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ABSTRACT

This study investigates the recyclability of expandable polystyrene (EPS) bead foams under conditions aligned with the EU
Packaging and Packaging Waste Regulation (PPWR) by simulating 10 consecutive extrusion cycles with a consistent 35wt%
recycled fraction. Although molar mass distribution and MFI remained nearly constant across all cycles, mechanical properties
deteriorated during the first four cycles. Compression modulus decreased by 24%, flexural modulus by 14% and flexural strength
by 21% in these initial cycles. Faster pentane diffusion, reflected in shorter steaming times, indicates that changes in diffusion
behavior, rather than chain scission, govern the loss in mechanical performance. After Cycle 4, both processing behavior and
mechanical properties reached a plateau, demonstrating that the required 35wt% recycled content leads to a stable material
condition for future industrial practice. A complete post-use recycling loop (C + 1), including prefoaming, welding, compression,
shredding, and pelletizing, revealed the strongest degradation, with a 15% drop in molar mass and an increase in MFI, which was
caused primarily by the pelletizing step. Overall, the results show that EPS bead foams can withstand multiple recycling cycles
when blended with virgin material, while highlighting that pelletizing and blowing agent diffusion must be monitored closely in
circular EPS production.

1 | Introduction growing in recent years. As for other large volume polymers,

its persistence in the environment and low recycling rates have

Polystyrene (PS) is one of the most widely used polymers in
industry due to its low cost, rigidity, and ease of processing. It
plays a significant role in the foaming industry, especially due
to its excellent insulation properties. EPS is commonly found
in single-use food packaging such as cups and trays, as well
as in general packaging applications [1-3]. Additionally, mod-
ified forms like high-impact Polystyrene (HIPS) are important
in the electronics and housing sectors due to their enhanced
toughness [4].

Despite its widespread use and various benefits of its applica-
tions, environmental concerns about polystyrene have been

been reviewed critically [5, 6]. Therefore, understanding the
challenges of PS recycling and evaluating its long-term recy-
clability are essential to assess its potential for multiple recycling
cycles and identify its limitations.

Recycling methods are generally categorized into material and
chemical recycling [7].

For PS, pyrolysis is considered one of the most effective chemical
recycling methods, offering high yields [8] but at the cost of high
energy consumption [9, 10]. This process involves heating the
material in an oxygen-free environment at temperatures around
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Highlights

PS bead foams recycled up to 10 extrusion cycles were
investigated.

Minor degradation occurred, plateauing after four
cycles.

65% virgin PS stabilized processing and foam
properties.

Pelletizing caused the strongest degradation in closed-
loop recycling.

Steaming time correlates with mechanical properties
of PS-foam.

350°C-600°C, resulting primarily in the recovery of styrene
monomers. These monomers can then be purified through pro-
cesses such as distillation [11, 12].

Laboratory studies have demonstrated styrene monomer recov-
ery rates of up to 99% via pyrolysis under controlled conditions
[11, 13-16]. However, scaling this process for industrial use re-
mains a challenge. Reed et al. [17] proposed a potential setup
involving a pyrolysis reactor, followed by a heat exchanger and
two distillation columns. Their analysis indicated that, assum-
ing a pyrolysis efficiency of 0.6, the total theoretical energy de-
mand could be as low as <10MJ/kg for monomer recovery [17].
First industrial-scale chemical recycling of PS has been imple-
mented by companies such as Indaver and Agilyx, with plants
designed to process multiple tons of PS per day and recover sty-
rene monomer for reuse [18, 19].

In contrast to chemical recycling routes, mechanical recycling
is already well established in the polystyrene industry. It in-
volves reprocessing post-consumer or post-industrial PS waste
without altering its chemical structure. The typical mechanical
recycling workflow includes separation of different polymers,
washing and grinding, followed by reprocessing into pellets or
granulate [20].

While more accessible, mechanical recycling often leads to ma-
terial degradation over multiple cycles, limiting its long-term
performance. To achieve high-quality output, recycled PS is typ-
ically blended with virgin material. Many challenges in PS re-
cycling are not primarily technical but rooted within economic,
logistical, and contamination-related problems [5].

However, in practice, EPS impresses with a noteworthy re-
cycling rate across the globe. EPS protective and insulated
packaging is reported to be recycled at scale in more than
38 countries, resulting in a recycling rate of above 30wt%
[21]. Recent reports by Conversio [22] and the European
Commission's Joint Research Centre (JRC) [23] highlight
the remarkable progress achieved in the recycling of PS and
EPS in recent years. In Europe, for example, a recycling rate
of roughly 40% is already achieved, and the numbers are
steadily increasing [22]. These unique achievements have re-
cently been recognized by the United Nations Environment
Programme (UNEP) in their recent report “Plastic Pollution
Science” [24] stating EPS transport packaging (the biggest

EPS packing application) as one of only six packaging formats
worldwide to be recycled at a bigger scale.

Despite these advances, EPS recycling is still limited by logistical
and economic barriers, primarily caused by the extremely low
density of post-consumer EPS. The high volume-to-weight ratio
of uncompacted EPS makes collection and transport inefficient
and costly. However, Larrain et al. [25] showed that mechanical
recycling of PS can already be profitable with an internal rate of
return of 14%.

Another major barrier to higher recycling rates is contami-
nation. Post-consumer PS from food packaging is often soiled
with food residues, adhesives, and labels. These impurities
reduce recyclate quality and restrict its use in high-value ap-
plications. Mechanically recycled PS cannot be reintroduced
into food-grade packaging because typical post-consumer
streams contain stabilizers, pigments, antistatic agents, glass
fibers, and flame retardants that are not suitable for food con-
tact [2, 26-30]. While food packaging is not the focus of this
study, these restrictions illustrate the challenges faced by PS
recycling.

Even for non-food applications, mechanical recycling still suf-
fers from an inherent limitation: a progressive degradation of
the material within each reprocessing cycle [10]. The combi-
nation of high heat and intense mechanical shear stress during
extrusion alters the polymer's molecular structure, leading to
downcycling [31].

Thermal degradation mechanisms of PS in the absence of ox-
ygen require high temperatures. Degradation typically starts
at temperatures of around 275°C-350°C in inert conditions
[32, 33]. Cameron et al. [34] reported minor molar mass changes
below 300°C while significant volatilization occurred at higher
temperatures (>300°C). The specific degradation pathway
and its kinetics are significantly influenced by the polymer's
synthesis method [34], molar mass (M) [32] and in the case of
high-impact PS (HIPS), the presence of the polybutadiene (PB)
phase [35]. Regarding the synthesis route, anionic PS is highly
regular and therefore initially more stable in comparison to
radical PS with a thermal initiation. Despite these initial dif-
ferences, the degradation characteristics of both types become
nearly identical after about 10% of the material has been con-
verted to volatiles [34].

Additionally, higher M increases the rate of thermally induced
random chain scission [32, 33]. Compared to degradation under
inert conditions, thermo-oxidative degradation for HIPS has
been observed at 90°C in a forced ventilation oven [35]. In con-
trast, oxygen-deficient atmospheres like during extrusion can
tolerate temperatures up to 200°C without noticeable material
degradation [35].

Extrusion is a primary cause of material degradation during
the mechanical recycling of PS, as the process simultaneously
exposes the polymer to high thermal and mechanical stresses
[36]. This combined loading leads to chain scission and a de-
crease in M, [36, 37] and viscosity [37, 38]. The degradation
mechanism during extrusion is synergistic. Mechanical shear
can effectively lower the temperature required for thermal
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degradation. It has been shown that shear-induced degra-
dation of PS can happen 50°C below the initiation of purely
thermal degradation mechanisms [38]. For this reason, static
thermal stability tests are often misleading and cannot accu-
rately predict a polymer's stability during processing [37, 38].
Springer et al. [37] observed an 18% decrease in M, after five
extrusion cycles and found that higher screw speeds caused
a greater reduction. In contrast, Capone et al. [39] concluded
that faster screw speeds result in smaller reductions of M.
They addressed these results with a shorter residence time in
the extruder and potential wall-slip phenomena that reduced
the actual shear stress applied to the polymer. Remili et al.
observed a continuous degradation over eight extrusion cycles
for PS resulting in a drop in modulus and molar mass [40]. For
HIPS, degradation initiates at the more sensitive PB rubber
phase [2, 36, 41, 42]. In a study by Velasquez et al. [2] yogurt
cups were subjected to 10 cycles of repeated extrusion. The
results showed a significant loss of impact strength and rigid-
ity as the PB phase degrades through chain scission, oxida-
tion, and crosslinking. Similar findings were reported in other
studies [41-44]. Overall, the material exhibited a 41% increase
in MFI and a 28% decrease in impact strength [2].

Managing degradation during melt extrusion is therefore
critical for both HIPS and standard PS (GPPS). This is par-
ticularly important because recycling economics are already
constrained by high processing costs and limited material
profitability.

The influence of repeated mechanical recycling on bead foam-
ing behavior and the resulting foam properties has not yet
been systematically investigated. To reflect industrial prac-
tice, this study incorporates virgin PS to partially compensate
for degradation effects during repeated processing. This topic
is of particular relevance, as the experimental design follows
the principles outlined in the EU Packaging and Packaging
Waste Regulation (PPWR 2025/40), which mandates a min-
imum recycled content of 35wt% for non-food contact pack-
aging [45]. Therefore, the aim of this research is to evaluate
the degradation behavior of EPS bead foams over 10 extrusion
cycles, to determine how repeated mechanical recycling in-
fluences molar mass, processing behavior, and foam proper-
ties to identify the critical processing steps that drive material
degradation.

2 | Materials and Methods
2.1 | Materials

Virgin polystyrene (PS) Edistir N 3380 used as base polymer was
supplied by Versalis S.p.A. (San Donato Milanese, Italy).

A nucleating agent (NA) (polyethylene wax, melting range
121°C-127°C) and a coating additive (CA) consisting of a mix-
ture of 60wt% glyceryl tristearate, 30wt% glyceryl monostea-
rate, and 10wt% zinc stearate were obtained from BASF SE
(Ludwigshafen, Germany).

Isopentane (purity >99%) and n-pentane (purity >95%) were pur-
chased from Carl Roth GmbH + Co. KG (Karlsruhe, Germany).

The blowing agent mixture consisted of n-pentane and isopen-
tane in a weight ratio of 80:20 (n/iso). The recycling content per
extrusion cycle was set to 35wt% recycled material blended with
65wt% virgin PS.

To ensure comparability with industrial process quality, K-510e
virgin EPS was supplied by BEWI ASA (Trondheim, Norway) as
industrial benchmark material.

2.2 | Study Design

In total, 10 extrusion cycles were performed to evaluate the cu-
mulative effects of repeated mechanical recycling.

In each cycle, two types of material were produced: unloaded
material for reprocessing and pentane-loaded microgranulate
for foaming. NA was added to all materials, but only the mate-
rial intended for foaming was loaded with 6 wt% of the n-/iso-
pentane mixture and coated with 0.3wt% of the CA.

After each cycle, 35wt% of the produced unloaded material was
mixed with 65wt% of virgin PS to prepare material for the next
extrusion step. The first cycle started with 100wt% virgin mate-
rial. This approach replicates current industrial recycling prac-
tice and reflects the guidelines outlined in the European Union
Packaging and Packaging Waste Regulation for 2030 [45], which
promotes continuous usage of recycled content.

This method allows the gradual build-up of the recycled fraction
of multiple recycling runs under realistic processing conditions,
allowing the degradation behavior to be monitored across multi-
ple extrusion and foaming steps.

Additionally, one complete recycling loop, including bead foam-
ing, welding, compression, shredding and pelletizing, was per-
formed, comparable to a full EPS life cycle from production to
reuse in the non-food-contact packaging industry. This loop
is referred to as cycle C+1 and was carried out to ensure that
material degradation occurs primarily during the extrusion of
microgranulate. A full illustration of the trial plan is shown in
Figure 1, further information can be found in the Supporting
Information.

2.3 | Processing
2.3.1 | Extrusion Process

Prior to extrusion, all PS granulates were dried for at least 12h at
50°C. Microgranulates were manufactured using a Reifenhduser
tandem foam extrusion line (Troisdorf, Germany) combined
with an underwater granulator (UWG) from Econ (Steyr-
Gleink, Austria). The tandem line consisted of a twin-screw
extruder (A-Extruder, D=41mm, L/D=43) and a downstream
single-screw extruder (B-Extruder, D=50mm, L/D=30). The
UWG was equipped with a rotating knife featuring 8 blades, op-
erated at 2000 rpm.

The pentane mixture was dosed into the twin-screw extruder
using an Ecofoam dosing system (LEWA GmbH, Leonberg,
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FIGURE1 | Schematicillustration of the 10-cycle mechanical recycling process including extrusion, foaming, welding, and testing, and the addi-

tional closed-loop EPS recycling (Cycle C+1).

Germany). The blowing agent was introduced into the molten
PS in the A-Extruder, which operated at 80rpm, at a tempera-
ture between 210°C and 230°C for all cycles.

The resulting one-phase mixture was transferred to the single-
screw extruder, operated at 27rpm, and cooled to 210°C before
getting transferred into the melt pump and die plate. The die
plate consisted of five nests, each equipped with 5x 0.8 mm die
holes, designed to produce microgranulate. The die plate tem-
perature was maintained at higher temperatures (270°C for
unloaded and 290°C for pentane loaded granules) to prevent pre-
mature solidification. Water temperatures and pressure during
underwater granulation were 30°C-34°C and 6 bars. A constant
throughput of 20kg/h was maintained.

2.3.2 | Bead Foaming and Part Fabrication

Prior to prefoaming, the pentane-loaded granulate was coated
with 0.3wt% CA to improve bead surface quality and processing
stability. Batches of 4kg were coated at room temperature using
a Type 10 Ploughshare laboratory mixer from Lodige Process
Technology (Paderborn, Germany). The mixer operated at
200rpm for 1005 to ensure a uniform distribution of the coating
agent on the granulate surface.

Steam-based prefoaming was carried out using the X-Line 3sys-
tem from Kurtz Ersa (Kreuzwertheim-Wiebelbach, Germany).
The prefoaming process continued until a sensor detected a
target volume of 65L, corresponding to a bulk density of 19g/L
(£1g/L). The initial mass was 1240g of loaded granulate. The
steam/air mixture was set to 100% steam, the mixer operated at
50rpm, steam pre-pressure was maintained at 0.7bar and steam
vessel pressure at 0.5bar. This approach leads to variations in
steaming times at constant steaming pressure, while ensuring
consistent bulk density throughout all cycles. To monitor the
prefoaming process, bulk density was measured both before and

after steaming to confirm that target density had been reached
and to evaluate the consistency of the process. The prefoamed
beads were conditioned at room temperature for 24h prior to
molding.

Steam-chest molding was conducted using the TransTec 72/52 PP
system by Teubert Maschinenbau GmbH (Blumberg, Germany).
The fixed parameters included a mold geometry (rectangular
plate) of 200x290x20mm? and the use of four fillers placed in
each corner of the mold. The steaming process consisted of two
cross-steam phases at 1.2bar for 5s each, followed by autoclave
steaming at 1.4bar for 3s. Cooling was conducted up to 70°C, and
the demolding foam pressure was maintained at 0.3bar. The tar-
get density of the molded part was 20g/L (£1g/L). To maintain
uniform part density, the silo pressure was continuously adjusted.

2.3.3 | Recycling Process (Closed-Loop Simulation)

The recycling cycle C + 1 simulates a complete material lifetime
up to the point of recycling. It consists of five key stages:

1. Prefoaming: The material is expanded to achieve a bulk
density of 19g/L.

2. Welding: The parts are welded, resulting in a part density
of about 22 g/L.

3. Compressing: The welded components are compacted to
prepare them for further processing.

4. Shredding: The compressed material is shredded, increas-
ing the bulk density to around 60g/L.

5. Pelletizing: The shredded material is transformed into pel-

lets with a final bulk density of approximately 500g/L.

The prefoaming process is performed using the X-Line 3 ma-
chine from Kurtz Holding GmbH (Kreuzwertheim, Germany).
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Welding is handled by the TVZ 162/100 PP unit from Teubert
Maschinenbau GmbH (Blumberg, Germany) and a tool
with a dimension of 1000X600Xx90mm?3. Compression is
achieved with a 600-ton press manufactured by WICKERT
Maschinenbau GmbH (Landau, Germany). The shredding
step utilizes a cutting mill from Wanner Technik GmbH
(Wertheim, Germany), and the final pelletizing is completed
using a pelletizing unit from Amandus Kahl GmbH & Co. KG
(Reinbek, Germany). This step was performed with a die plate
featuring 8 mm perforations and a thickness of 24 mm, at a
rotational speed of about 90 rpm (utilization of 75%). This pro-
cess is designed to simulate one full “material lifetime” before
reprocessing.

2.4 | Characterization Methods

Gel permeation chromatography (GPC) measurements
in chloroform (CHCI,) were carried out using an instru-
ment equipped with a linear XL SDV gel column (particle
size = 5 pum) with a separation range of 100-3,000,000 Da (PSS,
Mainz, Germany). A refractive index detector (1200 Series,
Agilent Technologies) was used for detection. HPLC-grade
CHCI, was used as both the solvent to dissolve the polymer
and the eluent. Measurements were performed at a flow rate
of 0.5mL/min at room temperature. HPLC-grade toluene was
used as the internal standard. Calibration was performed
using a narrowly distributed polystyrene (PS) homopolymer
from a PSS calibration kit. An injection volume of 20 uL was
used. Before analysis, the sample was dissolved in CHCI, and
filtered through a 0.22 um PTFE filter to remove the insoluble
NA from the PS sample.

The melt volume index (MVI) represents the rate at which a
molten polymer is extruded through a standardized die with a
specific length of 8 mm and a diameter of 2.095 mm following
EN ISO 1133 standards. During testing, the extruded volume
per unit time is measured. MVI measurements were per-
formed using a MeltFlow@on device (KARG Industrietechnik
GmbH, Illertissen, Germany) operated under a testing load of
5kg at 200°C. At least 20 measurement points were recorded
for each material cycle C1-10 and C + 1. For all materials, mean
values of MVI were determined and melt flow index (MFI)
value was calculated based on Equation (1). The melt density

Pnere 0F 0.97 g/cm? at 200°C was used for PS, as reported by the
manufacturer.
MFI = o))
Pmelt

The analytical work accompanying the prefoaming and weld-
ing includes the determination of blowing agent content at four
distinct stages: before prefoaming, before welding, in the pro-
duced parts 5days after production, and again 4weeks after
production. The determination of the blowing agent content was
carried out using a gravimetric method. First, the empty sample
containers were weighed. Then, the containers were weighed
again after being filled with microgranulate or foamed beads.
The filled containers were subsequently placed in an oven at
130°C for 1h to allow the blowing agent to evaporate. After
the heating step, the containers with the remaining beads were

weighed once more. The pentane content was then calculated
based on the weight loss observed during the heating process.

All mechanical test specimens were conditioned for at least 48h in
a standard atmosphere prior to testing. Compression testing was
done according to ISO 844. For each recycling cycle, at least five
specimens were tested. The samples were tested including the in-
tact foam skin at the top and bottom surface. All specimens were
square-shaped (2500 mm?) with a thickness of 20mm. Testing was
performed using a Z050 universal testing machine (ZwickRoell
GmbH & Co. KG, Ulm, Germany). For data evaluation a custom
Python script was used to calculate the elastic modulus. This ap-
proach was chosen to reduce potential human error during data
extraction and analysis, as described by Albuquerque et al. [46].

Three-point bending (3-PB) tests were performed on a
ZwickRoell Z2.5 based on ISO 1209-1. All samples included the
original, untrimmed foam skins (dense outer layer) on both the
compression and tension sides of the test specimen.

The test specimens had a length of 120+1.2mm, width of
25+0.25mm and a thickness of 20+0.2mm. The span length
between the supports was set to 100mm. Due to the relatively
short span length in relation to the sample thickness, pure bend-
ing conditions were not achieved. As a result, the measured
mechanical response represents a combination of multiple
deformation modes, such as bending shear and compression.
Therefore, all three-point bending results are only comparable
within this study and should not be interpreted as absolute flex-
ural properties.

Additionally, all mechanical results were normalized (E, .
and o,,.) to a reference density p, .., of 20kg/m?3, as the
measured densities o ... across different cycles ranged
between 21.6 and 22.8kg/m3. Normalization was performed
using Equations (2) and (3) [47], based on the measured values

for both modulus E flexural and compression strength

mearsured’
(O pmeasured)> the corresponding densities.
n
Ptarget
Onorm = Omeasured\ ~—— (2)
Pmeasured
Prarget \ "
E, norm — Emeasured (— (3)
Pmeasured

Following the approach described by Gibson and Ashby [47],
an exponent factor of n=2 was applied for elastic material be-
havior (e.g., elastic modulus), while n=1.5 was used in cases
dominated by plastic yielding or brittle fracture (flexural and
compression strength values). This allowed for a consistent com-
parison of mechanical properties across samples with slightly
varying densities.

3 | Results and Discussion
3.1 | Process Stability and Material Degradation
Process stability in extrusion was unaffected across all cy-

cles without pentane loading. However, the addition of pen-
tane significantly lowered the melt viscosity, resulting in a
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pressure decrease of approximately 30 bars at the die plate.
The reduced melt strength due to the plasticizing effect of pen-
tane [48-50], affected stable processing. To counteract these
effects, adjustments to the die plate temperature were neces-
sary between the unloaded (270°C) and the pentane loaded
granulates (T, plalte:290°C) to achieve stable extrusion be-
havior. These updated parameters were kept constant over all
10 extrusion runs. Only the knife speed of the pelletizer was
occasionally adapted from 2000rpm to a max of 2700rpm in
cases where partial die hole blockage appeared. This adjust-
ment was crucial to maintain near constant bead sizes and
to minimize the effect of bead size variation on mechanical
properties as macro-porosity due to bigger bead sizes provoke
crack initiation [51].

In comparison to C1-C10, which maintained die pressures at
50-60bar, the full degassing step C+1 showed further reduc-
tion to approximately 40bar. These observations indicate a fur-
ther reduction in melt viscosity caused by thermomechanical
degradation during the recycling process.

The prefoaming process resulted in highly homogeneous bulk
densities across all recycling cycles, consistently achieving the
target bulk density of 19+ 1g/L. To achieve consistent bulk den-
sities, the required steaming time was automatically adjusted
depending on the material condition in each cycle. This regula-
tion was based on two fixed parameters: the weighed-in material
quantity and a sensor to reach a volume of 65L. The steaming
process continued until the foam reached this specified volume,
allowing the system to dynamically adapt the steaming time to
the material's foaming behavior.

Across cycles 1 to 10, a high level of consistency and reproduc-
ibility was observed. Only the reference material (K510e) and
C+1 deviated from this trend, exhibiting shorter steaming
times due to differences in molar mass. The reduced viscos-
ity resulted in faster expansion and shorter steaming time in
prefoaming.

Consistent welding quality in steam-based molding process
was achieved across all recycling cycles without modifying the
steaming parameters. For evaluation, the density of each molded
part was determined, and the welding quality was assessed by
optical analysis of the fractured parts to verify whether the
welding was sufficient to produce intrabead failure. To maintain
a uniform part density of 22 +1g/L, filling parameters—specif-
ically filling time (3-65) and silo pressure (0.1-0.6bar) - were
continuously adjusted. This demonstrates the sensitivity of the
process to material conditions.

Cycle time, as the most dominant factor influencing economic
viability, was primarily governed by foam pressure reduction
within the mold prior to demolding. Demolding was only fea-
sible after cooling to 70°C and a sufficient drop in pressure of
the beads against the inner wall of the mold (to 0.3bar, value
obtained from preliminary tests) to ensure dimensional stabil-
ity. The duration of pressure release was influenced, that is, by
the residual content of the blowing agent and its retention time
within the polymer matrix (Figure 4), which is governed by the
material's diffusivity. This stabilization period constitutes the
primary factor determining the overall cycle time.

Reproducibility was confirmed for all materials, with standard
deviations in part density remaining below 0.35g/L. This indi-
cates a stable and controlled process window, provided that dy-
namic adjustments to filling conditions are implemented.

These findings underscore the importance of dynamic process
control in industrial applications, where economic viability is
closely tied to cycle time and consistent product quality. The
following diagram (Figure 2) illustrates the cycle times (in sec-
onds) for various molding cycles, ranging from the reference ma-
terial K-510e through Cycle +1 and Cycles 1 to 10:

From Cycle 1 to Cycle 3, a reduction in cycle time is observed.
This trend is attributed to decreasing stabilization times, which
are influenced by a progressive reduction in residual blowing
agent content and its retention time within the polymer matrix.
The increased diffusivity of the blowing agent may be related to
morphological changes, such as a redistribution of polymer from
cell walls to struts, leading to thinner walls, higher effective po-
rosity, and consequently faster pressure decay. As a result, in-
ternal foam pressure dissipated more rapidly, enabling earlier
demolding and thus shorter cycle times.

From Cycle 3 to Cycle 10, the cycle time plateaus, indicating that
the stabilization behavior of the material reaches a steady state.
This suggests that the residual blowing agent content, and its
retention characteristics stabilize after several recycling loops,
leading to consistent demolding conditions due to similar mate-
rial formulation.

In comparison, the reference material (K-510e) exhibits a sig-
nificantly longer cycle time. This is due to higher stabilization
requirements. This material requires more time for internal
pressure to drop to the demolding pressure (0.3 bar).

Cycle +1 (full lifetime loop) shows a similar cycle time to cy-
cles 4-10. This result indicates that the material reaches stable

\‘
()]
1

Cycle time /s
3

254

T T T T T T T T T T T T
K-510e1 2 3 4 5 6 7 8 9 10 +1
Number of Cycles / -
FIGURE 2 | Cycle time during steam-based molding, including cy-
cles 1-10, benchmark virgin EPS K-510e, and the complete loop C+1.

The dotted line is included as a visual guide to indicate trends between
the cycles.
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processing behavior after several recycling steps. This suggests
that even after a complete recycling loop, the material retains
consistent foaming and demolding characteristics. Such stability
is essential for industrial applications, as it enables predictable
cycle times, supports dynamic process control, and ensures eco-
nomic viability in serial production.

3.2 | Molecular Degradation and Pentane
Retention

The MFI exhibited a gradual decrease over the 10 cycles
(Figure 3), which does not align with the assumption of decreas-
ing melt viscosity due to thermal and thermomechanical degra-
dation during repeated extrusion. However, when considering

5 kg, 200 °C

MFI1/ g/10 min

o T T T T T T T T T T T T
N33801 2 3 4 5 6 7 8 9 10 +1
Number of Cycles / -
FIGURE 3 | Melt flow index measurements at 200°C and 5kg
weight, including all cycles, unprocessed base material, and degas-

sing cycle C+1. The dotted line is included as a visual guide to indicate
trends between the cycles.
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values C1-C10, which range between 2.9 and 3.4 g/10 min, it be-
comes evident that the variation is minimal. Notably, the change
in MFI between virgin (N 3380) and once-processed material
(C1) is approximately two times as large as the total variation
through all 10 extrusion cycles.

This suggests that the addition of 65% neat material effectively
stabilizes the melt properties and mitigates the accumulation of
degradation effects over multiple extrusion steps. The relatively
constant MFI values imply that under these extrusion condi-
tions, the cumulative degradation per cycle is minor and fully
compensated by the virgin fraction.

In contrast, the fully recycled and degassed sample (C+1) ex-
hibits a substantial increase in MFI to 8.0+0.2g/10 min. This
rise indicates a significant reduction in melt viscosity due to ex-
tensive chain scission and M,, reduction during degassing cycle.
Further information regarding the degassing cycle (C+ 1) can be
found under Section 3.4.

To relate changes of MFI with the M, changes GPC analysis was
performed. Figure 4 shows the results of GPC. M, was nearly
constant (C1-C10) while a significant drop was observed by
Cycle C+1. Dispersity ® was measured between 2.0 and 2.4 for
all cycles after reprocessing, including C+ 1. Since GPC traces
show no significant broadening and P remains nearly stable
while M, decreases in C+1, these results indicate a uniform,
randomly distributed chain scission mechanism affecting the
entire molar mass distribution, rather than targeting high mo-
lecular weight fraction.

The variation in blowing agent content across multiple stages of
the bead foaming process over all 10 cycles, including C+1 and
the reference cycle labeled K-510e is shown in Figure 5.

Four stages of the bead foaming process are represented: loaded
microgranules immediately before prefoaming, expanded beads
directly before welding, molded parts after 5days, and molded
parts after 4 weeks.

-
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10° 10* 10° 108
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FIGURE 4 | Molar mass changes over all extrusion cycles measured via GPC (left), normalized RI signal (right).
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The datareveal a marked decrease in blowing agent content in the
molded parts from Cycle 1 through Cycle 4. Beyond the fourth
cycle, the values stabilize, indicating a plateau in the degassing
behavior of the blowing agent. Notably, the first cycle and K-510e
exhibit comparable levels of blowing agents. C + 1 shows similar
results to cycles 4-10.

The stabilization observed after several cycles may reflect
an equilibrium state in the material system, which is criti-
cal for ensuring consistent part quality and performance in
serial production. Parts made of EPS are often stored for a
certain period after production to allow the residual blowing
agent to evaporate from the molded part. The diagram shows
that this removal time gets shorter from cycles 1 to 4, as there
is already less residual blowing agent in the molded part
after production. This trend may be related to morphological

9
before prefoaming
© 8 - * before welding
3 7] 4 parts after 5 days
= v parts after 4 weeks
= 6
c
2 51
c - - = =
8 4 DA a = * o -
)
c 34
©
£ o]«
[ . =
o 1' - - A e N A - =
O T T T T T T T T T T T T
K510e1 2 3 4 5 6 7 8 9 10 +1
Number of Cycles / -

FIGURE 5 | Residual pentane content measured at different stages
after processing. Values represent the average pentane content at each

time point.
250 normalized for 20 kg/m?®
Compression:|F 10
50%
200 - 25% 8
10%
©
150 4 g L
63
100+ v L4 W
50 - )
0 T

K510e1 2 3 4 5 6 7 8 9 10 +1
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changes that also govern cycle times of welding, as pentane re-
tention exhibits the same tendency as observed for cycle time
in Figure 2.

3.3 | Mechanical Performance of Recycled
Bead Foams

The mechanical data illustrates the changes in static mechan-
ical properties across all cycles (Figure 6). For comparison to
industrial standards virgin PS (K-510e) was added to the data.
All curves are normalized to a density of 20kg/m? as described
above. Cycle 1 performs comparable to K-510e in terms of com-
pression strength at different compression levels, however,
elastic modulus was found to be lower for K-510e. A progres-
sive decrease in both compression modulus and compressive
stresses at different strain values were observed with an increas-
ing number of extrusions. This trend reflects a loss of stiffness
and load-bearing capacity. The drop in compression is observed
for all levels (10%, 25%, and 50%), however, the effect is strong at
the first 4 runs and nearly constant for the extrusion cycles 5-10.
From Cycle 5 onward, the measured values approach a plateau,
which closely matches values obtained for the degassing cycle
C+ 1. These results indicate that a full recycling/degassing loop
affects the mechanical performance as strongly as multiple ex-
trusion cycles, considering the applied recycling rates. As shown
in Figure 4, a distinct shift in molar mass distribution was only
observed for the C+1 sample. This leads to an increased dif-
fusivity of the blowing agent and a drop in mechanical per-
formance. The reduced barrier properties accelerate the loss
of blowing agent during molding, resulting in shorter welding
times (Figure 2). In contrast, the molar mass distribution did not
shift after multiple extrusion cycles, however the welding times
were still reduced, which could be linked to enhanced blowing
agent diffusion. This assumption is supported by the residual
pentane contents before and after welding (Figure 5). In Cycle
1, the total pentane content decreased by 44% during welding
processes and 5days of conditioning at room temperature (from
4.3 to 2.4wt%), whereas in Cycle 10 the reduction reached 84%
(from 3.8 to 0.6 wt%). The accelerated diffusion observed in later

0.40 normalized for 20 kg/m? 10

i -8
0,304 ' §§§§ . i L
0,25' _6 ib
0,20 - E
0,15- r4ur
0,10

-2

0,05
0,00—

K510e1 2 3 4 5 6 7 8 9 10 +1
Number of Cycles / -

FIGURE6 | Mechanical performance of all tested materials compared to the benchmark K-510e under compression (left) and three-point bending

tests (right). The dotted line is included as a visual guide to indicate trends between the cycles. Compressive stress was evaluated at 10%, 25%, and

50% deformation.
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FIGURE 7 | Molar mass changes across the degassing cycle C+1, including stages C1 processed, C1W welded, C1S shredded, C1P pelletized,
CI1RP reprocessed with 65% virgin material, measured via GPC (left: molar mass distribution; right: normalized RI-signal).
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FIGURE 8 | Pearson's correlation coefficients matrix of processing parameters and material properties.

cycles likely reflects subtle morphological changes, potentially
including thinner cell walls and thicker struts, that increase gas
permeability.

The additional data gathered by 3-PB measurements supports
these results (shown in Figure 5). All samples exhibited in-
trabead failure during three-point bending, confirming that
bead welding was sufficient and that the observed mechanical
changes are not related to insufficient fusion. While flexural
properties of C1 are on the same level as industry standard
(K-510e), flexural strength and modulus drop over the first
4cycles by 21% in strength and 14% in modulus. These effects
align with literature results of recycled materials [52, 53]. The

observed changes in material behavior suggest that repeated
processing cycles introduce additional macrostructural defects
such as voids, or interfacial debonding. While these defects
have only a minor impact on stiffness, they lead to internal
stress concentrations that ultimately reduce the material's re-
sistance to fracture.

3.4 | Closed-Loop Recycling Potential
As previous analysis suggested, the main degradation in this

study was not only caused by multiple extrusion cycles but by
the full degassing and recycling loop C+ 1. Further analysis
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after all processing steps C1 after extrusion, C1W after weld-
ing, C1S after shredding, C1P after pelletizing and C1RP after
another reprocessing step with 65% virgin material is shown
in Figure 7. During prefoaming, welding, and shredding,
only negligible changes in molar mass (M,) are observed. In
contrast, pelletizing causes a reduction in M, of about 15%.
Reprocessing can only partially compensate for this loss, lead-
ing to an increase of around 12%. Pelletizing was used solely to
suit the pilot-scale equipment and is not necessarily standard
industrial practice for this material. The extent to which pellet-
izing is applied in industry, and the associated shear intensity,
remains unclear and may vary depending on process design. In
our study, the intense shear forces involved in this step caused
pronounced material degradation. Industrial pelletizing might
be less shear-intensive or unnecessary as specific dosing units
like Crammer Feeders [54] or Feed Enhancement Technology
(FET) [55] can be used directly with shredded material.
Alternatively, solvent-based hybrid methods for EPS recy-
cling can be employed, in which volume reduction is achieved
through dissolution [8, 56, 57], followed by mechanical recy-
cling of the recovered polystyrene.

3.5 | Correlation Between Processing Parameters
and Material Properties

To understand potential relationships between all measured
processing parameters and material properties, a Pearson
correlation analysis was performed using Python. While cor-
relation does not imply causation, it can provide an indica-
tion of how strongly two variables co-vary. As expected, the
analysis (Figure 8) reveals a strong negative correlation be-
tween the M, and MFI (Rp: —0.98). However, no significant
correlations were observed between compression mechanics
and MFI/M,. In contrast, the steaming time ¢, ... shows
strong correlations with nearly all mechanical properties as
well as with pentane retention behavior. This positive correla-
tion can be explained by the fact that longer steaming time
promotes stronger inter-bead welding, which not only en-
hances the mechanical integrity of EPS but also reduces path-
ways for pentane loss.

4 | Conclusions

This study assessed the recyclability of EPS bead foams under
PPWR-relevant conditions by simulating 10 mechanical re-
cycling cycles with a fixed 35wt% recycled content. Although
molar mass and MFI remained nearly constant across the 10 cy-
cles, the mechanical properties nevertheless deteriorated during
the first four cycles, indicating that factors other than chain scis-
sion contributed to the loss of performance. The compression
modulus decreased by 24%, the flexural modulus by 14% and the
flexural strength by 21%.

The faster pentane diffusion observed in later cycles, along
with shorter steaming times, may indicate subtle morphologi-
cal or macrostructural changes as main reason for reduced me-
chanical properties. To compensate for these changes, already a
minor density increase of 3-4kg/m?3 would effectively counter-
act the mechanical losses and result in partially recycled EPS

foams with comparable mechanical properties and sufficiently
low density.

After Cycle 4, the material properties reached a plateau, with
mechanical performance remaining nearly constant up to Cycle
10 due to the dilution effect of the 35wt% recycled fraction. This
steady-state condition reflects the expected material response
under future industrial recycling conditions defined by PPWR.

In contrast, the complete post-use recycling loop (C+ 1) revealed
significant degradation, including a substantial drop in molar
mass of 15% and an increase in MFI to 8.0 £0.2g/10 min, which
was primarily induced during the pelletizing stage. These find-
ings identify pelletizing as the most critical degradation point
in the mechanical recycling chain. Mitigation strategies such
as low-shear pelletizing, direct dosing of shredded material, or
solvent-based recycling approaches could help reduce degrada-
tion at this stage.

Overall, the findings demonstrate that EPS bead foams main-
tain stable processing and consistent mechanical performance
over multiple recycling cycles when blended with virgin ma-
terial as prescribed by the PPWR. However, pelletizing con-
ditions must be carefully controlled in future large-scale
circular EPS processes to avoid the degradation observed in
the C+1 loop. If the EPS industry addresses the identified
challenges in developing high quality recycled products, the
already substantial recycling rates achieved in the EU for EPS
packaging [23] will further increase in the next decade.
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