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With Markers and a One-Step Process toward Greater Efficiency and Quality in Waste Sorting

Sorting Done Differently

To reduce the amount of plastic waste and conserve resources, establishing a true circular economy is essen-

tial. For this, the produced recycled plastics must exhibit a quality comparable to new material. In a feasibility

study, the Hyundai Motor Group, Polysecure, and German Plastics Center (SKZ) examined a sorting technol-

ogy capable of producing high-quality recyclates.

One of the greatest challenges of
our time is reducing the CO, foot-
print to counteract global warming,
which involves reducing waste and
preserving resources. Since 1950, glob-
al plastics production has surged from
2 million t/a to over 400 million t/a and
is expected to double or triple by 2050
[1]. This growth has led to a “take-
make-waste” pattern, causing signifi-
cant resource waste and environment-
al burden. Around 60 % of all plastics
produced remain in the environment,
and current plastics production and
disposal contribute approximately
4.5% of global greenhouse gas
emissions [2, 3]. To combat this, imple-
menting a circular economy where
resources are reused is crucial for cli-
mate protection and sustainability.

To push corresponding develop-
ments, the legislation plays a key
driving force. For instance, the European
Commission’s proposal for a regulation
on circularity requirements for vehicle
design and end-of-life vehicle manage-
ment mandates that 25 % of the plastic
used in new vehicles must come from
recycled sources, with 25 % of that
recycled plastic originating from end-
of-life vehicles.

Achieving this goal requires a com-
bination of measures, including circular
product design, standardizing plastic
types, organizing extensive take-back
and separate collection systems, and
improving information flow between
all actors. A crucial aspect is enhancing
the sorting of plastic materials. By
substantially increasing sorting yield
and accurately sorting into well-de-
fined material fractions, much more

Fig 1. With the PIDEA system, objects can be detected multiple times for statistical evaluation.
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plastic can be recycled in a CO--
efficient manner. This principle drives
the development of the innovative
Sort4Circle technology, which aims to
initiate a new era of high-quality sort-
ing and recycling.

Compared to the current plastic
waste sorting methods, the technology
introduces a novel approach in both
material handling and detection. In the
new single-step sorting process, all ob-
jects are singulated, fully identified and
sorted in a single step. Additionally, the
Tracer-Based-Sorting (TBS) method, de-
veloped and patented by Polysecure, can
be employed. This method uses very
small amounts of fluorescent additives
(markers) on or in objects, which fluor-
esce with specific emission lines when
suitably excited. These markers can be
mixed in predefined ratios, producing
fluorescence codes which can be used as

highly efficient and reliable sorting codes
(e.g. code 10 contains marker 1: 20 %,
marker 2: 60 %, marker 3: 20 %). This sort-
ing code system allows plastic waste to
be more accurately sorted into defined
categories (e.g., PA6 vs. PA6.6 vs. PA12).

The objective of this feasibility study
was to demonstrate the performance of
efficient fluorescent sorting markers. The
results were verified through various tests
and measurements. The study deter-
mined the statistical key figures for marker
detection and evaluated the influence of
the markers on the technical properties of
components made from virgin material
and 100 % recyclates derived from com-
ponents with markers. The materials used
in this study, PP and PA6, were supplied
by Hyundai Motor Group and molded
into discs and tensile bars. The markers
were added during injection-molding
using marker-masterbatches.
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Property Test norm | Specimen conditioning

Specific gravity

Heat deflection temperature 1SO 75

IS0 1183-1  23°C,50 % RH, 1 day

Flexural strength and elastic modulus 1SO 178

0.901 g/cm?

23°C,50% RH, 1 day 1347 MPa
90°C, 500 h 1432 MPa
90 °C, 95 % RH, 500 h 1293 MPa

PP without marker
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PP with marker PP-regrind with marker

0.901 g/cm? 0.89 g/cm?

1320 MPa 1290 MPa
1432 MPa 1444 MPa
1293 MPa 1298 MPa

23°C, 50 % RH, 1 day 54.1°C

without 55.0°C

53.0°C 52.4°C

52.9°C 52.7°C

Fading resistance (L*) 1SO 105

23°C, 50 % RH, 1 day 58.02

58.46 57.25

1SO 11358  23°C, 50 % RH, 1 day 99.82 %

Table 1. Overview of material tests and measurement results for PP samples. Source: Polysecure, Skz
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Fig 2. The color-coded plot for each measurement of the marked discs and tension rods made of

PP and PA6 shows that there is no overlap between the data sets of the two codes. Reliable sort-

ing is therefore possible with the markers. source: Polysecure; graphic: © Hanser

Reliable and Good Marker Detection

The accuracy of marker detection was
tested using Polysecure’s PIDEA sys-
tem, a device developed by Polyse-
cure, designed for objects to move in a
circular path, ensuring dynamic mo-
tion and random orientation of the
objects during the detection (Fig. 1).
As the object passes through the
detection system at 3 m/s, the marker
fluorescence signal is measured each
round. The system then calculates the
marker ratio and code, which is repre-
sented as a data point in the corre-
sponding plot.
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In the feasibility study, code 14
(marker ratio: 20/40/40) was assigned
to PA6, while code 10 (marker ratio:
20/60/20) was assigned to PP. For both
materials, the marker concentration
was set at 10 ppm. The test specimen
(8 discs and 8 tensile bars per material)
were measured until 500 data points
per material were collected. The results
show no overlap between the data sets
of the two codes (Fig. 2), confirming
that fluorescent markers and marker
codes, different to any other sorting
feature (e.g. watermarks, Al, NIR) pro-
vide reliable detection and differenti-
ation and an absolute absence of false

99.86 % 99.80 %

positives. Especially the later finding
enables very high purity of so sorted
fractions (> 99 %), which is key for high
quality recycling, the recycling of food
contact plastics and many further
applications in a future circular econ-
omy of plastics.

To evaluate the potential influence
of markers on the mechanical proper-
ties of plastics, various material tests,
conducted in compliance with ISO
standards, were performed at the Ger-
man Plastics Center (SKZ). The tests
were conducted on specimens made of
virgin PP and PA6 with a marker con-
centration of 10 ppm. Specimens with-
out markers served as the reference. To
analyze the effect of markers in re-
cycled materials, the same tests were
performed on specimens made from
sorted and reground PP and PA6 con-
taining the marker.

Do the Markers Affect the
Mechanical Properties?

The results for PP specimens generally
show no relevant differences between
plastic samples with marker and with-
out marker (Table 1). Also, the samples
which were subjected to one-time
thermal stress by injection molding,
showed comparable values even after
conditioning. The only discrepancy is
the loss of tensile strength for the
reground, recycled sample after »
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Property Test norm

PA without

Specimen conditioning

PA with marker

PA-regrind with marker

Specific gravity 1SO 1183-1

Flexural strength and elastic modulus  1SO 178

marker

23°C, 50 % RH, 1 day 1.129 g/cm?

23°C,50% RH, 1 day 1453 MPa
90°C, 500 h 2757 MPa
90 °C, 95 % RH, 500 h 574.9 MPa

1.131 g/cm?

1.13 g/cm®

1574 MPa 1794 MPa
2692 MPa 2733 MPa
560.4 MPa 599.9 MPa

23°C,50% RH, 1 day 48.3°C

without 48.9 °C

Fading resistance (L*) 1SO 105

23°C,50% RH, 1 day 60.98

1SO 11358

23°C,50% RH, 1 day 99.30 %

99.22 % 99.35 %

Table 2. Overview of material tests and measurement results for PA6 samples. Source: Polysecure, SkZ
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Fig. 3.Functional principle of Sort4Circle technology (left) and illustration of a corresponding system with several parallel sorting lines (right).

Source: Polysecure; graphic: © Hanser

1000 hours of conditioning at 140 °C.
Since the PP recycled and reground
specimen underwent a second injec-
tion-molding process, the degradation
is likely due to this second thermal
load, suggesting the material exceeded
its tipping point.

The results for PA6 specimens indi-
cate no relevant differences between
plastic samples with marker and those
without (Table 2). Conditioning PA6 at
140°C for 1000 hours led to complete
degradation of the material, whether
virgin, marked, or reground. This was
evident from the tensile test results.
Virgin material specimens, stored the
longest, absorbed the most moisture,
influencing the tension and flexural
strength results. This hydrolytic effect

was apparent after one day at 23°C and
50 % humidity but was mitigated after
conditioning for 500 hours at 90 °C,
making the results comparable for all
specimens. However, under 95 % hu-
midity and 90 °C for 500 hours, the
hydrolytic influence re-emerged across
all specimens. The impact strength test
showed a significant hydrolytic effect
on parts conditioned for 500 hours at
95 % humidity and below 90 °C, high-
lighting the material’s increased tough-
ness due to water absorption.

Overall, the results of the material
tests showed no discernible impact of
markers on the mechanical properties
of the plastic. However, the effects of
aging during processing or use must
be considered for recycled materials.

The Limitations of Current
Sorting Technologies

To fulfil the requirements of a “real closed
loop’, it is not enough to sort plastics
according to individual polymer types
(i.e. to distinguish PP from PE, from PA,
etc.). A distinction must also be made
within a polymer type (i.e. PA6 from
PA6.6 from PA12, etc.) and according to
different additives and fillers and, if appli-
cable, filler contents. The aim is to reuse
the recycled plastics for equivalent prod-
ucts (“closed loop”). However, this also
means that a distinction must be made
between many different fractions during
sorting. To address this challenge,
Sort4Circle sorting technology was
developed.
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The current state of automatic plastic
waste sorting involves a multistep pro-
cess tailored to the input stream (e.g.,
industrial or household waste) and target
fractions. It begins with cutting, shred-
ding, and classifying to produce suitable
object sizes. Sorting utilizes various
methods: wind sifting separates light
films from heavier items, magnetic and
Eddy current separators remove iron and
non-iron metals, and sensor-based op-
tical methods distinguish different
plastics. Near-infrared (NIR) spectroscopy,
the most common method for sorting
lightweight packaging, identifies specific
plastics like polypropylene (PP) by de-
tecting characteristic absorption bands.
Identified plastics are then blown out via
compressed air valves and separated
from the residual stream. Consequently,
for each new polymer fraction to be
sorted, an additional sorter is needed.

Compared to the status quo in
plastic waste sorting, Sort4Circle takes a
new approach in terms of both material
handling and detection (Fig. 3). In the
new single-step sorting process, all
objects are first singulated, then fully
identified once and sorted in only one
step (comparable to letter sorting).

Single-Step Instead of
Multi-Step Process

Pre-treatment and separation are carried
out using several synchronized conveyor
belts and/or other components that are
suitable for transporting and aligning the
sorted goods. This ensures that all parts
are transferred to the sorter in a single
row. The sorter itself is a tray sorter where

Color NIR
measurement measurement

Fig. 4.A detector
made up of different
technologies is
combined for sort-
ing. This can classify
each piece of waste
according to color,
polymer and marker
code. © Polysecure
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each tray carries a single item. A new
combined detector is positioned at the
front end of the sorter, directly after the
sorted items are transferred to the trays.
Here, each individual object is character-
ized by a series of measurement tech-
niques (combined detection) and classi-
fied with a decision logic according to
the criteria defined for the respective
sorting input. Based on this classification,
each individual item is assigned to a
specific collection container. This assign-
ment is tracked by the control software
which provides discarding the respective
object into the respective collection bin
without any error. In contrast, today’s
conventional pneumatic sorters create
significant error so that pure sorting
fractions are not possible.

The key component and centerpiece
of the Sort4Circle technology is the com-
bined detector (Fig.4). It analyses each
individual sorting object separately by
measuring several of its physical proper-
ties: polymer material by NIR and MIR
(black plastics) spectrometry, color and
image by VIS detection and Al and sorting
code identification by laser-based fluor-
escence measurement. The assignment
to predefined fractions is then carried out
based on the combination of all collected
measurement data. Additional measuring
units for LIBS and other measurement
methods can be integrated without
major mechanical adaptations.

To evaluate the reliability of the
Sort4Circle single-step sorting mechan-
ism marked plastic samples were mixed
with unmarked shredded polymers and
fed into the system. Out of 1212 objects
identified as PP and 1024 objects ident-

Tracer detection
module

White light
irradiation
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ified as PA6, only one object per fraction
was misclassified, resulting in a purity of
the sorted fractions of 99,9 %. In addi-
tion, the sorting yield, thus the percen-
tage of sorting objects which were
effectively identified and sorted, was
well above 90 %.

Conclusion

This feasibility study has demonstrated
that the Tracer-Based-Sorting technol-
ogy provides plastics with an additional
differentiation criterion for enhanced
sorting. marker codes, based on prede-
fined ratios, can be reliably identified
without the occurrence of false posi-
tives. Using the singe-step Sort4Circle
system, it was shown that marked and
unmarked objects can be sorted into
desired fractions with high yield and
purity. Furthermore, material tests con-
ducted in the study showed no discern-
ible impact of markers on the mechan-
ical properties of the plastics and recy-
clates. The Sort4Circle technology pro-
vides a fundamentally new approach to
sorting plastics into multiple fractions.
Enhanced by Tracer-Based-Sorting, it
enables precise differentiation, bringing
us closer to achieving a true “closed
loop”recycling system. m
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