaOH), signaling additive leaching, a
known effect of alkaline washing (Geyer et al., 2017). However, the relatively moderate decrease
in OIT, coupled with stable MFR, suggests that surface effects dominated without significant
polymer degradation (Rahimi and Garcia, 2017).

In the IBC-F samples, OIT increased significantly from 5.4 min (cold) to 8.9 min (hot + NaOH),
indicating that deep surface cleaning removed oxidation-prone impurities, thereby improving
thermal stability (Zhang et al., 2023). This improvement aligns with the previously observed
increase in impact resistance, linking surface cleaning to enhanced thermal and mechanical
performance.

The Essity fractions maintained consistently low OIT values (0.5 min) despite washing, indicating
that deep-seated impurities remained due to the lack of melt filtration, which allowed degradation
catalysts to persist (Lassesson et al., 2021).

The PEX fraction, with an OIT of 2 min, reflects its crosslinked structure, which typically shows
lower oxidative stability due to restricted antioxidant diffusion (Rahimi and Garcia, 2017).

The SPA agglomerates, with an OIT of 2.5 min, demonstrate low thermal stability, consistent
with their heterogeneous polyolefin composition dominated by PP and PE fractions, which
contain oxidation-prone components (Jambeck et al., 2018).
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5.4 Water analysis

The water analysis was performed to identify and quantify organic compounds extracted from the
samples using GC-MS, see Figure 7. Due to the uncertain history of some materials,
interpretations are made cautiously, focusing on significant observations while recognizing that
some contaminants may stem from previous material use rather than the washing process.

Figure 7: Collected water at different intervals during washing.

The IBC samples from Fortum exhibited distinct differences based on washing methods. In the
hot NaOH-washed IBC (1.2 mg/L), nine compounds were detected, but most were difficult to
identify, suggesting a complex mixture, potentially from polymer degradation by-products or
additive leaching due to alkaline washing. In contrast, the cold-washed IBC (1.3 mg/L) contained
mainly TCPP (Tris(1-chloro-2-propyl) phosphate), a common flame retardant, indicating possible
legacy contamination from prior industrial use rather than a result of washing. This finding
highlights the importance of material history when interpreting results.

The Essity samples displayed behavior consistent with their known HDPE-rich composition and
additive profile, but results also reflected the impact of the lack of melt filtration during
processing. The hot NaOH-washed Essity sample (0.1 mg/L) revealed primarily high-boiling-
point paraffins (>250°C), which are common polymer lubricants or processing aids. Their
presence indicates that alkaline washing facilitated the leaching of surface additives, a
phenomenon consistent with the previously observed reduction in OIT and mechanical property
changes. In contrast, the 10-minute cold-washed Essity sample (<0.05 mg/L) showed no
detectable compounds, confirming that cold washing limited additive extraction, although it may
have been influenced by the shorter washing time.
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The Renova PEX sample (0.09 mg/L) contained Santonox, a phenolic antioxidant commonly used
in crosslinked polyethylene (PEX) pipes to prevent oxidative degradation. This finding directly
corresponds to the material’s origin and indicates that washing primarily extracted polymer-
bound additives, consistent with the crosslinked structure’s resistance to thermal or chemical
modifications, as observed in the thermal analysis section.

Overall, the results highlight the influence of washing methods on leachate profiles. Hot NaOH
washing generally caused greater additive leaching, evidenced by the detection of paraffins,
siloxanes, and antioxidants, reflecting the alkaline solution’s ability to dissolve surface additives
and extract degradation by-products. Conversely, cold washing, especially with shorter durations,
effectively minimized organic leachates, though its efficacy varied by material type and history.

The results also emphasize the importance of material history, as contaminants such as TCPP in
the cold-washed Fortum IBC are likely remnants from previous industrial use rather than by-
products of washing. Additionally, material-specific behaviors were observed, with Essity
samples dominated by paraffin leachates and Renova PEX samples yielding antioxidants, aligning
with their known polymer compositions and additive profiles.

These findings correlate with the previously discussed thermal and mechanical results, where hot
NaOH washing impacted additive retention (OIT) and mechanical properties, while cold washing
preserved polymer integrity with minimal leachate release. The data collectively reinforce that
washing effectiveness and additive behavior are material-dependent, influenced by surface
accessibility (e.g., finer flakes) and treatment conditions, while underscoring the importance of
material history in interpreting water analysis results.

6 Conclusions

This study evaluated the impact of different washing methods on the mechanical, thermal, and
chemical properties of industrial plastic waste fractions obtained from Fortum, Essity, Renova,
and Svensk Plastitervinning (SPA). The findings emphasize that washing serves both as a
cleaning and sorting method, but its effectiveness is highly material-dependent, influenced by
polymer composition, surface area (flake size), and washing conditions.

The mechanical and thermal analyses revealed distinct material responses to washing methods.
Among the IBC fractions, NaOH-assisted washing effectively removed surface contaminants,
leading to improved ductility and impact resistance, particularly in the finer-flake IBC-F samples.
This improvement was attributed to enhanced surface cleaning, which reduced crack-initiating
defects. However, these gains came with minor reductions in stiffness, primarily due to additive
leaching during alkaline washing. In contrast, the Essity fraction, which was not melt-filtered due
to polymer degradation concerns, exhibited limited mechanical improvements. The persistent
brittleness in this fraction was linked to embedded impurities and residual oxidation catalysts that
remained trapped within the polymer matrix. The crosslinked PEX fraction, as expected, showed
no significant changes in mechanical properties, confirming that its chemically stable network
resisted the effects of washing. The SPA agglomerates, composed predominantly of
polypropylene and mixed polyolefins, showed limited mechanical improvements, indicating that
their heterogeneous composition and high impurity levels restricted the effectiveness of surface
cleaning.

Thermal analysis through melting peaks and OIT measurements provided further insights into
additive retention and polymer stability. NaOH-assisted washing generally reduced oxidation
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induction times (OIT), confirming additive loss, especially in the IBC-L and Essity fractions. The
impact of alkaline washing on thermal properties aligned with the observed mechanical changes,
where reduced OIT corresponded to lower thermal stability and increased susceptibility to
oxidation. The identification of a high-temperature melting peak (~161°C) in the SPA
agglomerates, associated with polypropylene (PP), clarified their heterogeneous polyolefin
composition. MFR measurements further supported these findings, indicating that NaOH-assisted
washing increased polymer flowability due to contaminant removal, particularly in IBC-F
samples with higher surface area, while minimizing polymer degradation.

The water analysis results, obtained through GC-MS, underscored the relationship between
washing methods and organic compound leaching. NaOH-assisted washing consistently resulted
in higher leachate concentrations, with the IBC and Essity fractions releasing paraffins, siloxanes,
and antioxidants, indicating surface additive extraction. Cold washing, in contrast, minimized
organic leachates, but its efficacy depended on material type and washing duration. The detection
of TCPP, a flame retardant, in the cold-washed Fortum IBC fraction highlighted the influence of
material history, suggesting that some contaminants originated from previous industrial use rather
than washing. The Essity fraction’s consistently low OIT and limited leachate improvement
reaffirmed that the absence of melt filtration allowed embedded contaminants and degradation
catalysts to persist, further limiting the effectiveness of surface cleaning.

The study highlights that washing outcomes are governed by material-specific factors. Polymer
composition and morphology played a critical role, with crosslinked PEX resisting modification
and polyolefin-rich materials such as IBC and SPA responding more significantly to surface
cleaning. Additive profiles were equally important, as materials like Essity and PEX exhibited
distinct leaching patterns during alkaline washing due to their embedded antioxidant systems.
Surface area effects were observed, where finer flakes, such as those in IBC-F, facilitated deeper
contaminant removal due to increased contact with the washing medium. Material history also
influenced results, as legacy contaminants, such as TCPP in Fortum IBC, complicated the
interpretation of water analysis outcomes.

In summary, NaOH-assisted washing proved more effective in removing surface contaminants
and improving mechanical properties but at the cost of increased additive leaching, leading to
reduced thermal stability. Cold washing better preserved polymer additives and thermal stability
but was less effective at deep contaminant removal, resulting in limited mechanical
improvements. Material composition, processing history, and flake size significantly influenced
washing outcomes, underscoring the need for tailored pre-treatment methods based on material
characteristics.

7 Future Outlook

These findings have important implications for industrial recycling practices. NaOH-assisted
washing is suitable for polyolefin-rich fractions where deep cleaning is required, while cold
washing is better for materials where additive retention is critical. The results also highlight the
importance of incorporating melt filtration, as demonstrated by the Essity fraction, where its
absence severely limited washing effectiveness. The detection of legacy contaminants in the
Fortum IBC sample underscores the need for detailed material history and pre-screening to
optimize washing strategies and interpret results accurately.
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Moving forward, pilot-scale evaluations are recommended to confirm these findings under
industrial conditions. Additionally, exploring hybrid approaches, such as warm washing
combined with mild alkaline or surfactant-based treatments, may offer a balance between cleaning
efficiency and additive retention. Improved material traceability and pre-sorting techniques could
further enhance washing outcomes by ensuring better upstream contamination control.

In conclusion, this study reinforces that washing is a critical pre-treatment step in mechanical
recycling, but its effectiveness is highly material-dependent. Optimizing washing protocols based
on material composition, processing history, and additive profiles is essential for producing high-
quality recyclates, reducing the environmental footprint of plastic waste, and advancing the
transition towards a circular economy.
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Appendix A:

Pilot-Scale Separation Trials at B+B

To complement the laboratory-scale washing and material characterization activities described in
this report, a pilot-scale separation trial was conducted at B+B Anlagenbau GmbH in Germany.
The objective was to evaluate the feasibility of recovering polyolefin-rich (PO) fractions from
Essity’s paper reject stream using industrial-scale mechanical separation methods.

A.1 Test Setup and Methodology

The Essity reject stream consisted of approximately 30% paper fibers, 65% polyolefin foils, and
5% heavy impurities (e.g., sand, metals). The material was first size-reduced to 25 mm using a
grinder and subsequently processed through a vertical air classifier (windsifter) designed to
separate light PO-rich material from denser contaminants.

The input material exhibited high moisture content (~50%), resulting in sludge-like behavior that
affected feeding, grinding, and air classification. The process involved:

1. Weighing and determining initial moisture content.
2. Grinding to target particle size (25 mm).
3. Feeding the ground material into the air classifier.

4. Collecting and weighing the light (foil) and heavy fractions.
A.2 Results

A total of 150 kg of input material was processed during the trial. The recorded mass balance was
as follows:

e Recovered PO foil (light fraction): 9.5 kg (6.3% of input)
e Heavy fraction (sand, metal, mixed plastics): 31.4 kg (21% of input)
¢ Blockage material: distributed across the grinder, windsifter, and ventilation system

The foil fraction was relatively clean, confirming partial separation of the polyolefin-rich
component. However, the heavy fraction still contained foil, indicating incomplete classification.
Moisture content in the heavy fraction exceeded 60%, while the recovered foil had a lower
moisture content of approximately 37%.

A.3 Observations and Process Evaluation

Although polyolefin recovery was technically possible, several operational challenges were
encountered:

e Low recovery yield: Only 6.3% of the input mass was recovered as polyolefin foil, far
below the expected 65% based on initial composition estimates.

e Severe clogging: High moisture levels caused repeated blockages in the grinder, air
classifier, and ventilator, halting operation several times.
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o Equipment sensitivity: The grinding step was particularly prone to blockage; shredding
may offer better suitability but would not fully eliminate the need for extensive system
maintenance.

e Residual foil in heavies: Indicates that air separation alone was insufficient for efficient
material liberation and recovery.

A.4 Conclusions and Recommendations

The results demonstrate that the grinder + air classifier configuration tested at B+B is not suitable
for large-scale recovery of polyolefin from the Essity reject stream due to the high humidity,
stickiness, and heterogeneity of the material.

However, the findings provide valuable insight into necessary pre-treatment steps for future trials:

e Dewatering or drying should be implemented prior to mechanical separation to
minimize clogging.

¢ Shredding instead of grinding could improve feed consistency and reduce blockage
frequency.

e Alternative or specialized separation technologies, already proven for paper-reject-
derived plastics, should be evaluated as potential solutions for continuous processing.

Overall, while partial separation of PO foils was achieved, the low recovery rate and equipment
limitations indicate that further process optimization and equipment selection are essential before
full-scale implementation.

© RISE Research Institutes of Sweden

Sensitivity: External



Through our international collaboration programs with academia, industry, and the public sector, we
ensure the competitiveness of the Swedish business community on an international level and contribute to
a sustainable society. Our 2,800 employees support and promote all manner of innovative processes, and
our roughly 100 testbeds and demonstration facilities are instrumental in developing the future-proofing
of products, technologies, and services. RISE Research Institutes of Sweden is fully owned by the
Swedish state.

In international collaboration with academia, industry and the public sector, we contribute to a
competitive business sector and a sustainable society. RISE's 2,800 employees drive and support all types
of innovation processes. We offer around 100 test and demonstration environments for future-proof
products, technologies and services. RISE Research Institutes of Sweden is owned by the Swedish state.

RISE AB Material, process och
RI m Box 104, 431 22 MOLNDAL atervinning

Telefon:010-516 50 00 RISE Report 2025:
S E-post: info@ri.se, Internet:www.ri.se ISBN:

© RISE Research Institutes of Sweden

Sensitivity: External



