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Improved sorting of plastic waste will be needed to increase the circularity of the plastics industry, irrespective of
innovations in recycling technologies. The variety of recycling processes available in the future will not alleviate
the need for sorting. Rather, nuanced sorting will be necessary to distribute waste streams into tailored feed-
stocks within an ecosystem comprising of various mechanical and chemical processes. A system for marking
plastics with codes that are invisible to consumers, but readily apparent to sorting machines is of interest to

enable such nuanced sorting. Luminescent lanthanide markers offer a promising solution, adding unique spectral
signatures in the visible and near-infrared (NIR) to allow innovative new sorting options. Currently, 21 codes can
be created using mixtures of three upconversion markers when excited with a 978 nm laser and measured with
>99% accuracy. This range can be expanded with further NIR emitting markers, whose emission can be obtained
at the same time as characterizing the NIR reflectance of plastics.

1. Introduction
1.1. Plastics recycling landscape

The motivations to increase the circularity of the plastics industry are
immediately understandable. Firstly, producing plastics from non-
renewable feedstocks leads to resource depletion. Sustainable access
to this important material class must ultimately be achieved. Secondly,
the plastics industry is responsible for 4.5% of total greenhouse gas
emissions (Stegmann et al., 2022). However, by adopting circular
recycling practices and increasing the use of biomass in feedstocks, the
sector could ultimately become carbon neutral or even a net carbon sink
(Stegmann et al., 2022) Thirdly, the ecological damage caused by
improper disposal of plastics waste into ecosystems must be minimised
(Gontard et al., 2022; Law and Narayan, 2021). In recognition of these
considerations, legislative efforts aimed at accelerating the transition to
a circular plastic economy are increasing (GAIA, 2021; US Government,
2022; European Parlament, 2023), and serious commercial investments
in innovative chemical recycling pilot-lines and plants being made
(Niessner, 2022).

* Corresponding authors.

This article will focus on circularity in the subspace of plastic pack-
aging waste. Due to the short product lifetime of plastic packaging, the
amount of plastic packaging waste collected tracks the amount of plastic
packaging produced with a negligible time lag. This, alongside the sig-
nificant fraction of total plastics production that packaging accounts for
(namely 40%) (European Parlament, 2023), makes plastic packaging a
good initial target for establishing circularity. As a concrete example, of
the 29 million tonnes of plastics post-consumer waste collected in the
European Union (EU) in 2020, only 35% was recycled, with the
remaining fraction either being burnt for energy recovery (42%) or
placed into landfills (23%) (Plastics Europe, 2020). The EU’s goal is to
recycle 55% of plastic packaging waste by 2030 (European Commission,
2017). In contrast, the in-use stock of construction plastics, i.e., plastics
incorporated in buildings, continues to grow rapidly and will ultimately
need to be recycled in the future - e.g., a predicted 5 billion tonnes of
construction materials will comprise more than 50% of in-use plastic by
2100 (Stegmann et al., 2022). The experience gained in circularizing the
shorter in-use packaging will thus contribute to the recycling of these
other future waste streams.

A range of recycling technologies are established and under
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development (Garcia and Robertson, 2017; Mangold and von Vacano,
2022). Mechanical recycling can involve ‘simply’ the re-extrusion and
regranulation of sorted flakes of thermoplastics (plus some additives to
improve recyclate quality), or the dissolution of the polymer chains,
their cleaning, and reprecipitation before regranulation (solvent-based
recycling) (Schyns and Shaver, 2021). Chemical recycling can involve
the pyrolysis of hydrocarbon — those made of only carbon and hydrogen
atoms, e.g., the polyolefins of polypropylene (PP) and polyethylene (PE)
- to produce pyrolysis oil (Anuar Sharuddin et al., 2016). Pyrolysis oil
can then be introduced into a steam cracker to offset some portion of
virgin naphtha. The monomers produced from the steam cracker can
then be polymerised to create virgin-equivalent plastics. This is so-called
mass-balance recycling wherein the recycled plastics produced may not
actually contain the carbon atoms from the plastic waste; but these are in
some chemical products and therefore the waste plastic has offset virgin
hydrocarbon consumption. Another expanding method of chemical
recycling is remonomerisation of the waste plastic, breaking the poly-
mer chains into their building blocks, such that these building blocks can
be again polymerised into materials of virgin quality (Coates and Get-
zler, 2020; Jehanno et al., 2022). Depending on the input waste stream
and the desired use of the output recyclate, each of these recycling
technologies has a role to play in the transition towards a more circular
plastics industry. A recent article Uekert et al. gives an excellent over-
view of the roles that each of the recycling technologies can play based
on the available input stream and desired output stream (Uekert et al.,
2023).

Realistically, it is vanishingly unlikely that there will be a single
plastics recycling process that offers a simple road to circularity and
eliminates the need for sorting. Even though innovative chemical recy-
cling approaches can, in some cases, be made robust to impure inputs
such as mixed textiles or multilayer packaging (Nicholson et al., 2022),
the most attractive option will be to sort waste streams into feedstocks
tailored to maximise the efficiency and throughput of specific recycling
processes. Furthermore, it is highly likely that mechanical recycling will
remain the most energetically favourable recycling process. Mechanical
recycling has the disadvantage that the polymer chains are altered
during the process meaning that it can only be repeated a finite number
of times before the material properties degrade, unless a portion of e.g.
30% non-degraded material is blended to well sorted waste material
Thus, an effective and nuanced sorting system will be a central
component of a circular plastics industry. An efficient system might well
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be one that sorts plastic items by polymer, by certain extra character-
istics (e.g., food-grade), and by how many times the plastic in the object
has been mechanically recycled. This would allow objects to be effi-
ciently mechanically recycled as many times as possible before going
through a chemical recycling process to fully refresh the material
properties.

This article discusses the perspectives for how upconverting and
down-shifting luminescent inorganic microparticles can be mixed into
plastics to introduce emission lines in the visible and near-infrared (NIR)
that are readily detectible with existing detection systems such as
InGaAs-based spectrometers or hyperspectral cameras. Based on the
emission from these lanthanide luminescent markers (that do not alter
the visible appearance of the plastics), codes can be made that could be
read out as the objects move through a measuring station on a conveyor
belt. It is considered how a system, like that shown in Fig. 1, could be
realised based on the measurement of such a code plus an identification
of the plastic type based on its NIR reflectance (a technique currently
used in state-of-the-art sorting facilities). Initial investigations are
shown that demonstrate at least 21 codes can be differentiated using
mixtures of lanthanide luminescent upconversion markers in white
micron-scale materials. How the number of differentiable codes could be
increased by material and detector developments is discussed. Also, it is
shown that NIR markers can be made that give sufficient signal in the
NIR to allow them to be identified at the same time as the diffuse
reflectance of the polymer is classified.

1.2. Sorting figures-of-merit

Sorting entails deciding to which of various output streams each
object in the input stream should be assigned. The performance of a
sorting system can be quantified by looking at a confusion matrix that
presents the ground truth of the weights of a waste stream placed into a
sorting system and an examination of the true nature of each of the
output streams from the system. A material flow analysis was performed
by Picuno et al. for the inputs and outputs of an materials recovery fa-
cilities (MRF) in Germany (Picuno et al., 2021). An approximate
confusion matrix can be derived from their data, where the distribution
of how a plastic of a given type is mis-sorted between the “mixed plastic”
and other pure plastic types is estimated. Table 1 demonstrates a hy-
pothetical case how high-density polyethylene (HDPE), PP, and poly-
ethylene terephthalate (PET) packaging waste — all of which can be

Fig. 1. a) Typical present-day NIR sorter showing measurement of NIR reflectance and physical sorting based on actuated air nozzles changing the flight path of
classified objects (reproduced from (Taneepanichskul et al., 2022)). Sorting is achieved by a series of such characterisation stations in series and binary decisions. The
throughput per metre bandwidth is high, but each sorting fraction requires a new sorting step making the total system expensive when sorting into more fractions is
desired. b) Example of a next-generation sorting system (Moesslein et al., 2023) wherein objects are placed one at a time onto a tray conveyor, which then passes
through a detection unit. This unit accurately identifies each object before depositing it directly into its designated endpoint. Unlike the typical pneumatic ejection
method, which often struggles with accuracy, especially when dealing with overlapping objects, the system’s ability to handle separated objects greatly increases
efficiency and accuracy. Macroscopic objects that have been singulated can be sorted into multiple output fractions following a single characterization process. To
enhance throughput, parallel characterization lines are employed. This approach not only allows for a high number of sorting fractions from a single stage but also

significantly boosts throughput through parallelization.
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Table 1

Confusion matrix showing typical inputs to a German sorting facility for the
main three types of rigid plastic packaging waste, the sorting output is hypo-
thetical (given to explain how sorting figures of merit are derived), but chosen to
be consistent with the data found in reference (Picuno et al., 2021).

Sorted PP PET HDPE Mixed-plastic Input
True

PP Food-Grade 15.6 1.3 1.3 7.8 26
PP Non-Food-Grade 10.2 0.5 1.2 5.1 17
PET Food-Grade 0.7 10.2 0.2 6.0 17
PET Non-Food-Grade 0.5 10.2 0.7 5.6 17
HDPE Food-Grade 0.2 0.0 0.6 1.2 2
HDPE Non-Food-Grade 2.1 0.0 6.3 12.6 21
Sorted Output 29.3 22.2 10.2 38.3

food-grade or not — have been sorted by a technology into four output
bins (one bin for each type and an ‘mixed-plastic’ bin in which items are
placed when no decision could be reached). From such a confusion
matrix, the key figures-of-merit (FoMs) of the sorting system can be
understood. On a global system level, the most important FoMs are ac-
curacy and throughput. The accuracy is the total correctly sorted mass
(sum of the entries where the input polymer is sorted into the correct
output stream) divided by the sum of the total mass to sort, whereas the
throughput is the mass of material sorted per time, usually given in
tonnes per hour (with throughputs of several tonnes per hour desired
and realisable for current applications). In this hypothetical example,
the accuracy of the sorting system is 53%. Optimizing accuracy gua-
rantees that the maximum volume of feedstocks with stable profiles can
be created from waste streams. Optimizing throughput means that this
can be done with a minimum number of machines (increasing the eco-
nomic viability).

Furthermore, the purity is a key FOM for recyclers purchasing the
sorted output of a given material. Purity (also called precision or positive
predictive value) is the percentage of the correct material in a given
output stream. In the hypothetical example above, the purity of the
sorted PET would be 92%. A high purity can come at the cost of
decreasing the yield (also called sensitivity or true positive rate), which
is the percentage of the total mass of a given material that is correctly
identified. This is a trade-off as the decreased yield also decreases the
amount of material the MRF can sell. Furthermore, it should be noted
that the MRF cannot currently separate food from non-food grade
plastics. Hence approaches to add additional waste streams and separate
the higher value food-grade packaging from non-food grade packaging
would also be attractive financially and in terms of enabling true
circularity. As the purity and yield for each material approach 100%, so
too does the accuracy. Although accuracy is a key FoM to maximise,
often the FoM quoted is the more easily measured recovery, defined as
the total mass output in the sorted bins (total mass minus ‘other’ bin in
this case) divided by the total mass. Based on the recovery and a mass-
weighted average of the purity (if available), a system accuracy can be
estimated.

The accuracy of a sorting system is determined by two processes.
Firstly, the correctness of the classification of an object by the sensing
system and classification algorithm, and secondly on the effect of the
actuators stimulated by this classification to sort the object into a desired
output stream. This manuscript lays emphasis on the former, on the
adaptation of sensing systems to make nuanced and correct classifica-
tions, but challenges in accurately physically separating objects after
correct classification should not be overlooked. For example, Fig. 1a
schematically illustrates a typical NIR sorter wherein objects are sepa-
rated into two classes using a blast of compressed air from a nozzle to
modify the flight path of objects flying off a fast-moving conveyor belt
(typical belt speed 3 m/s) (Taneepanichskul et al., 2022). The effec-
tiveness of the air blasts in correctly separating the classified objects
depends on belt coverage and the fraction of the material to be positively
blasted out; it cannot be assumed to be 100% (Sormunen and Jarvinen,
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2021). In this binary sorting approach for each additional material to be
sorted, another NIR sorter and ejection machine must be added in series.
An alternative system using singulated macroscopic objects is illustrated
in Fig. 1b. In this case, the macroscopic objects are characterised once,
classified, and then the objects can be ejected into one of any number of
collection bins. As the number of desired fractions of sorted material
increases, so does the attractiveness of this second approach. For
example, the second approach becomes more attractive if one wants to
sort so specific producers get back their own materials with properties
known to them, to sort food from non-food grade, or to ultimately sort
items by the number of times that the plastic in the packaging has been
recycled (which could possibly be tracked by the addition of lanthanide
fluorescent markers).

1.3. Moving plastics sorting beyond state-of-the-art

The latest standard for industrial plastics sorting machines utilises
NIR hyperspectral imaging to detect the NIR reflectance spectra of ob-
jects. Recent reviews have highlighted significant advancements in
hardware and the ability to implement more sophisticated data reduc-
tion and classification tools (chemometric tools) in real-time, resulting
in increased accuracy and the ability to separate a greater number of
plastics (Neo et al., 2022; Zhao and Li, 2022). Certainly, the field has
progressed from past implementations that compared only the reflec-
tance in two NIR wavelength bands. There are also efforts to combine
NIR spectroscopy with one or more of laser-induced breakdown (LIBS),
Raman, or mid-IR spectroscopy, which could improve performance in
certain cases (Liu et al., 2019; Neo et al., 2022; Zhao and Li, 2022).

However, separation beyond material type is important to recycle
materials to the highest quality at minimum environmental cost. For
this, it is of interest to develop a method to subtly mark plastic packaging
with a coding system that does not disturb an objects appearance to
consumers but allows the code to be easily read in a sorting facility. Two
avenues of marking plastics for sorting are currently attracting attention.
A few years ago, a digital watermarking process has been proposed
based on a patterned modification of the polymer surface or label design.
Although supposedly not visible to the human eye, this pattern can be
detected by trained computer vision systems (Digimarc, 2019). A benefit
of the watermark approach is that many unique codes can be generated
to sort into nuanced fractions; however, the necessity to pattern the
surface of an object could be a limitation — it could be difficult to apply
this strategy to sorting flakes rather than whole objects. Initial
semi-industrial trials on labelled objects show 95% purities in output
streams at belt speeds up to 4.5 m/s (Labels and Labeling, 2022) . The
alternate route utilises photonic markers in the tracer-based sorting
(TBS) process — luminescent materials that can be applied to the label or
mixed in with the polymer (Brunner et al., 2015). A recent review in-
troduces the concept and provides a good overview of the work in this
field, including the work on organic dyes with visible emission after
ultraviolet (UV) excitation (Larder and Hatton, 2023). Furthermore,
Table 2 summarizes comparison of state-of-the-art technologies
including NIR, LIBS, Raman, Digital watermarks and TBS. It should be
noted that x-ray reflectance (XRF) — which for many years was used to
detect the presence of chlorine in PVC and brominated flame retardants
(Sormunen and Jarvinen, 2021) — does not appear in the comparison
table, with technological developments having stagnated as more novel
sorting options are developed (Zhao and Li, 2022).

This article focuses on the use inorganic microparticles co-doped
with ytterbium (Yb3+) and other trivalent lanthanide ions (Ln3+) to
select the desired emission wavelength. It is important to acknowledge
that while Ln®" are generally perceived as toxic and costly in compari-
son to commercial organic dyes, this perspective is not universally
applicable. The integration (doping) of Ln®" into highly chemically
stable crystalline materials, such as oxides, oxysulfide, molybdate and
phosphates, is anticipated to significantly minimise potential in-
teractions between Ln®" and the human or natural environment.
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Table 2
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Comparison of existing and upcoming sorting technologies. All technologies rely on the detection of an optical signal - emission in case of XRF, LIBS, Raman and TBS
(using organic dyes and lanthanide (Ln) markers), and reflection in the case of NIR and digital watermarking.

Parameter Excitation Modify Single-point Object Accuracy Purity Refs.
Technology packaging measurement speed
NIR Halogen lamp No No 3m/s 80 - 95% 65 - 90% (Sormunenand Jarvinen, 2021); (Zhao and
Li, 2022); (Mathilde Robben, 2010)
LIBS” 1064 nm pulsed No Yes 2m/s 95 - n/a (Sormunenand Jarvinen, 2021); (Zhao and
laser @ 120mJ 100%" " Li, 2022); (Liu et al., 2019); (Huber et al.,
2014); (Sattmann et al., 1998)
Raman 785 nm laser @ No Yes n/a 93 - 98% 95% (Sormunenand Jarvinen, 2021); (Zhao and
4 W (focused) Li, 2022); (Tsuchida et al., 2009)
Digital watermark Halogen lamp Yes (watermark)  No 3-45 95.9% """ 95.1% (HolyGrail 2.0, 2023)
m/s
Luminescent Organic UV lamp Yes (luminescent No 4.5m/s n/a 96%" (Kosior, 2020)
TBS dyes marker)
Ln 980 nm laser @ 4.5 m/s >99.9% >97.4%" (Moesslein et al., 2023)
markers 1 W/em?

# Only for chlorine containing polymers the sorting was performed on a conveyor belt. Other LIBS tests were performed in static conditions (Junjuri and Gundawar,

2019) (Costa et al., 2017) (Costa et al., 2017).
## Accuracy drops down to 73% in presence of additives (Peng et al., 2021).

### Reported as “Detection efficiency” for separation of labelled non-food PET vs post-consumer waste in two-pass process.
5 Reported as “Sorting efficiency” for labelled non-food PET vs post-consumer waste for separation of labelled non-food PET vs post-consumer waste in two-pass

process.
5% For PET.

5% In two-pass industrial sorting of PE food-grade multilayer packaging. The purity of 97.4% was achieved with an atypical large amount of agricultural foils in the
waste due to the French origin of the waste. If the mass of these large foils is deducted, the purity was 99%.

Consequently, Ln®"-doped markers exhibit a non-toxic nature. As a
representative example, Polysecure GmbH has been able to achieve and
declare compliance with European regulations for plastic materials in
contact with food for an oxysulfide-based marker, after thorough
migration, toxicological and other tests by independent laboratories. In
addition, food contact approval is expected from the U.S. Food and Drug
Administration (FDA).

To compare the difference between using an organic dye or an
inorganic phosphor for tracer-based sorting, one must first consider the
huge difference in absorption cross-section between an organic dye -
Lumogen Red (8 x 1077 cm? @ 575 nm) and the Yb3+ ion (7 x 1072
cm? @ 978 nm). This suggests that to overcome this 10* difference, the
loading of the marker in the polymer would need to be increased by a
similar amount. However, this was not found to be the case. A label with
a marker concentration of 50 pg/cm? and an area of 2 cm? (giving 100
pg of marker used) is sufficient to detect a clear UC-PL emission signal.
In comparison, Ahmad used a concentration of 10 ppm of organic dyes
(Ahmad, 2023). If it is assumed that the weight of the plastic bottle used
in Ahmad’s experiment is approximately 20 g, 200 pg of dye would be
needed per bottle. This eliminates all the advantages of the higher ab-
sorption cross section of organic dyes, as their quantity is required to be
similar to that of the Ln®' marker. Typically, the PLQY of
visible-emitting organic dyes is in the range of 50-100% (Wiirth et al.,
2011) - indeed Lumogen Red has a 100% PQLY (Wilson and Richards,
2009) — much higher than that of UC phosphors at 3-5% (Gao et al.,
2017a) (Gao et al., 2018, 2019). As noted by Ahmad (Ahmad, 2023),
additives in plastics often reduce the PLQY of the dyes, thus requiring
higher dye concentrations (> 10 ppm). Moreover, the PLQY of Ln®" ions
can be greatly increased when using the DS emission in the NIR, where
PLQY values of up to 70% have been reported (Rajagopalan et al., 2023)
that altogether demonstrate advantage of using Ln>* markers.

The market price for both organic dyes and Ln®" materials can
fluctuate. However, if the price each is considered - e.g. 12,68 €/kg for
Yb,O3 (Institute for Rare Earths and Metals AG, 2024) and a well-known
commercial luminescent dye such as Lumogen Red (synonyms: Perylene
Red, Fluorescent Red), which costs 60 €/g (Kremer Pigmente GmbH) —
the difference in material cost becomes an additional winning aspect for
Ln®*-based markers. In addition, the InGaAs detector of a modern
sorting machine is not sensitive enough in the visible range, where most
organic dyes emit light. Considering the price of dyes emitting in the NIR

range, they are much more expensive (they cannot currently be pro-
duced on a kg scale) and their PLQY is significantly lower. Taking into
account all the advantages of Ln®" jons as luminescent markers, it ap-
pears that Ln®" has a clear potential in plastics sorting applications
based on luminescence detection.

Depending on the choice of host material, after excitation at 980 nm
either an upconversion (UC) signal in the visible/NIR or downshifted
(DS) emission in the NIR (1000 — 1800 nm) can be observed (see Fig. 2).
Both processes have the advantage over other luminescent markers that
their signals are background free. There is no autofluorescence from the
plastic in either case. For the UC scenario, the unique energy level
structure present in the lanthanides that enables anti-Stokes UC process
is not present in normal materials such as plastics. For NIR DS emission,
the probability of emission becomes highly inefficient in organic mate-
rials at wavelengths longer than 900 nm due to fast non-radiative
relaxation between the close-lying energy levels, thus only the DS
emission from the lanthanide marker remain. The 980 nm excitation is
amenable to excitation with powerful and inexpensive diode lasers.
Furthermore, the UC and NIR DS emission is easily observable with
standard hyperspectral detectors used in sorting applications, with the
NIR emission even observable concurrently with an NIR reflectance
measurement.

The industrial application of UC markers for plastic sorting has been
discussed in previous work (Woidasky et al., 2020; Gasde et al., 2021).
The novelty of this work is that, beyond demonstrating how many
upconversion codes can be uniquely identified, it is shown that
down-shifted emission can be measured. The down-shifted emission
opens the possibility of adding new codes, and this downshifted emis-
sion can even be measured at the same time as diffuse NIR reflectance.
The industrial applicability is shown in the example that food-grade PET
recyclate is usually at least €300 per tonne more valuable than non-food
grade PET recyclate (Kahlert and Bening, 2022). By allowing the plastic
packaging waste stream to be sorted into more fractions than currently
possible, like distinct fractions of food-grade and non-food-grade PET
photonic markers could increase the average value of sorted bales pro-
duced at a materials recovery facility, and allow true circularity in
plastic packaging to be approached. Lanthanide based photonic markers
have reached Technology readiness level (TRL) 6 (technology demon-
strated in relevant environment) when considering binary
marked/non-marked decision making in plastics packaging (Circular
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Fig. 2. The absorption of the Yb®" sensitiser, upon which most current lanthanide photonic markers are based, is shown in the dashed line. When the broad Y

b3+

absorption peak is excited by a 976 nm laser, different luminescence is observed depending on the host and co-doped emitter ions. Luminescent markers activated

with holmium (Ho®*") exhibit UC (maximum at 543 nm) or DS (maximum at 1190 nm) luminescence. When activated with erbium (Er
or DS (maximum at 1530 nm) luminescence is observed. Similarly, when activated with thulium (Tm

3+), UC (maximum at 674 nm)

3+), UC (maximum at 798 nm) or DS (maximum at 1750 nm)

luminescence can be seen. Finally, when sensitised with Yb3+ alone, DS (maximum at 982 nm) luminescence is observed.

Foodpack, 2022).

Furthermore, from an industrial application perspective, fluorescent
markers are particularly attractive in conjunction with shielded, laser-
safe detectors which allow the use of strong excitation fields. These in
turn enable reliable fluorescent signals at low marker concentrations.
Such shielded detectors are possible with the patented SORT4CIRCLE
technology (Polysecure GmbH, 2024) which employs singulation and
subsequent single-step sorting. In addition, single-step sorting provides
for each object the efficient sequential measurement of NIR reflection,
colour, watermark and marker. For the first time, the simple use of all
relevant detection technologies creates a technology-open sorting pro-
cess that eliminates the need for the tedious and practically impossible
coordination of sorting standards. Another application advantage of
fluorescent markers and single-step sorting is that all fractions could be
defined and sorted in one process step according to their most efficient
subsequent recycling pathway. So further sorting at later stages can be
reduced or even omitted.

Thanks to these scientific and technical benefits, it is apparent that
fluorescent markers and single-step sorting would not increase the costs
of plastic recycling, but instead improve the quality and rate of recycling
greatly. Based on developments in recent years in the field of markers,
detectors and sorting machine construction, the sorting cost outlook for
single-step sorting with markers has been reduced to the range of €100 -
200 per tonne of throughput. Marker costs are in the range of €20 - 50
per tonne of packaging material today (or €2 — 5 per gram of marker).
Importantly, single-step sorting costs almost do not grow with an
increasing number of sorting fractions, in contrast to the step-wise
sorting of today. Economically, this factor is essential since a real cir-
cular economy and the concept of closed loops require a larger number
of sorted fractions. Based on these technical and economical improve-
ments, fluorescent markers and single-step sorting would accelerate the
advent of a real circular economy of plastics.

Regarding the size of an industrial application, the world currently
produces around 300 million tonnes of plastic waste each year, and the
trend is rising. For practically all waste streams single-stage sorting with
markers would be an improvement against the existing stepwise sorting
or no sorting. In this respect, the application potential of markers and
single-stage sorting technology is over 100 million tonnes per year and
therefore over 10 billion euros in turnover per year.

2. Experimental part

Luminescent markers used in the current work are inorganic
microcrystalline materials. Typical examples of these hosts are Gd20,S,
Lap03 and LigBasGd3(MoO4)g), all of which can be co-doped with Yb3,
yb3*/Er®, YB3t /Ho®" or Yb®*/Tm3™. The strength of the luminescence
signal from lanthanide ions is strongly dependant on the origin of the

inorganic host and the doping concentration, so it is often necessary to
investigate many hosts and many doping concentrations in order to find
markers with the strongest luminescence for each lanthanide ion (Yb%",
Er’*, Ho>" and Tm3"). Luminescent markers were synthesised using a
high temperature solid state reaction (a representative example is pre-
sented in Fig. 3a). Raw materials (typically oxides) are mixed in a
stoichiometric ratio and calcined in alumina crucibles at elevated tem-
perature (typical range 800 - 1200 °C) for several hours, with subse-
quent purification and drying. After synthesis, the crystal structure (and
phase purity), microcrystal size and chemical composition are
confirmed by powder X-ray diffraction (Bruker, D8 Discover), scanning
electron microscopy (Zeiss, Supra 60VP) as illustrated in Fig. 3.
Elemental analysis was performed with, wavelength dispersive X-ray
fluorescence spectroscopy (Bruker AXS, Pioneer S4). Other representa-
tive examples of the synthesis and characterisation of the above markers
can be found in past publications from the present authors (Gao et al.,
2017b) (Gao et al., 2019) (Rajagopalan et al., 2023). The photo-
luminescence quantum yield (PLQY, ratio of emitted photons to absor-
bed photons) was determined experimentally for each marker by
employing an integrating sphere (Madirov et al., 2023). This approach
served as a robust figure of merit, facilitating the comparison of lumi-
nescence signal strength across different markers. In the case of UC
markers, PLQY fell within the range of 2-4% (Gao et al., 2019).
Conversely, for DS markers, the PLQY exhibited significantly higher
values, reaching up to 70% for LisBayGds(Mo04)s:Yb>t,Er®t marker
(Rajagopalan et al., 2023).

The absorption spectrum is detected with an UV-visible-NIR spec-
trophotometer (Agilent, Cary 7000) equipped with an integrating sphere
in absorbence mode. The visible emission spectra of all studied samples
are obtained with a spectrometer (Ocean Insight, QEPro, 300 — 1100
nm). The NIR emission spectra of the samples doped with Yb3* and
Er®*/Yb3" is obtained with a NIR spectrometer (Ocean Insight, NIR-
Quest, 900-1650 nm). The NIR emission spectra of the samples doped
with Ho®*/yb®" and Tm3*/Yb3" are obtained with an extended NIR
spectrometer (Zeiss, PGS NIR 2.2-256, 1000-2150 nm). A 976 nm laser
diode (Roithner) driven by a laser diode controller (ITC4001, Thorlabs)
is used as the excitation source.

For determining the upconversion codes, excitation is provided by a
980 nm fibre-coupled laser and the upconverted emission is measured
by three Si-based detectors with appropriate band-pass filters to capture
the upconversion in the green, red, and NIR spectral windows. The code
is related to the fraction of the total marker material in the sample that is
doped by holmium (Ho>*"), erbium (Er®"), and thulium (Tm>*), which
add up to 100%. As the pure markers have some overlap in emission,
first the fraction of the total emission in each of the three spectral
windows is computed, then least squares fit is used to best estimate the
fraction of each marker material (based on the known spectra of the pure



1. A. Howard et al. Resources, Conservation & Recycling 205 (2024) 107557

a)

g v

%y

3

1. Raw Materials: 2. Grinding in agate 3. Calcinationin 4. Washing with 5. Drying
Gd,0,, Yb,0,, Er,0,,S  mortar alumina crucible: diluted HCI Gd,0,5
Flux: K;PO, 1150 °C, 30 min

6d,0,5:10Yb,0.4Tm

Intensity

‘ P-3m1 (164) Gd,0,S ICSD No. 636114
I ! | | ) 1
25 30 35 40 45 50 55 60
26 (°)

60,0,8:10Yb,0.4Tm ||
7,980 nm (
| A
I\

oMo

Intensity (a.u.)

550 600 650 700 750 800 850
Wavelength (nm)

Fig. 3. (a) Schematic of a solid-state reaction in which raw materials are ground, subjected to high-temperature calcination, purified and dried, resulting in a
microcrystalline marker Gd,05S:Yb,Tm that exhibits NIR and blue (visible) luminescence when excited by a 980 nm laser; (b) SEM image of a representative marker;
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Fig. 4. a) Emission spectra of pure green, red, and NIR marker material, two different mixtures (Mix 1 = 40% green, 0% red, 60% NIR, Mix 2 = 60% green, 40% red,
0% NIR); b) Photograph of a machine consisting of a conveyor belt, a 980 nm excitation laser and an optical detection unit; ¢) Photograph of a sample (contaminated
and crumpled plastic bottle) bearing a sticker (marked area) with a luminescent marker (concentration 50 pg/cm?®); d) Ternary diagram indicating the central points
for 21 codes equidistantly spaced in terms of percentage of each marker along with examples of positions for the pure markers and two mixes shown in panel a; e)
Results of 2100 runs of discs labelled with each of the 21 codes in a prototype sorting machine. The system functions with 99% accuracy.
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marker materials). The markers were applied to plastic PET bottles using
a white sticker with a marker concentration of 50 pg/cm? (Fig. 4c). A
conveyor belt (3 m/s) was loaded with plastic bottles, which were
irradiated with a 100 W 980 nm laser (CNI Laser, FC-W-980H) inside the
machine (Fig. 4b). The UC luminescence was detected using 3 Si-diodes
(Ketek, SiPM3315) equipped with appropriate optical filters (Semrock)
to detect green, red and NIR luminescence.

The classification of the plastic materials in the range of 1100 — 2100
nm was performed with a hyperspectral camera operating in the NIR
region (Specim, FX17). The sample is illuminated with two light sources
—a 150 W halogen lamp (Elro, HL150) and a 980 nm fibre laser (CNI
Laser, FC-W-980H) with an intensity of 3.3 W/cm?. Reflectance spectra
are obtained using the reference spectrum of a white calibration tile
(Specim, OPRS 200.25.10).

3. Results and discussion
3.1. Upconversion: three-colour codes in the visible

As illustrated in Fig. 2 above, Ho®", Er®", and Tm®* emitter ions can
give relatively pure green (Ho®"), red (Er®*) and 798 nm NIR (Tm**+) UC
emission after excitation at 940 or 976 nm (when co-doped with Yb3+ as
the light-absorbing sensitiser ion). Fig. 4a and 4b present photographs of
the UC from the microcrystalline powders after excitation with 940 nm
LEDs in a dark and light ambient environment, respectively. The strong
visible emission of Ho>* and Er®" is easily observed, and the invisible
798 nm radiation of Tm®" appears purple in the camera image due to
some breakthrough of the NIR radiation through the NIR and Bayer
colour filters.

An important question is how many classes can be precisely identi-
fied when mixtures of these three materials are used to create a coding
system? Firstly, the coding system on which classification is based de-
pends on the detection system that is used. One option for a coding
system that is to simply examine the intensity in three spectral regions,
e.g., 525-575 nm, 640-690 nm, and 775-825 nm, as presented in Fig. 2.
To make a classification, the percentage of the total observed signal from
each of the channels is computed, then this is converted into the per-
centage of each marker present. This metric has two degrees of freedom
— as the total signal is normalised to 100% it is possible to compute
amount of the third marker if the fractions of the other two markers are
known. An example of the total emission spectrum of the pure markers
compared the normalised emission for a two different mixes of different
marker types can be found in Fig. 4c.

A ternary diagram is useful for visualizing the possible outcomes of a
measurement, where the three sides of the triangle represent the fraction
of the total concentration of each marker. An idealised example of such a
ternary diagram is shown in Fig. 4d, demonstrating how 21 unique codes
could be created by spacing the “target” percentages in 20% steps on
each marker axis. The grey dots represent the targeted concentration
profile for each of the 21 unique codes, and grey circles represent the
area in which a measured point would be assigned to code corre-
sponding to the circles’ centre. The circles for the cases in which 100% of
the emission comes from the Tm®*, Er*t, or Ho®" are indicated in
purple, red, and green, respectively. Although the Ho®' and Er®*
emissions overlap (Ho>" is not a purely green marker, with roughly 10%
of its emission lands in the red channel, and likewise around 10% of the
Er®" ends up in the green channel), the system of four equations (three
colour channels plus the normalisation) with three variables yields a
unique solution for the fraction of each marker varying from 0 to 100%.

A ternary diagram showing the measured locations of the marker
codes for 2100 measurements, 100 for each code is presented in Fig. 4e.
The estimation of the code location on the ternary diagram has some
scatter but less than 20 of the 2100 measurements led to the inability to
assign a code or a false code assignment. The accuracy is therefore
greater than 99%. With developments in optical design, it should be
possible to increase this accuracy even more.
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To increase the number of useable codes two options would be to
increase the number of emission lines (i.e., increase the number of
marker materials) or the precision with which the components can be
measured. The number of codes, N, can be expressed in terms of emis-
sion lines, n, and the step size in concentration between the centre of two
codes difference in concentration, [ (in Fig. 2b this is 20%). The number

of codes obtainable is N = (n +Tll_ 1 > and Table 3 below shows how

the number of unique codes increases with number of emission lines
available to make the code, and step size in concentration. It is clear that
adding new lines expands the code space. Furthermore, decreasing the
scatter in measurements would allow smaller changes in concentration
between the centre of codes, and more codes to be fit into the same
space. In the past, there have been many reports of UC luminescence
with Pr®* (Gao et al., 2014), Eut (Wang et al., 2008) and Tb3" (Xiao
et al., 2017), Sm?" (Liu et al., 2017) using sensitisation with Yb3*.
However, it seems impossible to achieve their UC luminescence with
PLQY similar to that of Er’*, Ho®>* and Tm3*at excitation intensity
below ~10 W/cm?. Therefore, additional attention should be paid to the
NIR spectral region where, in addition to Er®*, Ho®>" and Tm>*, strong
emission from Pr+ (Wang et al., 2023) and some transition metals such
as Ni2t and Cr** (Rajendran et al., 2023) could be expected.

Looking at the other option to gain more codes, decreasing the
minimum step size in weight% in the coding system, the approached
would be continuing to engineer the excitation and detection system to
measure the emission with increased signal to noise ratio.

3.2. Combination of NIR emission and NIR reflectance

A few NIR sorters include an extended NIR spectrometer to cover the
1100 - 1800 nm range. These machines could be used to detect and sort
new packaging waste fractions by NIR emission lines of luminescent
markers. and likewise exploit another attractive aspect of lanthanide
luminescent markers, namely that, in the correct hosts, they can exhibit
strong and distinct emission in the NIR. By co-doping with Yb>* these
transitions can be effectively stimulated by LED or laser excitation in the
region 940 to 980 nm. For Ho>*, Er®" and Tm>" this is illustrated in
Fig. 2 where strong emission lines are shown around 1190, 1530 and
1790 nm respectively. Like the UC example shown in the previous sec-
tion, the DS luminescence in the NIR region can provide a high-contrast,
background-free signal as emission from organics in this wavelength
range is very inefficient.

To visualise this emission, cuvettes filled with micro powders
wherein Ho®*, Er®*, and Tm>" are co-doped with Yb®*" were placed
beside a Yb®' only doped sample underneath an extended InGaAs
hyperspectral camera (Specim NIR, 1000 — 2500 nm). In Fig. 5a, an
image of the cuvettes is shown when the powders are excited by the
array of 940 nm LEDs and there is no other ambient light. The false
colour image is generated from the hyperspectral cube by taking the
blue channel to be the intensity at 1800 nm, the red channel to be the
emission at 1550 nm, and the green channel at 1180 nm. In this case
only the three cuvettes with emission above 1150 nm are visible, where
the Tm3*, Er®", and Ho®" provide emission at these wavelengths,
respectively. In Fig. 5b, a halogen light bar is also used to illuminate the
sample at the same time as the 940 nm LED excitation. In this case, the

Table 3

Number of unique codes available as a function of the number of unique emis-
sion lines and the step size between component weights that can still be accu-
rately classified.

Step Size 10% 20%
Number of unique emission lines

3 66 21

4 286 56
5 1001 126
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Fig. 5. NIR hyperspectral data collected for downshifting markers in PMMA cuvettes under 940 nm LED excitation only (a,c) or concurrent excitation with the LEDs
and a halogen light bar to enable concurrent measurement of diffuse reflectance (b,d). a-b) show false colour images of the four cuvettes filled with powder with the
red, green, and blue channels representing the intensity at 1550, 1800, and 1180 nm. From right to left the materials are Tm3*, Er®*, and H03+C0-doped with Yb3*,
then a reference doped solely with Yb®* (not visible in a). c-d) The emission spectra at representative pixels for each material recorded by the hyperspectral camera.
The green, red, and blue lines indicate the Ho®>", Er®', and Tm>®" emissions respectively, whereas the black line in d) indicates the diffuse reflectance from the
reference powder registering the absorption lines of the cuvette’s polymer. As in c), clear emissions of the markers are observable in d) even on top of the intense
broadband light from the halogen lamps that also carries the signature of the polymer’s absorption.

diffuse reflectance of the broadband halogen illumination causes the
reference powder to become visible and appear whitish in the false
colour image. The colour saturation of the marker materials is also
reduced by their diffuse reflectance, but nonetheless the different nature
of the markers is still clearly distinguishable in the false colour images,
meaning that even in the presence of broadband illumination to enable
material classification through diffuse reflectance, the markers can still
be measured. Example spectra measured at single pixels in the relevant
regions of interest in the hyperspectral cube are shown for 940 nm LED
excitation only in Fig. 5c and illumination with the halogen light bar in
addition to the 940 nm excitation in Fig. 5d. In Fig. 5c, each emission
profile of the three markers provides a clean background-free signal.
These three high-contrast signals provide a basis upon which a coding
system could be built (such as the one introduced in the preceding
section). In panel d) the broadband diffuse reflectance of the halogen
light spectra can be seen in the diffuse reflectance spectra of the refer-
ence Yb>" only doped powder shown as the black line. The dips in
reflection around 1200 nm and 1720 nm are typical of the poly-
methylmethacrylate (PMMA) polymer from which the cuvette is made.
When the DS lanthanides are co-doped with the Yb>", the NIR emission
lines become clearly visible on top of the diffuse reflectance of the
halogen lighting, with the light collected at emission peaks exceeding
that of the diffuse reflection. Thus, there is excellent perspective for
lanthanides to provide NIR emission lines that could also provide the
basis for a background free coding system for plastic sorting, with
further work to increase the number of lines available while maximising
their efficiency and stability of great interest.

4. Conclusions

This work discusses how nuanced sorting of plastic post-consumer
packaging waste is likely to be a keystone for further development of
a plastics recycling ecosystem that supports the move towards circu-
larity. For this a code-based system that does not disturb products
appearance to consumers but is easily recognised in sorting facilities is of
clear interest. This article elaborates on how luminescent lanthanide
markers can contribute solutions to generate such a coding system.
Upconversion markers with emission in the visible can certainly be used,
with the upconversion luminescence providing a background free signal.

For example, mixes of three different UC powders could be used to make
21 different codes that were recognised with >99% accuracy. Looking to
the future, this code space could be enhanced by the addition of further
emission spectra, or an increase in the precision with which the codes
can be read. Another promising perspective is the use of DS emitters to
develop an equivalent coding system in the NIR. Such a coding system
could possibly be read out by the same detector that measures the diffuse
reflectance of the unmarked parts of the plastic object. Lanthanide based
luminescent markers are an excellent candidate for providing a code
system that satisfies the above requirements, providing new perspec-
tives for phosphor and sorting machine development.
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