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Abstract

This study provides key insights into the extrusion of a post-industrial feed-

stock primarily composed of polypropylene (PP) and reveals its influence on

the property profile of the recyclate. The objective of this study was to gain a

fundamental understanding of complex process-property relationships. There-

fore, a two-part experimental design was established. The first part aimed to

analyze the feedstock variability by investigating key material properties of

recyclates produced under constant processing conditions. The second part

aimed to systematically evaluate the effect of the screw speed, filtration setup,

and degassing setup on the properties of the recyclates. An industrial-scale

recycling extrusion line was used. The material evaluation included melt mass-

flow rate (MFR), ash content, oxidation induction temperature, tensile and

impact properties, degassing performance, and residual volatile organic com-

pounds (VOCs). Higher melt temperatures led to chain scission of the PP frac-

tion, resulting in increased MFR and higher material stiffness. Additionally, a

finer filtration positively contributed to the enhanced material stiffness. Fur-

thermore, the mechanical properties were also influenced by the levels of inor-

ganic fillers in the material composition of the feedstock. Finally, the filtration

setup had a greater impact on degassing performance and residual VOC levels

than the degassing setup and screw speed.
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1 | INTRODUCTION

Plastics recycling has gained a significant momentum in
recent years, emerging as one of the most viable recovery
methods for plastic waste.1 In 2008, the European

Parliament introduced 37 Directive 2008/98/EC to the
member states that aims at maximizing the reuse and
recycling of 38 plastic waste.2 These recycling targets
were subsequently reinforced in 2018 by Directive
392,018/851, with the goal of achieving recycling rates of
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55% by the end of 2025 and 60% by the 40 end of 2030.3

This imposed substantial pressure on the plastics indus-
try, driving the development of innovative solutions to
improve recycling processes, and consequently, elevate
the recycling rates and enhance the quality of recycled
plastics. Plastic waste is fundamentally categorized based
on its source, distinguishing between post-industrial and
post-consumer waste.4 Post-industrial waste originates
from production residues and never reaches the end con-
sumer (e.g., injection molding sprues), thus it is typically
less contaminated making it readily recyclable,1,5–7 while
post-consumer waste is generated after the use-phase and
disposal.5 The term “recovery” in the context of plastic
wastes encompasses all methods of reclaiming
plastic waste, including recycling, regardless of the waste
type.4,8 Among the various approaches, mechanical recy-
cling is widely regarded as one of the most efficient and
effective practices.9–11 Mechanical recycling typically
involves techniques that transform plastic waste into sec-
ondary raw materials using physical processes such as
shredding and extrusion.1,10

The mechanical recycling process typically com-
mences with the collection of the plastic waste and ends
with the regranulation step.1,10 Nevertheless, prior to
entering regranulation, several supplementary steps, such
as sorting, shredding, washing, and drying, are frequently
conducted to enhance the homogeneity of the input
materials and, consequently, the quality of the resulting
recyclates.6,8 Therefore, mechanical recycling can be con-
ceptually categorized into two stages: (i) the preparatory
stage, which yields pretreated flakes, and (ii) the regranu-
lation stage, responsible for transforming these flakes
into recyclates. The regranulation of plastic waste into
pellets through extrusion stands out as the most com-
monly employed recycling technology. This popularity is
attributed to its cost-effectiveness, versatility with various
polymer types, high efficiency, and the potential to
enhance polymer melt quality by incorporating filtration
and degassing units into the extrusion process.11–13

The extrusion process plays a crucial role in the
mechanical recycling of plastics and has a significant
influence on the properties of the resulting recyclates. Its
influence stems from the capacity of the extrusion pro-
cess to enhance the quality and homogeneity of the poly-
mer via processing steps such as melting, filtering the
polymer melt, degassing, and mixing.13–15 For instance,
employing an appropriate filtration system can effectively
eliminate larger non-volatile contaminants such as dust,
gel particles, and foreign polymers. This in turn improves
the homogeneity of the polymer and, consequently,
enhances the mechanical and optical properties of the
recyclates.11,15 Furthermore, the use of a degassing unit
facilitates the removal of volatile compounds, effectively

reducing processes like hydrolysis and acidolysis, thus
ultimately improving the odor of the resulting recyclate
and increasing its value.11,13,14 Nevertheless, it must be
noted that mechanical recycling also entails harmful
effects on the polymers.16 Plastic waste materials, espe-
cially thermoplastics, are inevitably subjected to degrada-
tion (e.g., thermal and mechanical) due to exposure to
process-induced stresses when they are reintroduced into
production processes, which in turn triggers irreversible
alterations in the material structure and properties, limit-
ing their suitability for certain applications.10,16,17

This study aims to investigate the intricate relation-
ships between the key parameters of the extrusion pro-
cess in mechanical recycling and the property profile of
the resulting recyclate. Specifically, it examines the pro-
cessing of a waste stream primarily composed of polypro-
pylene (PP) originating from a post-industrial source.
Moreover, this research investigates the influence of
input material variability, considering its role in process
fluctuations and its effects on selected recyclate proper-
ties. To achieve these objectives, a two-part experimental
approach was adopted. In Part A, the process was carried
out under controlled conditions, while in Part B, various
process configurations, including adjustments to screw
speed, filtration setup, and degassing setup, were system-
atically considered. Subsequently, the study evaluated the
effect of these processing conditions on properties such
as melt properties, thermal stability, mechanical proper-
ties, degassing performance, and the levels of residual
volatile organic compounds (VOCs) in the recyclate.

2 | MATERIALS AND METHODS

2.1 | Investigated material

The study investigated the recycling potential of a waste
stream originating from post-industrial sources, consist-
ing of pigmented multilayer films. The input materials
were delivered in form of flakes with a flake size ranging
from 2 to 10 mm. Furthermore, the materials displayed a
broad spectrum of colors spanning from white and light
gray to dark brown and black. Consequently, after pro-
cessing, the resulting recyclates exhibited various shades
of gray. Figure 1 displays exemplary images of the input
materials in flake form along with images of the resulting
recyclates showing the two most extreme color cases,
light gray and dark gray. These films are primarily tai-
lored for applications related to furniture surfaces and
are predominantly composed of PP, with polyethylene
(PE) serving as a secondary component. In addition to PP
and PE, the material composition includes various addi-
tives, lubricants, lacquers, and inks, which enhance the
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material's durability to withstand certain application-
specific loads. This specific composition resulted in a den-
sity exceeding 1 g/cm3, which is notably higher than that
of its main constituents (i.e., PP and PE). Furthermore,
the melt mass-flow rate (MFR) of this material measures
approximately 4 g/10 min, under test conditions involv-
ing a temperature of 230�C and a weight load of 2.16 kg.

2.2 | Material processing

2.2.1 | Regranulation process

Since the materials were received in the form of flakes, the
influence of the preparatory stage was not considered in the
present study. Therefore, this investigation focused solely on
the regranulation stage in the recycling process. Materials
were converted to recyclates in the form of pellets using an
INTAREMA 1108TVEplus recycling extrusion system from
EREMA Group (Ansfelden, Austria). A schematic illustra-
tion of the regranulation process is depicted in Figure 2.

The regranulation process starts with an automatic
conveyor belt, which directly feeds the input materials
(i.e., flakes) from the big bags (BBs) into a precondition-
ing unit (PCU). The PCU, where the initial degassing
occurs, serves as the first homogenizing step, involving
mixing, drying, and pre-compacting of the material
before it enters the melt extrusion step. Following this,
the material is conveyed through an automatic slider into
the extruder, which is equipped with both melt filtration
and degassing units. At the end of the first screw section,
the melt temporarily exits the extruder barrel to pass
through the melt filtration unit, in which screen disks
collect contaminants as the polymer melt flow through.
The self-cleaning mechanism of the filter is guaranteed
by scrapers removing the contaminants from the screen
disks and directing them to a discharge system. Subse-
quently, the melt reenters the extruder barrel to pass
through the degassing unit for potentially removing the
emissive volatiles from the melt. Afterward, the melt is
conveyed through the pelletizing unit to form and cool
down pellets. Finally, the pellets are transported into a

FIGURE 1 Representative images

of (a) the input materials and (b) their

resulting recyclates, highlighting the

contrast between bright (left) and dark

(right) input materials and their

influence on the color of their

corresponding recyclates. [Color figure

can be viewed at

wileyonlinelibrary.com]
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centrifugal drum, which serves as a drying mechanism.
This drum is coupled with a paddle wheel that transports
the resulting recyclates to a balance, marking the comple-
tion of the regranulation process.

2.2.2 | Experimental design space

To cover a broad range of processing setups (PSUs), the
experimental design space was divided into two parts, in
which the settings of the recycling extruder were either
kept constant (Part A) or systematically varied (Part B).
The aim of the former was to assess the variability of the
input material, and therefore feedstock, by analyzing
the behavior of recyclate properties over time. To this
end, the recycling extruder was operated at a constant
screw speed of 230 rpm for 5 h with an average through-
put of roughly 510 kg/h. Moreover, a filtration setup with
a mesh size from 90 to 110 μm was used for this PSU.

In contrast, the intention of Part B was to systemati-
cally assess the influence of selected processing condi-
tions on recyclate properties. Tables 1 and 2, respectively,
provide a summary of the machine configurations as well
as experimental processing conditions and present a tab-
ulated list of the resulting combinations of PSU. The
machine setups include: (i) the screw speed, (ii) the mesh
size of the filtration screen, and (iii) the degassing setup.

For each of these, two different configurations were
examined, yielding a total number of eight PSUs. Note
that atmospheric degassing was achieved by turning off
the vacuum pump of the degassing zone. Each PSU was
kept constant for 45 min.

2.3 | Characterization techniques

2.3.1 | Sampling and sample preparation

Materials were distributed across 10 BBs, each containing
approximately 850 kg of material, accounting for a total
of around 8.5 metric tons of the specific post-industrial
waste materials. The first three BBs were designated for
Part A of the study, while the remaining bags were allo-
cated for Part B. To obtain representative samples from
the input material stream, position-based stratified ran-
dom sampling, as proposed by Akhras and Fischer,19 was
employed for the sample collection from each
BB. Thereby, each BB was subdivided into three distinct
strata (bottom, middle, top), from which three increment
samples were collected. Subsequently, the increment
samples were mixed to create composite samples that are
presumably representative of the respective BBs. These
composite samples were then used for the analysis of the
input materials.

A time-based sampling approach was employed at the
discharge end of the extrusion line, particularly after
the centrifugal drum, to collect samples of the resulting
dried recyclates. In the case of Part A of the experimental
design space, samples were collected at intervals of
30 min, considering the residence time in the PCU of
approximately 30 min. On the other hand, concerning
Part B of the experimental design space, the processing
time for each PSU was set to 45 min. Here, a total of

FIGURE 2 Schematic illustration of the used recycling extrusion system INTAREMA 1108TVEPlus provided by EREMA Group.18

[Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Summary of the various machine setups and

configurations used in this study.

Machine setups Configuration 1 Configuration 2

Screw speed 150 rpm 250 rpm

Mesh size of the
filtration screen

130 to 150 μm 90 to 110 μm

Degassing setup Vacuum Atmospheric

4 of 20 AKHRAS ET AL.
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three samples were collected for each PSU, with one sam-
ple obtained every 15 min, covering the beginning, the
middle, and the end.

In terms of the sample preparation, following a size
distribution analysis conducted only on selected samples,
the individual composite samples from the BBs under-
went an additional size reduction step by a Retsch SM
300 cutting mill (Retsch GmbH, Haan, Germany) operat-
ing with a rotor speed of 1200 rpm. This step aimed to
enhance the homogeneity of the input materials, leading
to samples with a maximum particle size of 4 mm. Subse-
quently, the milled materials, along with the recyclates,
were then directly subjected to measurements where no
further processing was required, such as MFR.

For other measurements that require the preparation of
specific test specimens, for instance tensile and impact speci-
mens, further processing was necessary. Direct processing of
the input materials was unfeasible due to the vast amounts
of emissive volatiles detected in the input stream. These vol-
atiles hindered the production of such specimens of the
input materials since the volatiles were intensively released
once the material was in the melt state. Therefore, the analy-
sis of the input materials was limited to measurements that
did not require any further processing as the production of
the necessary specimens was not feasible without being sub-
jected to an effective degassing mechanism.

On the other hand, in the case of the resulting recy-
clates, given that PP is the predominant component in
the material composition, the processing technology and
parameters were determined in accordance with the stan-
dard ISO 19069-2.20 Multipurpose specimens (MPSs) of
type A1 were injection-molded using a Victory 60 injec-
tion molding machine featured with a 25 mm barrel
(Engel Austria GmbH, Schwertberg, Austria), following
ISO 3167 and ISO 294-1.21,22 As the MFR of the material
was known to fall within the range of 1.5–7 g/10 min, the
processing temperature (i.e., melt temperature) was set to
235�C, in line with the recommendations of ISO
19069-2.20 Similarly, type 1 specimens for Charpy impact
tests, as specified in ISO 179-1,23 were also injection-

molded in accordance with the same standards. Prior to
testing, all injection-molded specimens were precondi-
tioned for 3 up to 5 days at room temperature (i.e., 23�C)
and 50% relative humidity as recommended in ISO 291.24

Moreover, to ensure a high level of homogeneity, other
measurements were also performed on the cross
section of MPSs and not on the recyclates.

2.3.2 | Melt mass-flow rate

To evaluate the processability of the materials, MFR mea-
surements were performed on samples of the input stream
(i.e., flakes) as well as on the resulting recyclates from the
various PSUs. Additionally, the measurements were also
performed to determine the influence of the various pro-
cessing parameters on the flowability of the material,
hence estimating the processing-induced degradation.
Measurements were carried out using an Aflow extrusion
plastometer instrument (ZwickRoell Group, Ulm,
Germany). To ensure a good representation of the material
property, three measurements of each sample were per-
formed. Each sample, weighing approximately 4 g, was
subjected to the displacement-measurement method
(method B) as outlined in the standard ISO 1133-1.25

Given that the input material is PP-based, the test temper-
ature was set to 230�C. After loading the cylinder and pre-
heating for 300 s, the material was automatically
compressed by a piston under a load of 2.16 kg to flow
through a die with a nominal height of 8 mm and a diam-
eter of 2.095 mm. For each measurement, six extrudates
were cut and weighed to calculate the MFR values based
on the vertical displacement of the piston.

2.3.3 | Thermal analysis

Determination of the ash content
Since the investigated materials were known to contain
various additives and fillers, ash content (AC) tests were

TABLE 2 List of the experimental matrix for Part B of the experimental design space based on the various processing setups.

Processing setup (PSU) Screw speed [rpm] Filtration setup–Mesh size range [μm] Degassing setup [�]

PSU1 150 F100 (90/110) Vacuum

PSU2 250 F100 (90/110) Vacuum

PSU3 150 F100 (90/110) Atmospheric

PSU4 250 F100 (90/110) Atmospheric

PSU5 150 F140 (130/150) Vacuum

PSU6 250 F140 (130/150) Vacuum

PSU7 150 F140 (130/150) Atmospheric

PSU8 250 F140 (130/150) Atmospheric
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conducted to detect the levels of inorganic residues
within this specific waste stream. In the plastics recycling
sector, AC is commonly used due to the potential fluctua-
tions in inorganic residue levels in recycled plastics,
which can be attributed to variations in the input mate-
rial. Such residues can significantly affect the mechanical
properties of the resulting recyclates, depending on their
size, content, and dispersion within the polymer matrix.
Therefore, it is essential to identify and quantify these
residues as they can have a notable impact on the mate-
rial properties.26,27

In this study, AC was determined for both the input
materials as well as the output (i.e., the recyclates) of Part
A and Part B. The test procedure followed method A for
rapid ashing, as outlined in the ISO 3451-1 standard.28

Ashing was carried out using quartz fiber crucibles in a
Phoenix microwave muffle furnace (CEM Corporation,
North Carolina, USA). Samples of approximately
4 ± 0.2 g of each material were tested. The test portions
were directly subjected to calcination in the microwave
furnace at a temperature of 750�C for a duration of
15 min. Subsequently, the crucibles were weighed, and
the AC values were determined using Equation (1). To
ensure a good level of accuracy, four samples of each
material were tested, and then the mean values and the
standard deviations (SDs) were calculated accordingly.

A%¼m1�mc

m0
�100, ð1Þ

where A% is the inorganic residues (i.e., AC), m0 corre-
sponds to the initial mass of the test portion, mc is the
measured mass of the crucible, and m1 is the measured
mass of the crucible including the obtained ash.

Determination of the thermal stability
To assess the thermal stability and the resistance to oxi-
dative decomposition of the materials, the oxidation
induction temperature (dynamic OIT) was measured
using a differential scanning calorimeter DSC 4000
(PerkinElmer Inc., Waltham, MA, USA). The production
of appropriate homogeneous specimens (e.g., MPS) of the
input materials, from which samples for the dynamic
OIT measurements can be extracted, was unfeasible due
to the significant presence of emissive volatiles in the
input stream. Nonetheless, dynamic OIT measurements
typically serve as an indication of the thermal stability of
a material and its resistance to oxidation. Therefore,
dynamic OIT measurements were exclusively performed
on the recyclates post the extrusion process to assess the
influence of the various processing conditions on
the material. Samples of approximately 8 ± 1 mg each
were cut from the cross-section of the injection molded

MPS. Three samples of each material were encapsulated
in perforated aluminum pans. A dynamic temperature
scan program was defined for the measurement, starting
with an initial isotherm at 30�C for 1 min, followed by a
gradual increase in temperature with a constant heating
rate of 10 K/min up to 260�C. Synthetic air was utilized
as purge gas, flowing constantly into the measurement
compartment at a rate of 20 mL/min. To ensure the accu-
racy of the evaluation, the heat flux of the measurements
was normalized by the individual sample masses, thus
the normalized thermograms were used for the data eval-
uation. Thereafter, dynamic OIT was determined as the
point of interception between the two tangents at
the onset of exothermic oxidation on the thermogram.
The measurements and subsequent data evaluation of
the dynamic OIT were conducted in accordance with
standards ISO 11357-1 and-6.29,30

2.3.4 | Mechanical tests

Tensile tests
Monitoring the tensile properties of the recyclates after
undergoing different processing conditions was of interest
in this study. To ensure a good representation of the influ-
ence of the processing conditions, two samples of each
PSU were considered in this evaluation. Thereafter,
10 injection-molded MPS of each sample were subjected to
tensile testing using a universal testing machine Zwick/
Roell AllroundLine Z005 equipped with a multiXtens
strain measurement system (ZwickRoell Group, Ulm,
Germany). The test parameters were set according to ISO
527-1 and-231,32 with a transverse speed of 1 mm/min for
the determination of the tensile modulus until a strain of
0.25% is reached. Afterwards, the speed is increased auto-
matically to 50 mm/min and kept constant until failure.

Charpy notched impact tests
To gain a more comprehensive overview of the influence
of processing on the mechanical properties of the mate-
rials, Charpy notched impact strength (NIS) of the result-
ing recyclates was also measured. Tests were performed
on the injection molded type 1 impact specimens using a
non-instrumented HIT25P pendulum impact tester
(ZwickRoell Group, Ulm, Germany). Prior to testing, a
type A V-shaped notch (45� ± 1� notch angle, 0.25
± 0.05 mm notch tip radius), as depicted in ISO 179-1,23

was introduced into the specimens using an RM2265
automatic rotary microtome (Leica Biosystems Nussloch
GmbH, Nussloch, Germany). Similar to the tensile tests,
a set of 10 conditioned notched specimens of each sample
were tested. Tests were carried out edgewise, following
the prescribed procedure in ISO 179-1.23
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2.3.5 | Analysis of volatile organic
compounds

Degassing performance
The degassing performance of selected PSUs was qualita-
tively determined based on the approximation of the
degassed fraction (Fd) in the extrusion process. Thus,
the concentrations of the VOCs in the relevant input
materials and the resulting recyclates from the specific
PSUs were experimentally determined using a vacuum
oven (Binder Energietechnik GmbH, Baernbach,
Austria). Thereafter, Fd of the desired PSUs was deter-
mined according to Equation (2), where Cin and Cout

denote the experimentally measured VOC concentrations
of the input and the output materials of the extrusion
process (i.e., flakes and recyclates), respectively.

Fd ¼Cin�Cout

Cin
�100: ð2Þ

Five measurements were performed for each PSU
using samples of around 10 g from the input and the out-
put materials to calculate the mean Fd. The measure-
ments were conducted at 200�C, the maximum
temperature attainable on the vacuum oven. Given that
this temperature is lower than that in the degassing zone,
which is around 220�C, the measurements were extended
overnight for approximately 16 h to ensure the complete
removal of all volatiles from the polymer. While this
approach can be promising for rapid and convenient
qualitative comparisons, it is important to note that pre-
cisely matching the samples of the input material to those
of the output recyclates can be highly challenging. When
processing plastic waste in mechanical recycling pro-
cesses, considerable fluctuations in the input materials
are commonly encountered. Hence, proper identification
and allocation of input to output samples become crucial.
Therefore, this technique is primarily recommended for
qualitative comparisons between different processing
points, unless the feedstock remains consistent.

Gas chromatography–mass spectrometry
A semi-quantitative analysis of the residual VOC levels in
the resulting recyclates was conducted using a Clarus
690 SQ 8 gas chromatograph coupled with a mass spec-
trometer (GC–MS) (PerkinElmer Inc., Waltham, MA,
USA). The instrument was also equipped with a TurboMa-
trix 650 automated thermal desorption unit (ATD) also
from PerkinElmer Inc. The GC system utilized a non-polar
HP Ultra 2 separation column (Agilent Technologies,
Santa Clara, CA, USA) and the analysis was performed
with a flow of helium gas. As mentioned before, the pro-
duction of suitable homogeneous specimens (e.g., MPS) of

the input materials was not feasible. Consequently, only
the output materials (i.e., recyclates) of both Part A and
Part B of the experimental design were considered for this
analysis. Samples with dimensions of approximately
(2.3 � 2.5 � 10.0) ± 0.3 mm were cut from the cross-
section of the MPSs. To extract the VOCs from the solid
polymer matrix, the samples were heated in the ATD to
90�C for 30 min. VOCs were transferred to a cold trap via
a continuous flow of helium gas. After the cold trap was
rapidly heated, the subsequent separation of the VOCs in
the GC was facilitated by employing a temperature pro-
gram and parameters as outlined in Table 3. To obtain the
semi-quantitative results, a one-point calibration reference
was conducted prior to the measurements. A solution of
0.5 mg/mL toluene in methanol was analyzed, and the
solution was loaded onto a sample tube filled with Tenax
TA via a heated packed column injector set at 430�C. The
column was purged with helium at a flow rate of 20 mL/
min for 30 min, followed by desorption at 280�C for
another 30 min. This calibration process was used to
establish a response factor (Rf), which represents the ratio
between the mass of toluene (mref ) in micrograms (μg)
and the corresponding peak area (Aref ) as described in
Equation (3).

Rf ¼mref

Aref
�106: ð3Þ

Furthermore, the semi-quantitative VOC levels in
μg/g were determined by multiplying Rf by the ratio of
the peak area of the sample (As) to the sample mass (ms)
in milligrams (mg) as outlined in Equation (4). The VOC
level was determined in two distinct samples for each
PSU, both constant and variable, and the highest value
was considered as the VOC value for that point.

VOC¼Rf� As

ms
�10�3: ð4Þ

A summary of the various test techniques employed
in this study is provided in Table 4, outlining the corre-
sponding test parameters and the used standard methods.

3 | RESULTS AND DISCUSSION

3.1 | Assessment of the input materials

Processing the input materials without employing
advanced filtration and degassing systems was not possi-
ble. This limitation primarily stemmed from the intricate
material composition and the presence of high levels of
volatile emissions, which were triggered by elevated

AKHRAS ET AL. 7 of 20
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processing temperatures once the input material reached
the melt state. The extensive release of these volatiles can
be attributed to the thermo-oxidative degradation of the
individual components, such as lubricants, lacquers, and
adhesives, all of which are present in the material's com-
position. Consequently, the assessment of the input mate-
rials was limited to basic characteristics, focusing on
aspects involving the material's processability and the
residual levels of inorganic residues.

Prior to the preparatory steps for the material analysis,
simple size distribution analysis was conducted on the com-
posite samples in flake form of selected BBs. This analysis
was carried out using an automatic vibratory sieve shaker.

The results revealed that the majority of the flakes fell within
the size range from2 to 8 mm in at least two dimensions, with
onlyminor fractions deviating from this specific range. Subse-
quently, the composite samples of all BBs underwent a mill-
ing step to reduce the nominal flake size, aiming to enhance
the uniformity of the input materials. The milled samples
were then used for the subsequent analyzes, which aimed to
gain insights into the variability within the input stream.

Figure 3 presents the results of the MFR and the AC
measurements obtained from the composite samples col-
lected from the various BBs of the input stream used for
this study. As shown in Figure 3a, BB10 exhibited the
highest MFR followed by BB3, measuring 4.3 and

TABLE 3 Summary of the temperature program and parameters of the automated thermal desorption unit (ATD) and gas

chromatograph coupled with a mass spectrometer (GC–MS).

ATD parameters GC–MS parameters

Mode 2 stage desorption Transfer line temperature to MSD*/�C 280

Column flow [mL/min] 2.0 Mass range of scan mode/amu 29–450

Desorption flow [mL/min] 40 Solvent delay/min 2

Inlet split flow [mL/min] 44 Temperature program

Outlet split flow [mL/min] 19 Start temperature 40�C, 2 min

Desorption temperature [�C] 90 Ramp 1 3 to 92�C/min

Desorption time [min] 30 Ramp 2 5 to 160�C/min

Trap temperature [�C] �30 to 280 Ramp 3 10 to 280�C/min

Heating rate [K/s] 99 End temperature 280�C, 10 min

Trap hold [min] 20

Valve temperature [�C] 280

Transfer line temperature [�C] 290

*Mass-selective detector.

TABLE 4 Overview of the applied test methods on the investigated materials.

Test conditions Materials

Test method Standard method
No. of
measurements Input

Output
(const. PSU)

Output
(var. PSU)

Processability

Melt mass-flow rate ISO 01133–1, method B Min. 2, ca. 4 g x x x

Thermal analysis

Ash content ISO 3451-1, method A 4, ca. 4 g x x x

Oxidation induction temperature ISO 11357-1, �6 3, 8 ± 1 mg x

Mechanical tests

Tensile tests ISO 527-1 10 tests, MPS x x

Charpy NIS ISO 179-1, edgewise 10 tests, type 1 specimens x

Analysis of volatile organic compounds

Degassing performance Qualitative analysis 5, ca. 10 g x

Gas chromatography–mass
spectrometry

Semi-quantitative 2, cut from MPS x x

8 of 20 AKHRAS ET AL.
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4 g/10 min, respectively. Conversely, MFR of BB7 was
the lowest among all with 3.4 g/10 min followed by
3.5 g/10 min for BB4. It is evident that only marginal
deviations were observed in the MFR values across all
BBs, averaging with a grand mean (GM) of around
3.8 g/10 min. Moreover, when calculating the mean abso-
lute deviation (MAD) for this dataset as expressed in
Equation (5), we find that it amounts to only
0.2 g/10 min, indicating roughly a 5% deviation from the
GM. Therefore, the MFR values of the input materials
show consistency and relatively low variability.

MAD¼
P

xi� xj j
n

, ð5Þ

where xi is the mean value of the individual BBs, x is the
GM of the entire dataset, and n is the total number
of BBs.

On the other hand, Figure 3b illustrates the AC levels,
representing the residual inorganic contents in the input
materials. The AC test is a mass-based analysis rather
than volume-based. Therefore, the presence of different
fillers and pigments with varying densities in a material
composition may influence the AC levels in an input
stream but cannot give any information about the vol-
ume fraction of the fillers and pigments. For instance,
fillers like carbon black have a density of approximately
1.8–2 g/cm3,33 whereas the density of a filler like calcium
carbonate is around 2.7 g/cm3.34 These fillers are typi-
cally added to enhance the material's durability and
mechanical properties, as well as for their coloring
function.33–35

In general, the investigated input materials exhibited
relatively high AC values, averaging approximately
38 mass% (m%). This can be attributed to the substantial
presence of inorganic fillers in the material composition,
such as talc, carbon black, and calcium carbonate.
Among the 10 BBs, samples of BB4 exhibited the highest
AC reaching 43 m%, followed by BB2 and BB5 both at
42 m%. In contrast, BB3 and BB10 samples displayed the
lowest AC levels, measuring 32 and 25 m%, respectively.
This explains the slightly higher MFR of these two BBs
as, among various factors, the viscosity in PP typically
increases with increasing the inorganic filler content, and
conversely, decreases when the inorganic filler content is
reduced.36,37 AC levels for the other BBs fell within the
range of the overall input stream's GM, that is, 38 m%.
These variations can be attributed to the uneven distribu-
tion of incorporated fillers and pigments in the input
stream, as evident from the flake colors shown in
Figure 1. However, the entire dataset has an MAD of
3.7 m%, falling within a 10% range from the GM, which
is regarded as an acceptable dispersion. Consequently,
the available data, of both MFR and AC measurements,
suggest that the variability level within the input mate-
rials can be considered relatively low.

3.2 | Assessment of recyclate properties
with constant processing conditions

To further investigate the variability within feedstock,
the input materials underwent the extrusion process
using a constant PSU, whereby all processing parame-
ters were maintained constant for a duration of 5 h. As
indicated in Figure 3, three BBs were utilized for this
part of the experimental design, exceeding a total of 2.5
tons of input materials. As previously explained in
Section 2.2.1, at the discharge end of the processing
line, samples of the recyclates were systematically col-
lected at 30-min intervals over the course of the
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FIGURE 3 Variability level in the properties of the input

materials shown by their experimentally measured (a) melt mass-

flow rates, and (b) ash content levels across the various big bags

(BBs). [Color figure can be viewed at wileyonlinelibrary.com]
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extrusion tests in Part A. Subsequently, the obtained
samples were subjected to a series of characterization
methods including MFR, AC, tensile tests, and ATD-
GC-MS analysis. The primary aim of this approach was
to assess the variations in the overall property profile of
the investigated input material streams after processing,
and thus the feedstock variability. The material data
obtained from these test methods are compiled in
Table 5, along with essential statistical parameters,
including GM, SD, and MAD.

Evidently, MAD values for all datasets remained
rather low with a divergence below 5% from their respec-
tive GMs, except for the datasets related to strain at break
and VOC, where the MAD values were slightly higher at
5.2% and 6.6%, respectively. This indicates that, although
a certain degree of variation still exists in the datasets of
the inspected properties, the data points exhibit a consis-
tent pattern with relatively minimal fluctuations around
the mean. Hence, this suggests a moderately low degree
of variability in the material.

Additionally, control charts, also known as statistical
process control charts (SPCC), were generated to visually
monitor the material's performance over the defined pro-
cessing timeframe. This tool is typically employed to
identify existing trends, variations, or anomalies within a
dataset, thereby providing a visual representation of
changes in the specified properties and an approximation
of their level of variability.38,39 The corresponding GMs
were used as centerlines in the relevant SPCC of each
property, while the upper control limits (UCLs) and the
lower control limit (LCLs) were calculated based on

the respective SD values of each dataset according to
Equations (6) and (7), respectively:

UCL¼ xþ L�σð Þ, ð6Þ

LCL¼ x� L�σð Þ, ð7Þ

where x represents the GM, σ denotes the SD of each
dataset, and L signifies the control limit, which is typi-
cally set to 1, 2, or 3.

Figure 4 illustrates the SPCC of the various material
properties. Two sets of control limits were considered for
this analysis, particularly 1σ and 2σ as all data points fell
within these ranges. Consequently, there was no need for
a broader control window as 100% conformity was exhib-
ited by the data points. In general, all datasets demon-
strate a consistent distribution of the data points around
the centerlines, with only minimal discrepancy. These
discrepancies can be attributed to common-cause varia-
tions that are inherently present in any process,39 espe-
cially in the context of plastics recycling. Hence, this
further fortifies the notion of the comparatively low
degree of variability induced by the input material or the
process.

Furthermore, a comparison between the data from
the input stream and the corresponding recyclates reveals
further insights. In the case of MFR, a noticeable increase
was observed after processing. This is demonstrated by
the difference between the two GM values, indicating
that, on average, the MFR values of the recyclates are
approximately 20% higher than those of the input

TABLE 5 Summary of the material data after processing with a constant PSU accompanied by the relevant statistical parameters.

Sampling time [h]
Melt mass-flow
rate (MFR) [g/10 min]

Ash content
(AC) [m%]

Tensile
modulus [MPa]

Stress at
yield [MPa]

Strain at
break [%]

Volatile organic
compounds
(VOC) [μg/g]

0.5 4.9 35.8 2240 20.9 19.0

1.0 4.9 34.6 2186 21.1 19.9 79.1

1.5 5.0 37.6 2292 20.6 19.6

2.0 5.0 40.7 2406 20.1 17.5 83.5

2.5 5.0 42.1 2429 19.6 18.3

3.0 5.0 40.5 2389 20.3 18.4 82.3

3.5 4.6 36.5 2335 21.7 18.8

4.0 4.6 36.6 2330 21.8 20.0 70.7

4.5 4.5 32.4 2266 22.9 20.2

GM 4.8 37.4 2319 21.0 19.1 78.9

SD 0.2 3.1 80.9 1.0 0.9 5.8

MAD 0.2 2.5 65.1 0.8 0.7 4.1

MAD% 3.7% 2.8% 3.9% 4.0% 5.2% 6.6%
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FIGURE 4 Statistical process control charts together with the grand mean, upper control limit (UCL), and lower control limit (LCL), for

the key properties of the resulting recyclates including (a) melt mass-flow rate, (b) ash content, (c) tensile modulus, (d) stress at yield,

(e) strain at break, (f) volatile organic compounds, following the regranulation process with constant process setups over a period of 5 h.

[Color figure can be viewed at wileyonlinelibrary.com]
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materials, as shown in Figure 4a. Alterations in MFR
values typically suggest changes in the molecular struc-
ture of the material, as a consequence of degradation pro-
cesses within the polymer.40 In mechanical recycling of
polyolefins (POs), such as PE and PP, materials com-
monly undergo process-induced thermomechanical deg-
radation.10,41–43 This phenomenon induces changes in
the molecular structure of the polymer, involving chain
scission and branching, due to the combined influence of
elevated temperatures and mechanical stresses, such as
shearing.10,44–46

Despite their similar nature as POs, PP, and PE
exhibit distinct reactions to degradation.10 During proces-
sing, the molecular chains of PE tend to undergo concur-
rent chain scission and side-chain branching,47–49 which
can eventually lead to crosslinking and an increase in the
polymer viscosity.50,51 Whereas degradation in PP is pri-
marily dominated by chain scission, resulting in shorter
molecular chains and a subsequent reduction in viscos-
ity.41,52 The compatibilization of PP/PE blends using
interfacially active block copolymers was experimentally
examined in.53

Given that PP is the main constituent in the material
composition, the general increase in MFR after proces-
sing can be attributed to its typical degradation mecha-
nisms, specifically chain scission.41,44,52 On the other
hand, AC levels in the materials remained unchanged
after processing with the constant PSU. This is evident
from the clear overlap between the GM of the recyclates
and that of the input materials (i.e., the relevant BBs), as
depicted in Figure 4b.

3.3 | Assessment of the Recyclate
properties with variable processing
conditions

3.3.1 | Influence of processing conditions
on the melt properties

The second part of the experimental design (Part B) aims
to systematically evaluate the influence of predefined
processing conditions (Table 2) on the key properties of
the resulting recyclates. The assessment encompasses the
impact of three critical elements in the mechanical recy-
cling process of thermoplastic waste, including the
employed screw speed, filtration setup, and degassing
setup. Furthermore, to acquire a deeper understanding of
the process, variations in the melt temperature resulting
from the different PSUs were also measured using a ther-
mocouple mesh (TCM). The TCM was positioned at the
discharge end of the extruder before the granulation unit,
including 13 thermocouples systematically distributed

over the circular cross section of the flow channel. While
one of these measured the melt temperature in the chan-
nel center, the remaining were located at three distinct
radial positions, thereby measuring the temperature pro-
file over the cross section. Melt temperature is commonly
acknowledged as one of the critical variables in polymer
processing, which has a direct impact on the process sta-
bility and the quality of the final product.54

Figure 5 illustrates the influence of the various PSUs
on the mean melt temperature measured (mean of all
13 temperature values), along with the corresponding
MFR values of the resulting recyclates. When comparing
the mean melt temperature across the different PSUs
(Figure 5a), no significant influence from the filtration
system nor the degassing method can be observed. How-
ever, a clear correlation between the mean melt tempera-
ture and the screw speed is obvious, with both
parameters increasing concurrently. Increasing the screw
speed from 150 to 250 rpm results in rise in the melt tem-
perature on average of 18�C, accounting for approxi-
mately 7%. This temperature increase can be attributed to
viscous heating, where higher screw speeds induce
greater shear forces and thus increased dissipation rates,
leading to elevated melt temperatures.55

Moreover, it is worth noting that the SD consistently
exhibits a higher value at 150 rpm compared to 250 rpm
within the individual datasets. This suggests increased
variability among the distinct radial positions in the melt
flow when operating at the lower screw speed, specifi-
cally 150 rpm. Consequently, a clear correlation emerges,
indicating that higher screw speeds, such as 250 rpm,
contribute to enhancing the thermal homogeneity,
which, in turn, leads to a reduction in temperature gradi-
ents.56 Overall, in the context of this case study, it can be
inferred that the primary parameter influencing the melt
temperature is the screw speed.

Similar to the findings in Part A, the processing of the
input waste stream in Part B also resulted in an overall
increase in the MFR values of the resulting recyclates.
This trend is illustrated in Figure 5b, where the GM of
the MFR values for the recyclates (4.6 g/10 min)
exceeded that of the relevant BBs in the input stream
(3.7 g/10 min) by over 20%. This general rise in the MFR
values can clearly be attributed to the improved mate-
rial's homogeneity and the conventional thermomechani-
cal degradation mechanisms of the PP fraction within the
material. As a result, it can be concluded that the prevail-
ing degradation mechanism in the investigated waste
stream was chain scission, primarily due to the domi-
nance of PP in the material composition. This conclusion
is corroborated by the consistent increase in the MFR
values observed after processing in both parts of the
experimental design.
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When assessing the effects of the various PSUs on the
material's MFR, no influence from either the filtration
system or the degassing method can be distinguished.
Moreover, similar to the pattern observed in the mean
melt temperature, though less pronounced, the MFR
increased by up to 6% at the higher screw speed of
250 rpm. This trend can be linked to the elevated melt
temperature resulting from the higher screw speed,
which in combination with increased shear stresses, may
have induced greater degradation within the material.
Hence, accounts for the higher MFR values observed in
the resulting recyclates.

3.3.2 | Inorganic content and thermal
stability

Figure 6 shows the results of the thermal analysis of the
resulting recyclates, including AC levels and the dynamic
OIT. Similar to the findings of the input materials, AC
levels remained relatively high in the recyclates, ranging
from as low as 28 m% to as high as 43 m% and averaging
around 38 m% (Figure 6a). This consistency can be attrib-
uted to the significant presence of inorganic fillers in the
material composition of the input stream. While it is evi-
dent that a higher degree of variability exists in the AC
levels of the recyclates, the GM of the output aligns with
that of the relevant BBs in the input stream, which also
hovers around 38%.

Upon closer examination of the individual datasets,
higher AC levels can be observed at higher screw speeds

under atmospheric degassing. Conversely, no clear trend
can be detected under vacuum degassing conditions. This
suggests that the deviations in the outcome of this analy-
sis are of a random nature and likely dependent on the
variability in the input materials as well as the distribu-
tion of the inorganic fillers throughout the entire waste
stream. Therefore, considering that no discernible influ-
ences from the processing conditions on the AC levels
could be detected, it is safe to assume that this property
remains unaffected by these specific processing
conditions.

Furthermore, the results of the oxidation induction
temperature measurements are presented in Figure 6b.
This method is typically employed to assess the thermal
stability and resistance to oxidation of a material.57 In
this study, the aim of these measurements was to evalu-
ate the inherent thermal stability of the materials, which
is influenced by the effectiveness of the residual stabi-
lizers, and to determine if certain processing conditions
induce greater degradation within the polymer. In
addition to the thermomechanical degradation, thermo-
oxidative degradation also occurs during mechanical pro-
cessing of plastics due to exposure to oxygen and other
contaminants at elevated temperatures.43,58 Therefore, to
prevent this type of degradation, suitable stabilizer pack-
ages are typically introduced into the material during
processing.59 However, to avoid introducing systematic
errors and to ensure unbiased evaluation of this specific
waste stream, stabilizer packages were not added during
the recycling process within the framework of this case
study.

(a) (b)

253

271

251

268

251

269

249

267

vacuum atmospheric vacuum atmospheric
PSU1 PSU2 PSU3 PSU4 PSU5 PSU6 PSU7 PSU8

F100 F140

220

240

260

280

300

]
C°[

erutarep
mettle

m
nae

M
 150 [rpm]
 250 [rpm]

4.4

4.7

4.4

4.7

4.5
4.6 4.6 4.7

vacuum atmospheric vacuum atmospheric
PSU1 PSU2 PSU3 PSU4 PSU5 PSU6 PSU7 PSU8

F100 F140

3.0

3.5

4.0

4.5

5.0

5.5

6.0

]ni
m

01/g[
etar

wolf-ssa
mtle

M

ISO 1133-1
230 °C/2.16 kg

 150 [rpm]
 250 [rpm]
 Grand mean

FIGURE 5 Influence of the various process setups (PSU) in the extrusion process–including two different screw speeds (i.e., 150 and

250 rpm), various filtration screen sizes (i.e., F100, F140), and different degassing setups (i.e., vacuum and atmospheric)—on (a) the mean

melt temperature, and (b) melt mass-flow rate. [Color figure can be viewed at wileyonlinelibrary.com]
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Evidently, all PSUs yielded comparable dynamic OITs,
consistently hovering around �250�C, except for one out-
lier resulting from PSU6 that had a dynamic OIT of 245�C.
This slightly lower OIT observed in the recyclate of PSU6
may be attributed to a lower content of residual stabilizer
in the material. Nonetheless, a dynamic OIT of approxi-
mately 250�C is generally regarded as high for POs, signi-
fying an excellent thermal stability of the resulting
recyclates. Although no significant impact from the vari-
ous PSUs on the dynamic OIT could be detected, it is note-
worthy that the overall dynamic OIT values were lower
than the mean melt temperature, which averaged 251 and
269�C at 150 and 250 rpm, respectively. Theoretically, this
suggests that degradation was initiated during processing,
especially at PSUs with higher screw speeds and, conse-
quently, elevated melt temperatures.

3.3.3 | Influence of processing conditions on
the mechanical properties

In addition to processability, mechanical properties are
vital for determining a material's functionality and over-
all quality. Alterations during processing, resulting from
degradation or changes in molecular structure, often cor-
respond to shifts in mechanical performance. Therefore,
assessing the mechanical properties of the recyclates after
exposure to various processing conditions was a primary
focus in this study. An overview of the investigated
mechanical properties is depicted in Figure 7, including
the key tensile properties and Charpy NIS.

The tensile modulus values for the resulting recy-
clates were notably high, averaging around 2340 MPa
(Figure 7a). This high stiffness is attributed to the sub-
stantial inorganic filler content in the material, which is
commonly used to enhance durability against certain
application-specific loads.33–35,60–62 However, a high
degree of variability in the modulus values, ranging from
as low as 1944 MPa (PSU7) to as high as 2716 MPa
(PSU2), can also be observed, which indicates an impact
from the different processing conditions.

Recyclates processed with the coarser filtration system
F140, generally, had lower modulus values compared to
those processed with the finer filtration system F100. This
might be due to larger contaminants escaping the filter and
acting as defects in the polymer matrix, thus reducing its
stiffness. Furthermore, a clear correlation exists between
the tensile modulus and the screw speed, as the higher
speed consistently led to higher modulus values, except for
an outlier in PSU6. This observation is attributed to the
chain scission of the molecular chains of the PP fraction in
the material composition, resulting in shorter molecular
chains. Consequently, this leads to enhanced mobility of
the polymer chains,41,52 which facilitates the formation of
larger crystalline phases in the polymer, thereby increasing
the degree of crystallinity.41,43,52,63 This increase in crystal-
linity corresponds to an increase in the material's stiffness
and strength accompanied by a reduction in the material's
elongation.41 Furthermore, as previously demonstrated in
Figure 5a, the melt temperature rose proportionally with
the screw speed, leading to greater degradation in the poly-
mer melt, which in turn results in higher modulus.
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FIGURE 6 Influence of the various processing setups on the inorganic residues in the material and its resistance to oxidation,
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Examining the individual datasets of the recyclates
processed with the F100 filtration system, that is, PSU1 to
PSU4, shows that the higher screw speed led to higher
tensile modulus by approximately 4% under the vacuum
degassing and about 10% under atmospheric degassing.
However, it must be noted that the recyclate of PSU4 had
a significantly higher content of inorganic fillers (42 m%),
as shown in Figure 6a, compared to that of PSU3 (35 m
%). This disparity in the inorganic filler content partially
contributed to the increased tensile modulus, in addition
to the influence of the higher screw speed. Nevertheless,
a difference of approximately 100 MPa is observed
between PSU2 and PSU4, which had comparable

inorganic filler contents (�42 m%). Hence, this difference
can possibly be associated with the different degassing
approaches.

When examining the datasets of the other filtration
system, PSU7 and PSU8 exhibit the same pattern
observed in the F100 datasets, with the tensile modulus
of PSU8 exceeding that of PSU7 by more than 350 MPa
(�18%). This substantial difference in modulus values
can primarily be attributed to the noticeably higher inor-
ganic filler content in the PSU8 recyclate, which amounts
to 38 m%, compared to only 28 m% in PSU7 (Figure 6a).
Conversely, PSU5 and PSU6 showed the opposite trend,
with PSU5 having a 75 MPa (� 3.5%) higher modulus,
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FIGURE 7 Influence of the various process setups (PSU) in the extrusion process on the mechanical properties of the resulting

recyclates, demonstrated by (a) tensile modulus, (b) stress at yield, (c) strain at break, and (d) Charpy notched impact strength (Charpy NIS).

[Color figure can be viewed at wileyonlinelibrary.com]
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despite the latter being processed at the higher screw
speed. This outlier trend can also be associated with
the levels of inorganic fillers present in the respective
recyclates, with 40 and 34 m% in PSU5 and PSU6,
respectively.

Furthermore, the stress at yield values of the resulting
recyclates seem to be consistent, averaging approximately
21 MPa, with no discernible pattern influenced by the
varying processing conditions (Figure 7b). However, it is
evident that the recyclates resulting from PSU3 and PSU7
had slightly higher stress at yield values, surpassing the
GM by approximately 6% and 9%, respectively. The
relatively higher stress at yield values can be attributed to
the lower levels of inorganic fillers in these specific
recyclates.

On the other hand, the strain at break averaged about
18%, with PSU2 recyclate having the lowest value, while
the PSU7 recyclate having the highest, with strain values
of 15.2% and 24.1%, respectively. The strain at break
values exhibited a clear correlation with the screw speed
across all datasets. The strain at break value decreased
with increasing the screw speed by around 10%. This dif-
ference becomes more pronounced, reaching approxi-
mately 20%, when comparing the strain values of PSU7
and PSU8. However, this significant decrease can also be
directly linked to the substantially higher levels of inor-
ganic filler content in PSU8 in comparison to PSU7,
amounting to 38 and 28 m%, respectively.

Finally, Figure 7d presents the Charpy NIS values for
the resulting recyclates. It is evident that all recyclates
produced under the various processing conditions had
comparable, yet relatively low, Charpy NIS values, aver-
aging around 2.8 kJ/m2. PSU1 recyclate showed the best
performance with a Charpy NIS of 3.2 kJ/m2, while the
PSU7 recyclate exhibited the worst performance with
2.6 kJ/m2. Interestingly, upon the comparison between
the individual datasets, Charpy NIS values decreased
with the higher screw speed under vacuum degassing but
increased under atmospheric degassing, regardless of the
employed filtration system. However, due to the consis-
tently low Charpy NIS values and the overlapping SDs of
nearly all data points, it can be inferred that the variation
in this property is of a random nature. Furthermore, the
Charpy NIS values of the investigated materials lie on
the lower end of the range observed in some commercial
rPP grades. According to Gall et al.,64 Charpy NIS values
for these grades can range from as low as 2 kJ/m2 to as
high as 50 kJ/m2, depending on the PP type.64 Typically,
the toughness of a material is influenced by various fac-
tors, including the degree of crystallinity41 as well as the
type and size of the inorganic fillers present in the poly-
mer matrix.60,61,65 Hence, the relatively low NIS values in
this study can generally be attributed to the substantial

presence of the inorganic fillers in the recyclates, com-
bined with the process-induced degradation and thus
supposedly increased degree of crystallinity in the PP
fraction.

Numerous research studies examined the impact of
various aspects, such as size, type, and content, of differ-
ent inorganic fillers on the mechanical properties of
PP.60,61,65–67 For instance, Zebarjad et al.66 conducted a
study to investigate the mechanical properties of PP filled
with varying amounts of calcium carbonate, aiming to
understand its role in the deformation and fracture
behavior of the polymer matrix. Another study by Supa-
phol et al.,65 also examined the influence of calcium car-
bonate, considering varying contents and particle sizes,
on mechanical performance of PP. The former study,66

established a clear relationship between filler content
and the tensile properties of PP. Their findings indicated
that an increase in calcium carbonate content within the
polymer led to an increase in tensile modulus while caus-
ing a decrease in both stress at yield and strain at break.
Similarly, in the study by Supaphol et al.,65 a comparable
trend was observed in the tensile modulus and stress at
yield with increasing filler content. They further eluci-
dated that the reduction in stress at yield was predomi-
nantly influenced by the filler content rather than
particle size. Furthermore, they also assessed the impact
of calcium carbonate on material toughness through Izod
impact measurements. Their research demonstrated that
impact strength was affected by both particle size and
filler content, exhibiting a decrease as these parameters
increased. Consequently, it can be concluded that the
findings and analysis of the mechanical properties in
the current study align with the existing literature.

3.3.4 | Influence of processing conditions
on the volatile organic compounds

VOCs represent a critical class of contaminants fre-
quently found in recycled plastics. These contaminants
affect the recyclate's quality by, for example, causing
undesired odors in the recyclates that could potentially
limit their suitability for certain applications.68 Therefore,
the removal of such contaminants has become increas-
ingly important in recent years to prevent the presence of
residual odors in the recyclates. Consequently, the analy-
sis of VOCs has also gained prominence in the field of
plastics recycling. This section assesses selected recyclate
samples using two test methods to evaluate the effective-
ness of the degassing process and measure the remaining
VOC levels in the resulting recyclates.

From a processing point of view, the specific type and
individual constituents of the VOCs are typically of
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secondary importance. Instead, the primary focus is placed
on assessing the total VOC concentration within the poly-
mer. Figure 8a illustrates the levels of the degassed frac-
tion Fd offering an approximation of the degassing
performance in the extrusion process. Given that real-life
recycling processes typically employ vacuum degassing,
and no notable impact was observed from the degassing
configuration in the other properties, this analysis exclu-
sively considered the PSUs where vacuum degassing was
utilized. As shown in Figure 8a, consistent trends in the
Fd values can be observed, reflecting the degassing per-
formance during the extrusion process under the various
processing conditions. Accordingly, processing the mate-
rial with PSU2 yields the most effective degassing perfor-
mance, while PSU5 results in the poorest performance
with Fd values of 41% and 15%, respectively. This sug-
gests that an optimal degassing performance can be
achieved by utilizing a fine filtration in combination with
higher screw speeds and vacuum degassing.

A pronounced effect of the filtration system is evident,
as switching from the F100 filtration to F140 results in a
reduction in Fd by approximately 60% and 46% at 150 and
250 rpm, respectively. Additionally, with the finer filtra-
tion system F100, Fd increases by roughly 10% with
increasing the screw speed from 150 to 250 rpm. This
increase, proportionally, grows to around 46% with the
F140 filtration system. This behavior can be attributed to
varying throughput per screw revolution, influenced by
the constant mass flow rate over time. Moreover, as pre-
viously illustrated (Figure 5a), increasing the screw speed
causes the melt temperature to elevate, thereby reducing

the melt viscosity. Consequently, this accelerates the dif-
fusive mass transport. Moreover, the higher screw speed
enhances surface renewal, indicating that the free sur-
faces of the melt pool in the partially-filled screw channel
renew more rapidly. These combined effects contribute to
an enhanced degassing performance.4,69

On the other hand, the results of the ATD-GC–MS
measurements can be divided into qualitative and semi-
quantitative analyzes. The qualitative analysis aims to iden-
tify the prominent compounds present in the recyclates
based on the mass spectroscopy spectra, while the semi-
quantitative analysis aims to compare the total VOC levels
in the recyclates after being subjected to the various PSUs.
Regardless of the processing conditions, the most prevalent
compounds identified in the resulting recyclates are tabu-
lated in Table 6. Recent literature studies,70,71 focusing on
identifying prominent VOCs in plastic waste, suggest that
these VOCs are commonly encountered in plastic waste
and recyclates. Typically, they originate from the use phase
of the product, often due to consumer's misuse of plastics,
potentially resulting in material contamination during the
recycling process. Additionally, some of these substances
may also be introduced during recycling process due to the
degradation of the polymer or certain additives.72

Furthermore, the results of the semi-quantitative VOC
analysis in relation to the various processing parameters
are depicted in Figure 8b. Overall, a distinct correlation is
evident between the VOC levels and the employed filtra-
tion system. Clearly, the finer filtration system consistently
resulted in lower residual VOC contents in the recyclates.
Switching from the F100 filtration to the F140 filtration
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FIGURE 8 Influence of the various process setups (PSU) in the extrusion process on the degassing performance, demonstrated by the

(a) degassed fraction, and (b) total volatile organic compound levels present in the recyclates. [Color figure can be viewed at

wileyonlinelibrary.com]
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led to a proportional increase in VOC levels in the corre-
sponding recyclates, ranging from as low as a 45% increase
(PSU4 to PSU8) to as high as a 145% increase (PSU3 to
PSU7). This can be attributed to the higher rejection rate
in the finer filtration system, which also aligns with the
earlier findings where the F100 filtration enhanced degas-
sing performance, resulting in lower residual VOC levels.
When considering the impact of screw speed, it appears
that with the F100 filtration, the higher screw speed
resulted in increased VOC levels when combined with
atmospheric degassing. However, with F140 filtration, a
similar trend was observed under vacuum degassing,
while the opposite pattern emerged under atmospheric
degassing. As a result, it can be assumed that the impact
of screw speed and degassing setup on VOC levels is some-
what arbitrary in nature. Though, it must be noted that
other factors, such as the sensitivity of the analytical
method, sample preparation, and variations in initial VOC
levels in the input materials, which can affect VOC levels
in the recyclates, may have contributed to the variability
in VOC content, introducing outliers into the datasets.
Nevertheless, the overall findings of this analysis suggest
that the filtration system has a more pronounced effect on
VOC levels compared to other processing parameters.

4 | SUMMARY AND
CONCLUSIONS

As a starting point for this study, the assessment of the
input PP dominated material stream, and therefore

feedstock variability, focused on AC and MFR. Samples
of the input material exhibited consistent MFR values
across the 10 different BBs investigated, averaging
3.8 g/10 min. Notably, the AC levels of the input mate-
rials were remarkably high, averaging around 38%, sig-
nifying the substantial presence of inorganic fillers in
the materials. To investigate the influence of feedstock
variability and extrusion process on the property profile
of the recyclate, a two-part experimental approach was
employed. In Part A, a continuous process ran for 5 h
under controlled conditions with fixed extrusion param-
eters to assess the input material variability by monitor-
ing the behavior of recyclate properties over time. On
the other hand, Part B systematically evaluated the
effects of specific processing settings, including screw
speed; filtration setup; and degassing setup, on recyclate
properties.

The processing of the material in Part A generally
resulted in low MAD values for all properties tested,
ranging from 2.8% to 6.6%, indicating a limited variability
in the process. Moreover, the consistency of the data was
confirmed by SPCC, where all data points fell within the
control limits and followed a normal distribution around
the centerline.

Under varying processing conditions in Part B, the
melt temperature was primarily influenced by the screw
speed, with no discernible influence from other proces-
sing configurations. This increase in melt temperature
resulted in elevated MFR values. This phenomenon can
be attributed to the thermomechanical degradation of the
PP fraction in the material composition, leading to
reduced weight average molar masses through chain scis-
sion, consequently resulting in higher MFR.10,41,43–45,52

Conversely, AC remained unaffected by processing con-
ditions. The oxidation induction temperature demon-
strated consistency across the various PSUs investigated.
Mechanical properties, specifically the tensile modulus,
exhibited enhancement with higher screw speeds and the
use of the finer filtration setup. This increase can be asso-
ciated with the higher crystallinity due to chain scission
and to higher material homogeneity.41,43,52,63 Moreover, a
positive correlation between inorganic filler content and
tensile modulus was observed. The stress at yield
remained relatively consistent across all processing con-
ditions, while the strain at break decreased with increas-
ing the screw speed. Overall, all recyclates produced
exhibited relatively low Charpy NIS with no substantial
influence from the processing conditions. Lastly, the
most effective degassing performance was achieved
through the combination of higher screw speed and finer
filtration setup, which was corroborated by the lowest
residual volatile organic compound levels in the resulting
recyclates.

TABLE 6 List of the prominent compounds detected in the

mass spectroscopy spectra of the recyclates.

Retention
time [min] Dominant peak/compounds

4.8 Heptane

5.8 Methyl isobutyl ketone

13.4 Neopentyl glycol

16.8 Decane

18.2 Limonene

29.7 Triacetin

33.9 2,6-Bis-(1,1-dimethylethyl)-phenol

37.1 1-Hydroxycyclohexyl-penyl-methanone

39.8 Methylester mexadecaoic acid

40.1 Hexadecanoic acid

41.8 Methylstearate

42.1 Tributyl ester-1-propene-1,2,3-tricarboxylic acid

42.4 Butylcitrate

43.0 Tributyl acetylcitrate
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