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Executive Summary

This report describes the development of solutions that enable the mechanical recycling of black plastic packaging
that is currently destined for landfill or energy recovery.

This research and development project was commissioned by WRAP to facilitate the development of technical
solutions for the recovery and recycling of rigid black plastic packaging such as pots, tubs and trays from a mixed
plastic waste stream and to deliver environmental benefits over existing waste management options.

Currently the most common black pigments are based on carbon black that is not detectable by automatic Near
infrared (NIR) sorting systems being used in most Material Recovery Facilities (MRFs)Plastics Recovery Facilities
(PRFs) and at reprocessors to separate plastics into different polymer streams for reprocessing into valuable
materials. Carbon black is the name of a common black pigment, it appears black because it reflects almost no
light in the visible part of the spectrum and also strongly a bsorbs in the ultra-violet (UV) and infrared (IR)

spectral range. Carbon black is used as a colourant in food contact packaging for a number of reasons including
that it provides a contrasting background and allows the colours in the food to stand out. It is low cost, has good
dispersion and masking properties which allows off cuts of other colours to be mixed together and manufactured
into black items.

NIR identification trials of commercially available black plastic packaging have confirmed that packaging coloured
with carbon black cannot be detected by NIR systems and therefore typically ends up in the unsorted residue. It
is estimated that there are around 30,000 -60,000 tonnes per year of black plastic packaging in the UK household
waste stream and although the On Pack Recycling Label (OPRLJor plastic pots, tubs and trays is fi leeck local

r e c y ¢ thereniggadparticular issue for carbon black packaging because even though it may be collected for
recycling, there is currently a technical barrier to it actually being recycled back to virgin replacement resins
within the UK

Retailers are keen to address this current non-recyclable nature of black plastic and WRAP has worked in

partners hi p wi t h M& Sackafiagimarsifacturens &nd ¢colourant suppliers on this project. The project
has identified novel black colourants that are detectable by Near infrared (NIR) spectroscopy. The approach of
using novel NIR detectable black colourants was shown to work with APET, CPET, PP, HDPE, PS, and PVC in both
laboratory and large-scale trials at a PRFE

For the avoidance of doubt, the intention of the work was to find colouration systems and/or technologies
capable of meeting the objectives of the project. No direct comparison of individual colouration systems or
technologies can be drawn from the tables and information published throughout this report. The processes in
this study were tested under different conditions, using different methodologies and are therefore not directly
comparable.

This project explored four possible approaches to enable automated sorting of black plastic packaging.

These were: alternative spectroscopic techniques, physical sorting methods, addition of detectable markers and
the development of alternative colourants. Following a review and an evaluation of alternative spectroscopic
techniques it was concluded that only the alternative colourant technique would allow sorting of black packaging
with existing NIR based mixed plastics sorting facilities. Some alternative spectroscopic solutions such asMid
Infrared ( MIR) were found to work on a technical level but are not yet viable at commercial sorting speeds . The
project team therefore investigated solutions within the packaging and pigment industries that would work with
current NIR sorting technologies.

The key principles utilised in identifying suitable black colourants were based on either of two characteristics;
One: High levels of absorption of visible light and little absorption in the NIR spectrum, or two: Pigments which
absorb in the visible spectrum but reflect in the NIR spectrum.

Pigments from both categories were identified from a range of suppliers and evaluated in this project. The range
was reduced to a small number in order to evaluate the key principles, which should be equally applicable to
other suppliers that can match the performance requirements as specified in this report.
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The table below shows a summary of trials with alternative detectable black colourants and carbon black tested
using NIR spectroscopic techniques The recognition rate shows that these pigments allow the black articles to
be readily sorted into polymer streams where as carbon black coloured items could not be sorted.

Table 1: Summary of trial results for Sicopal, Lumogen, carbon black, Colour Tone and ColorMatrix colourants

Detectable with NIR Spectroscopy? Average Recognition Rate
Polymer/ Colour ant | PET PP PS PET PP PS
Sicopal \Y; Vv Vv 100% 100% 96.7%
K0095
Lumogen FK4210 V V V 98.9% 100% 98.3%
Carbon Black X X X 0% 0% 0%
UN MB
Colour Tone Vv \% \% 97.6% 100% Not tested
IRR 95530
Colour Tone Y, \% \% 100% Not tested Not tested
IRR 95550
ColorMatrix Y, \% \% 100% Not tested Not tested
Dye Black-5

In large scale manufacturing trials at Sharpak, LINPAC Packaging Ltd and FaerchPlast, food contact trays were
manufactured with PP, APET and CPET, using either the Colour Tone or the ColorMatrixcolourants.

In general the sheet extrusion using the colourants selected was successful. All thermoforming operations ran
well with no rep orted issues or changes needed from standard settings. Polypropylene and APET ran particularly
well at all stages of the manufacturing process.

It is clear from the CPET trials that the colourants do need to be matched to the polymers and in commercial
manufacturing operations this would indeed be the case. This would ensure colour depth is of a satisfactory level
and that no colour bleed occurs. The grades of colourant eventually developed for CPET trays were subjected to
severe tests designed to mimic cooking of oily food and they were found to pass, although early versions required
further fine -tuning and formulation adjustment due to the types of tints being used.

For filling and sealing, laboratory sealing trials were completed on tray samples. In this project it was possible to
seal all of the trays tested, although further large -scale trials would need to be completed to finalise the grade of
lidding film for each pack type. NIR detectable colourants were found to have no significant difference to the heat
required in achieving a seal.

The trays manufactured in the large-scale trials were taken to the Jayplas PRFin Derbyshire, which is a large
sorting facility capable of separating the main packaging polymers by type and colour. In th e sorting trial at
Jayplasall the trays were correctly identified by the NIR detectors and were sorted into the correct polymer
streams. However, the PET colour sorters seemed to be confused by the colour of the trays and sorted them into
either the clear, clear and light blue or Jazz bunkers apparently at random. Subsequent analysis by the NIR
sorting equipment manufacturer (TITECH) found that this would have been expected as the systems normally
60seed cl| ekhackwhen eewed against the black conveyor. They have confirmed that the sorting
equipment software can be adjusted to segregate detectable black items from the clear items and this was tested
and found to work well.

The alternative black colourants used in this project have been shown to allow effective sorting on existing NIR
equipment with similar yields to clear packaging on a range of polymer types conventionally used for packaging
materials.

Several other manufacturers of NIR sorting equipment were sent sample trays made from APET, CPET and PRo
determine whether the detectable pigments could be sorted on a range of commercial NIR systems. TITECH,
S+S, RTT Unisort and Pellenc all reported that the black trays could be successfully and readily sorted into their
respective polymer streams with high accuracy.

Recent evaluations have shown that the novel black colourants used in the large scale manufacturing trials are
sufficiently stable for repeated reprocessing through conventional processesincluding extrusion at temperatures
of 280 °C. It is important to note however, that the colourants developed do not have the masking strength of
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carbon black, which is related to the nano particle structure that characterises the carbon black colourants. This
means that during recycling operations the colours that could be included in a black fraction may be limited to
dark colours e.g. greens, blues and browns. Lighter colours, especially white, should be kept to minimal levels.
Further studies are needed to identify which colours and the quantities of each that could be included without
affecting the appearance of the recycled content product.

A cost assessment was carried out in order to provide a preliminary evaluation of financial viability of th e

alternative black pigments compared with the carbon black pigments. This would inform discussion with the

industry and establish the case for further work. The indicative costs at various addition rates for the novel

pigments has been calculated and conpared to conventional carbon black masterbatch for a lightweight PP tray

and a heavier CPET O0Ready meal 6 type tray. Acdcoburantsional cost ¢
powder form to masterbatches to allow easy integration with existing m anufacturing operations.

The detectable black colourants are more expensive than conventional carbon black pigments with an indicative

price range similar to other specialised organic pigments of the order of £9 to £16 per kg.

The indicative increasesin cost of using these alternative pigments in place of carbon black, is in the region of

£1.80 to £3.50 per 1000 PET trays, at a 1% addition rate. For thinner PP trays this would be in the region of

£0.75 to £1.50 per 1000 trays at a 1% additionrate. That 6 s around 0. 075 pence to 0.35 pe
addition rate and implies an incremental cost per tonne of trays manufactured in the region of £70 -£140.

However it should be noted that these indicative cost ranges are based on preliminary prices and it can be
expected that if the supply chain wishes to implement alternative black pigments that commercial prices would be
negotiated on the basis of large volumes, and therefore could be significantly lower.

Results from trials indicate that switching from a 1% carbon black addition rate to one of the new colourants may

require an increase in addition rate to get the same depth of colour . A higher addition rate may also be required

during reprocessing for improved masking capability. The cost comparisons for new product development need to

consider the level of addition rate and this would need to be evaluated for each specific product as different

addition rates may be needed dependThaagpstdifferertid will therebduct 6 s wal
be strongly influenced by the final addition rate and what is an acceptable black finish.

Although these alternative colourants do not match carbon black for tint strength or price at the moment, there
are economic benefits arising from the recycling of up to an estimated 60,000 tpa of black plastic packaging
through increased recovery yields and associated revenues and avoided landfill costs to the recycling industry.
There are also opportunities across a number of other industries where it would be desirable to recover and
recycle black items, such as electrical and electronic equipment (EEE) automotive and building/construction
industries. These recycling operations would benefit from the increased recovery rates and higher throughputs
that could be achieved with NIR sorting equipment.

Implementation of either detectable black colourants, or novel sorting technologies at PRFs that enable recovery
of black plastic packaging is expected to have significant net environmental benefits over th e current situation
where black plastics are primarily ending up in landfill. Previous analysis by WRAP (CA of Management Options
for Mixed Waste Plasticg has found that approximately 0.6 tonnes of CO, can be saved for every tonne of mixed
plastics mechanically recycled (WRAP, 2009.

In summary, this research has shown that a range of black colourants are now available to the plastics packaging
industry and other sectors (including EEE and automotive) that would allow the automatic detection and recovery
of these materials so that t hey can be used in new applications as substitutes for virgin plastics with subsequent
improvements in recycling revenues as well as savings in carbon emissions and landfill volumes.

Further development work into these NIR visible colourants will in time allow economies of scale to be realised
and improved masking properties to be developed.

Where possible, WRAP would recommend the use of alternative colours to black so that the pack can be detected
and recycled. However, where a black colour is desired, WRAP would encourage retailers, brand owners and
packaging convertors to investigate the use of NIR detectable black colouration systems further, with a view to
them being widely adopted across the industry. The next steps need to involve retailers, brand owners and
packaging convertors completing further trials on specific packs and carrying out detailed monitoring of specific
products so that all issues relating to the economics, manufacture, filling, shelf stability and distribution could be
fully validated.
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In conjunction with this , further technical optimisation of the colouration systems could be conducted on the
specific polymers and packaging systems to optimise the colours for specific packs and to improve the masking
capabilities of the colourants to enable it to be recycled with a wider range of packs with other colours. This
would have the potential to improve performance and may reduce costs through improvements in the scale of
supply of specific masterbatches. As these commercidly available pigments are taken up by the market,
coordination and testing at major plastics MRF s and PRFs is recommended to ensure that the correct
adjustments are made to the software used by the NIR sorting equipment at each facility , so that the black
packaging is detected and directed into the correct recovery stream.
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Glossary

Acronyms used

APET
CCD
CPET
GER
GWP
HDPE
Jazz
LIBS /LIPS
MIR
MRF
NIR
RF
RFID
PBT
PE
PET
PP
PRF
PS
PVC
PVDF
RDP
uv
VIS
XRF

amorphous polyethylene terephthalate
charge-coupled device

crystallized PET, crystallized polyethylene terephthalate
gross energy requirement

global warming potential

high-density polyethylene

mixed colour sorted plastic materials
laser induced breakdown spectroscopy/ Laser induced plasma spectroscopy
mid-infrared

materials recovery facility

near infrared

radio frequency

radio-frequency identification

poly (butylene terephthalate)
polyethylene

poly (ethylene terephthalate)
polypropylene

plastics recovery facility

polystyrene

poly (vinyl chloride)

poly (vinylidene fluoride)

resource depletion potential
ultra-violet

vision identification system

X-ray fluorescence

Spectroscopic method definitions:

LIBS (LIPS)

MIR

NIR
Photoacoustic
Raman

uv

Visible

XRF

Other definitions:

Mixed Plastics

laser induced breakdown spectroscopy (laser induced plasma spectroscopy) measurement of
the light emitted from plasma generated on irradiation with a laser

measurement of the absorption (or reflectance) of light in the mid -infrared region
measurement of the absorption (or reflectance) of light in the near infrared region
measurement of sound emitted from absorption of a light source modulated at audio frequency
measurement of the light emitted from R aman scattering induced by laser radiation
measurement of the absorption (or reflectance) of light in the ultraviolet region

measurement of the absorption (or reflectance) of light in the visi ble region

measurement of the light emitted f rom the fluorescence induced by X-ray radiation

Non-bottle plastic packaging waste from households

Postconsumer packaging Packaging collected after use by consumers

Triboelectric

Electrostatic charging of insulating materials
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1.0 Introduction

A significant portion of the plastic packaging used in the UK is coloured black. Black plastic is often chosen for
food packaging as it enhances the appearance of the contents. Figure 1 shows a typical residue stream of rigid
mixed plastics packaging after removal of PET and HDPE bottles.

Figure 1. Mixed plastic packaging including black plastics at a UK PRF facility

Black plastic packaging is most often made from polypropylene (PP) and crystallised PET (CPET), such as used in
oven-ready meal trays. Trays made from amorphous black PET (APET) are also popular with UK retailers and can
often contain post-consumer recycled content. Rigid black plastic packaging can also be made from polyethylene
(PE), polystyrene (PS) and less frequently from poly vinyl chloride (PVC) polymers. The black plastic packaging
currently being used cannot be detected and sorted in the normal automated systems used for sorting plastic
packaging by polymer type, and manual sorting is not cost-effective. Consequently almost all post-consumer
black packaging ends up in landfill.

Figure 2. Examples of black plastic packagng found in mixed plastic waste residue streams
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1.1  Objectives of the project

The objective of the project was to enable black plastic packaging waste to be sorted by polymer type and
recycled to produce high quality materials (as can be achieved with non-black plastic packaging) that can be used
in place of virgin plastic to make new items. This would divert it from landfill and deliver savingsin CO..

1.2  The black plastic tray waste stream

It is estimated that there are approximately 1 million tonnes of rigid mixed plastic packaging in the UK waste
stream and the black plastic packaging could represent between 3-6% of this volume. Conservative industry
estimates indicate that this could be around 26,000 - 30,000 tonnes per annum of black plastic packaging and
estimates from other industry sources suggest that the figure could be as high as 60,000 tonnes per annum.

Therefore, in future, if recycling rates of black tray packaging matched the reported figures of current UK bottle
recycling of 46%* there would be between around 11,000 i 27,600 tonnes per annum of this material diverted

from landfill, so there is great potential in recovering this valuable resource.

2.0  Project Background

2.1  Sorting black post-consumer plastic packaging

The most common technology used for automated sorting of plastics uses near infrared (NIR) spectroscopy to

detect the polymer type. These NIR detectors are capable of discriminating with good accuracy between
containers and bottles made from different polymers such as PET, PP, PVC and PS (Blanco & Villarroya 2002).

Figure 3. Example of spectral fingerprints for different polymers in the NIR region (Source: TITECH GmbH)
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Figure 3 shows that each polymer has a specific and unique spectroscopic signature. This difference allows the
NIR sensor to distinguish polymers from one another.

A typical sorting arrangement shown in Figure 4, involves the scanning of packages across a conveyor belt As
the articles pass under NIR detectors, the polymer specific spectrum of reflected NIR light received by the sensor
is rapidly analysed by microprocessors and if a positive identification of the plastic type is made, the item can
then be selectively ejected from the product stream with the use of air jets to a specified collection bunker.

Some sorting systems only perform polymer identification of a plastic packaging product, while others systems
are designed to perform colour detection and polymer identification in one sorting step. This is shown in the right
hand picture in figure 4.

1 RECOUPUK Household Plastics Packaging Collection Survey 2010, http://www.recoup.org/hppc2010/hppcsurvey2010.pdf
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Figure 4. Example of packaging being sorted under NIR and VIS spectrum (Source: TITECH GmbH)
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2.2 The recyclability of current black plastic packaging

Colourants in plastics can be either pigments or dyes. Pigments are finely divided, insoluble, inorganic or organic
molecules, while dyes are organic light absorbing molecules that are soluble in the material (Christie 1994). The
most common black colourant used in plastics is carbon black, as it is low in cost, has high tint strength, can be
used in food contact packaging, and provides a contrasting background and allows the colours in the food t o
stand out. Carbon black pigments are produced by combustion of petrochemical feedstock, and they are
available in a range of primary particle sizes, agglomerated structures and surface chemistries. All carbon blacks
absorb strongly in the ultraviolet, visible and near infrared regions. Many other common black pigments, such as
aniline, iron oxides and chromium oxides also have high absorption in the NIR region. Nigrosine blacks should
have low absorbance in the NIR, but do not appear to be approved for food contact applications. Black antimony
sulphide is a strong black pigment with fine particle size and IR reflectance properties (Murphy 2001). However,
antimony compounds are toxic and restrictions apply to their use in plastics packaging.

Objects such as packaging products that have been coloured blackdo not emit or reflect in any part of the visible
spectrum, i.e. they absorb all such frequencies of light. Pigments that absorb light rather than reflect it back to
the eye "look black".

Figure 5. Strong NIR absorbing ability of Carbon Black (Source: BASF)

Black plastics that are coloured with carbon black colourants

Heat radiation (NIR) present a problem for NIR detectors as carbon black strongly
absorbs infrared radiation as well as visible light, so the NIR light is
not reflected into the detectors . This means that the items remain
undetected and end up in the residual fraction from the sorting
processes and are disposed of to landfill if this sorting method is
used.

Carbon Black : Separation of products that contain carbon black by colour is also

- ' not possible. This is because the strong absorbing properties of
carbon black result in low signal reflectance and therefore the

remiting fayer (e. g., Ti0,-flled, aluminum) sensor cannot recognise the pro
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2.3  OPRL labelling for black packaging

Currently the On Pack Recycling Label (OPRL] used for plastic pots,t ubs and trays i s
However there is a particular issue for these packs that are coloured using carbon black because although they
may be collected for recycling, there is currently technical barrier to them actually being recycled. There is
currently a holding statement for black plastics:

MBlack plastic packs: the current auto -sorting recycling equjpment cannot identify black plastic. Where a dark pack
Is required or desired, a colour OTHER than black should be specified if possible. The position of black packaging

ficheck

s under review pending a technical project being run by WRAP to find a solution, and may change future OPRL

Guidanceo

2.4 Delivery of the project

WRAP worked in partnership wi h

M&S,

S gpachkagimgumanufacturers and colourant suppliers on this

project to address this current non-recyclable nature of black plastic. This report outlines the work undertaken,
presents the results and puts forward the recommended next steps in order to make black plastic packaging

more recyclable.

3.0 Possible Solutions for

Recycling Black Plastic

This project explored four possible approaches to enable automated sorting of black plastic packaging. These
were: alternative spectroscopic technigques, physical sorting methods, the addition of detectable markers, and the
development of alternative colourants. The technologies reviewed are covered in detail in Appendix 1 and are
summarised in the table below.

Table 2. Summary of potential approaches to sorting black plastics

Technology

Summary

Comments

Reflectance MIR and
Laser RamanFluorescence

Has potential, but equipment limitations
exist.

Systems available and being used
for high speed sorting of black

Spectroscopy plastic flakes but not currently
available for sorting of packaging
articles such as pots tubs and trays

LIBS/LIPS A very promising development for the future. | No commercial systems available.

Electrostatic separation

May provide adequate separation

Surface contamination can interfere
with this system.

Tack separation

Will not supply sufficient separation for
complex mixes.

Alternative colourants

Black colourants with lower NIR absorption,
such as BASF Lumogen and black IR
reflective colourants may work in reflectance
NIR detector set-ups, but not in NIR
transmission modes.

Commercial IR-reflective black colourants
such as BASF Sicopal K 0095 and trichromic
mixtures of colourants or dyes provide black
colouration without absorbing NIR strongly.

In all alternative colourants, food-
contact approval and cost
implications need to be examined.
Low NIR absorption colourants may
be detrimental to tray producers
that thermoform from shee t due to
longer heat-up times.

Addition of markers

Fluorescent markers could provide a cost
effective method of identification.

The addition rates required to work
effectively in black plastics need to
be established.

Of these four approaches, alternative spectroscopic techniques and alternative colourants were selected for

further investigation and developed further in this project.

A subsequent review of spectroscopic technologies for

detection of black plastics took place and is covered in Appendix 2. Following this it was concluded that only the
alternative colourant technique would allow sorting of black trays with existing NIR based mixed plastics sorting

2
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facilities. All of the other techniques would require investment in additional sorting equipm ent, ranging from an
additional spectroscopic sorting stage through to reconfiguration of the plant to allow physical so rting of the out -
throw stream. Given that alternative spectroscopic solutions such as MIR work on a technical level but are not yet
viable at commercial sorting speeds and as most reprocessors and PRFs have NIRa solution that is compatible
with NIR is most likely to succeed in the short to medium term. As a consequence, the project team investigated
solutions within the packaging and pigment industries that would work with current NIR sorting technologies.

4.0 Alternative NIR  Detectable Black Colour ants

A black pigment can result from a combination of several pigments that collectively absorb all colours. If
appropriate proportions of three primary pigments are mixed, the result reflects so little light as to be called
"black”. Black can therefore be described as a lack of all colours of light, or a combination of multiple colours of
pigment. Mixing yellow and cyan produces green colours; mixing yellow with magenta produces reds, and mixing
magenta with cyan produces blues. In theory, mixing equal amounts of all three pigments should produce grey,
resulting in black when all three are applied in sufficient density, but in practice they tend to produce muddy
brown colours, or lighter shades of black.

Figure 6. Example of the RGB Colour Index and an example of how black colour can be achieved by mixng the
key colours of magenta, yellow and cyan together (Source: The International Commission on Illumination)
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It may be possible to select black colourants that absorb in the visible region, but reflect or transmit NIR
radiation, allowing for the standard NIR detectors in automated sorting to register a useful spectrum from a black
packaging article. However, the IR absorptive properties of standard carbon black colourants can be a benefit
when thermoforming trays from plastic sheet because the hi gher infrared absorption increases the operating
speed of the thermoforming equipment by enabling faster heat up of the sheet to moulding temperature .

4.1  NIR transparent colourants

Black colourants have been developed for use in coatings, paints and resins that act to reduce solar thermal gain
in dark coloured building or automotive products by either being low in absorption, or reflective of infrared
radiation. These colourants may prove to be suitable for black colouration in plastic packaging, yet enable
detection by NIR spectroscopy. NIR transparent black colourants are used for laser welding plastic components.
They allow infrared radiation to penetrate through one component to reach the inte rface with a second
component that contains IR absorbers. The IR radiation causes local heating at the interface allowing the two
components to be welded together. Examples of black colourants for these applications are the perylene
colourants (BASF et d. 2005). These are organic perylene colourants that do not absorb strongly in the infrared
region, but can be produced with high opacity and blackness.

WI’G\P :4 2;‘:{';?‘;,',‘;23:,&;. Development of NIR Det  ectable Black Plastic Packaging 14



A number of black colourants with high transparency in the NIR region were identified in a literature review:

A BASF Black NIR transparentcolourants, such as Lumogen Black FK4280 and FK4281;

A Fuji Xerox developed colourants with high black colouration and NIR transparency for photocopy
toner; and

A Treffert GmbH (www.treffert.org) produce specialised masterbatches for laser welding based on
soluble dyes.

The BASF literature on Lumogencolourant shows significant transmission at wavelengths longer than 1000 nm.
This is almost halfway in the near infrared spectrum (700nm-1400nm) as is defined by the Int ernational
Commission on lllumination. BASF blackcolourant (Lumogen FK4281) is supplied to the building industry as it
has low NIR absorption characteristic, which reduces solar heat gain. This colourant could therefore be used in
packaging products, which could potentially be detected using NIR spectroscopy.

The Fuji Xerox patent application notes that they could also be used for laser welding of plastics (Hasegawa et al.
2009). They are based on a squarylium compound combined with phthalocyanine blue colourant. Treffert report
that that have both laser absorbing and laser transparent types (Glaser 2006).

4.2 NIR reflective colourants

Paints and coatings with high infrared reflectivity or low absorption are now well known. They are useful for
applications such as coatings for roofing tiles that enable dark colours to be used with less heat gain than
normally achieved, and housings for lighting systems to reduce heat build-up.

Several commercial examples exist of IRreflecting black colourants that can be used in plastics, such as Sicopal
Black KO095 from BASHalso used in building products to help reflect sunlight ) and Black 10P922 from Shepherd
Colour Company. An IR reflective colourant at low concentration in the polyme r matrix could allow for a useful
infrared spectrum to be obtained in reflectance mode.

4.3  Review of alternative black colourants
Sicopal and Lumogen were compounded with PET, PP and PS at 0.1, 0.3, 0.5 and 1.0% addition rates.Plaque

samples were made from different polymers using Lumogen FK4281 and Sicopal KO0O95colourants at a range of
colourant loadings and trialled at TITECH and Unisensor.

Figur e 7. Picture showing reflective black colourants from BASF (Lumogen and Sicopal) (Source: BASF)
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For comparison, a carbon black grade (Black UN MB) supplied by Begg & Co was also compounded with PET, PP
and PS.NIR detection trials were performed on PET, PP and PS plaques coloured with varying levels of BASF
Lumogen colourant. The following sections describe the spectra obtained and the detection rates for each
polymer and colourant addition rate.
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Figure 8. Average NIR spectra of PET filled with Lumogen and Sicopal
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The average spectrum of PET with 0.1% colourant shows the lowest intensity. T he reason for this is that the PET
sample at this low addition rate is almost entirely translucent. Therefore the sensor detects PET and the black
conveyor belt. The Lumogen and Sicopalsamples with colourant concentration of 1.0 % show the highest
intensity. In both cases the detection rate for PET was 100%.

4.4  Findings of preliminary trials of NIR detection of alternative colourants

The TITECH Autosort NIR sorting system was able to detect different plastics filled with Black Lumogen FK 4281
or Black Sicopal KO095 at different percentages. Samples that were coloured with a commercial carbon black
grade called Black UN showed a random spectrum and/or very low intensity and could not be detected by means
of NIR spectroscopy. Trials with another light s ource (43% increased intensity) still failed to detect the polymers
coloured with Black UN, even with carbon black content down to 0.1%

Table 3. Summary of trial results for Lumogen, Sicopal and carbon black colourants

Detectable with NIR Spectroscopy? Average Recognition Rate
Polymer PET PP PS PET PP PS
Sicopal \% \% \% 100% 100% 96.7%
K0095
Lumogen PET \% \% \% 98.9% 100% 98.3%
FK4210
Carbon Black X X X 0% 0% 0%
UN MB

The Unisensor, Powersort200 system gave positive results for the Sicopal KO095 in all polymers, but the
Lumogen FK4281 pigment in PP resinshowed low spectra in the initial tests. Unisensor have reported that
detection capability is now further advanced and detection is possible. Analysis by TITECH, using NIR of both
Sicopal K0O095 and Lumogen FK4281 gave readily identifiable black samples at 0.5 1.0% loading in all polymers
tested.

5.0 Evaluation of NIR Detectable Colour ants

Research of black pigments that reflect in the NIR spectrum but absorb in the visible spectrum identified
potentially suitable pigments from BASF, Sun Chemicals, ColourTone andColoMatrix. Colourants from these
suppliers were compounded with typical packaging polymers at Begg & Co Ltd (shown in Table 4).

Table 4. Colaurants compounded with packaging polymers into moulded plaques

Supplier Colour ant Polymer

BASF Lumogen AK PP & PS
Sicopal K0095 PP & PS

Sun Chemical pigments Blue mixed with carbon black PP

Colour Tone pigments 95491,95492,95493 and 95494 PP

ColorMatrix liquid colourants Dye Black5, Paul Black1, Delphian | APET
Black-1 and Cimmerian Black1
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The compounded materials were moulded into plaques at a loading of 0.5% and 1% and then tested for polymer
detectability and also for colour detectability under NIR and VIS spectrum by TITECH. Table 5 shows the results
that were obtained for PP, PS and APET. CPET material was not available for testing during the preliminary
investigation but was tested using these colourants at a later stage and showed excellent processing performance
and NIR detection.

Table 5. Summary of alternative black colourants tested by TITECH GmbH using NIR spectroscopic systems

Colour ant Type & Addition Rate Tray Food Contact Colour Polymer
Material Certificate Detectable? Detectable?
Type Available (VIS) (NIR)
BASF Colour ants
BASF Sicopal K00950.5%) PP TBC X V
BASF Sicopal KO095 ©.5%) PS TBC V V
BASF Lumogen FK428%0.5%) PP YES X V
BASF Lumogen FK428%0.5%) PS YES X V
Sun Chemicals Colour ant
Sun Chemicals- 0.5% Total PP YES X X
(0.25% Blue + 0.25% Black)
Sun Chemicals- 0.5% Total PP YES X X
(0.375% Blue + 0.125% Black)
Sun Chemicals- 0.5% Total PP YES X X
(0.125% Blue + 0.375% Black)
Colour Tone Colour ants
Colour Tone - Black 95491 (0.5%) PE YES v V
Colour Tone - Black 95492 (0.5%) PE YES V \V
Colour Tone - Black 95491 (1%) PP YES V V
Colour Tone - Black 95492 (1%) PP YES V V
Colour Tonei Black 95493 (0.5%) PP YES V A X V
Colour Tone’i Black 95493 (1%) PP YES V A X V
Colour Tonei Black 95494 (0.5%) PP YES V A X X
Colour Tonei Black 95494 (1%) PP YES X X
Color Matrix Liquid  Colour ants
ColorMatrix Dye Black5 (0.5%) APET YES V A X \V/
ColorMatrix Paul Blackl (0.5%) APET YES V A X X
ColorMatrix Delphian Black1 (0.5%) APET YES V A X V A X
ColorMatrix Cimmerian Black1 (0.5%) APET YES V A X X

*Colour detection results marked with x meanst hat t he sensor sees the black tray as ocl earéd

** An NIR/VIS detection result marked as VA x means that the sensor was able to detect the colour or polymer but system optimisation was
required to achieve detection.

The Sun Chemical formulations could not be detected, due to the carbon black content. It is very likely that this
can be resolved with further investigation and use of another formulation .

The following list of colourants was found to enable the polymer to be readily detectable by NIR following tests
with plaque samples and therefore provided the best opportunity for the recovery of black polymer packaging:

PP/PE- Black 95491 (pigment) i Colour Tone Masterbatches Ltd
PP/PE- Black 95492 (pigment) i Colour Tone Masterbatches Ltd
PP/PE- Black 95493 (pigment) i Colour Tone Masterbatches Ltd
PP/PSi Lumogen AK (pigment) i BASE

PP/PSi Sicopal KO095 (pigment) i BASF and

APET- Dye Black5 (liquid colourant) i ColorMatrix Group Inc.

> > > > >

Alternative colourants to carbon black that are NIR detectable are used for niche high-value applications due to
their higher cost in comparison with carbon black. Plastic packaging for large volume items such as food trays
requires pigments and colourants that are low cost. From a low cost point of view the following colourants
appeared to be potentially economically viable (see section 13 for an economic assessment):
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A PP/PE- Black 95493 (solid colourant) from Colour Tone Masterbatches Ltd;
A PP/PSi Sicopal KO095 (solid colourant) from BASF; and
A APET- Dye Black5 (liquid colourant) from ColorMatrix Group Inc.

Food contact safety requirements have also been taken into consideration and during this research project all
pigment suppliers were always asked to only supply food contact safe pigments. Certificates of compliance with
EU and UK food contact regulationsfor selected colourants are provided in appendix 4 of this document:

A Black 95493 (pigment) i Colour Tone Masterbatches Ltd and
A Dye Blacks5 (liquid colourant) i ColorMatrix Group Inc.

5.1 Preliminary sheet extrusion & thermoforming trials

APET,PP and PScompounds were manufactured at Begg & Co and sent to Brunel University where they were
extruded into sheet. The trials successfully produced PP and PS sheet but the processing equipment at Brunel
University was found not suitable for the extrusion of APET sheet. Approximately 5 kg of PP and PS sheet was
manufactured; the sheet samples appeared black and were measured to approximately 1.6mm thick. The
laboratory-sized equipment did not permit the manufacture of thinner gauge sheet to allow comparison with
commercially produced sheet samples, which are typically 0.5-1.5mm thick (depending on tray size and product
application). The processing conditions and overall sheet extrusion performance using the alternative black
colourants for the production of PP and PS sheet was found to be satisfactory and no problems were identified
during the small scale trials.

Figure 9. Example of sheet extrusion trials at Brunel University using alternative black colourants
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The manufactured PP and PS sheet was then thermoformed by TMB Patterns (UK)to produce sample food trays.
At TMBO6s thermoform t oo liaisweage pefermedluraer similartconditiarns to kammercial t r
systems and under standard heating times and temperatures to simulate similar cycle time performance. This
approach provided very good small-scale trial data on the developed sheet thermoforming p erformance but it is

not a substitute for actual large -scale performance trials as the trials were performed with a batch single cavity

and not with multi -cavity continuous production.

Figure 1 0. Thermoforming cycle for production of sample trays
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During the thermoforming trials at TMB, 13 different compounds were run. Polymers tested included
polypropylene (PP) and high impact polystyrene (HIPS). The trials showed that the cycle time for all materials
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was very similar to carbon black sheet and the heating and forming characteristics of the alternative black
colourants were comparable. In summary, it was found that the colourants from BASF, Colour Toneand Sun
Chemicals appear to absorb heat and thermoform in a similar way to standard carbon black sheet samples.

5.2  Further development and optimisation of alternative black colourants

Following the successful preliminary trials of colourants from BASF, ColourTone, andColoMatrix, an expanded
review of other suppliers of NIR reflective pigments was performed. More than 20 companies were spoken to
about the development of NIR detectable black colourants and several colourant suppliers such as Holland
Colours, PerformanceMasterbatches (PMB) and Silvergate Plastics had agreed to supplycolourants that may
reflect in the NIR spectrum and absorb in the visible spectrum.

Sheet extrusion trials using optimised colourant samples from ColorMatrix and ColourTone Masterbatches,and

new samples from Holland Colours, Performance Masterbatches and Silvergate Plastics were performed at RAPRA
using a small twin screw sheet extrusion line. Trials were performed using commercial grades of APET, CPET and
PP resins supplied by Sharp Intepack and FaerchPlast. The colourants were added to the polymers at a range of
addition rates suggested by the colourant suppliers. In all, over 30 formulations were extruded into sheet samples
and these were subsequently thermoformed into trays at TMB Patterns. The sheet was extruded at nominal

gauge thickness of approximately 0.7-0.8mm (700-800 micron) and the majority of colourants extruded and
thermoformed without any significant problems.

Figure 1 1. Measurement of extruded sheet and examples of optimised colourants in thermoformed trays

| -

a) Measurement of sheet thickness b) Example of quality of trial trays ¢) Finish of a CPET tray produced
produced with 0.5% ColorMatrix Dye-Black-5

The trials found that there was a large variation in the blackness of the finish between the colourants tested. The
following pictures show the trays manufactured.

Figure 12. Example of some of the PP trays manufactured with the colourants. A number of the trays were
found to have acceptable black finish while others showed shades of dark brown, dark green and blue/purple .

This picture shows some of the black PP trays
that were manufactured with the alternative
black colourants. The picture was taken
against a reflective white background to show
the contrast in the colours obtained and the
black finish achieved.

The trials clearly showed that some of the
colourants did not absorb enough visible light
and did not have enough tint strength in the
visible spectrum as many trays appeared dark
green, brown, various shades of blue. The tray
shown in the middle was found to be closest to
a black tray and was selected for large-scale
trials. It was produced using the ColourTone
IRR Black 95493at 1% addition.
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The APET and CPET tray samples produced also showed variation in colour and blaagkess of the finish (i.e. visible
light absorption). Several colourants were tried with Colour Tone and ColorMatrix producing an acceptable black
finish in aPET and cPET.

Figure 13. Example of some of the APET and CPET trays manufactured with thecolourants

a) APET tray samples b) CPET tray samples
5.3  Summary of developed NIR detectable black colourants

In summary the NIR detectability of the PP and PET samples described in Section5.2 was excellent with 100%
polymer recognition of 26 of the 30 formulations tested. The colour detection of the NIR detectable trays was
also found to be very good and the sorting system was able to classify the trays into a dark coloured stream. The
26 samples that gave favourable NIR and VIS spectrum detection results had varying pigment loadings of 0.3%
up to 5%. The NIR and VIS spectrum tests showed that when a colourant was found to be detectable, the level
of colourant loading in the polymer did not affect the NIR detectability of the polymer type of pack.

Figure 1 4. Example of PET tray produced with optimised NIR detectable black liquid colourant from ColorMatrix

From a visual perspective, the colour of some of the samples was not considered by patrticipating retailers to be
black enough for commercial applications.

Figure 15 shows an example of an NIR detectable black colourant, that was moulded into a plaque with varying
thickness and the picture shows that the plaque appears sufficiently black in thicker sections but is clearly not
black enough for thin wall applications due to the colourants low tint strength.

For this reason a number of the colourants were found not to be suitable for selection in large scale
manufacturing trials. These colourants could however be optimised and may then be applicable for use in thin
wall applications, such as plastic rigid trays.
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Figure 1 5. Sample of PP plaqueobtained during the development of an alternative black pigment showing low
tint strength in thin sections . The thickness of the steps from left to right: 3mm, 2mm, 1.5mm, 1mm, 0.5mm

The trials also found that while many colourants appeared black in a masterbatch or compound granule format,
once extruded and thermoformed into thin wall tray products, the tint strength of many of the  colourants was not
strong enough and the samples did not visually compare to black tray samples that were manufactured with
carbon black.

From the extensive list of colourants tested a short list of most suitable colourants was selected for use in large
scale manufacturing trials. The selection was based on the following criteria:

Food grade certification;

NIR and VIS detection performance;
Colourant cost; and

Black colour / shade (i.e. black finish).

> > >

The colourant systems were optimised through experimentation to improve tint strength and the colourants that
were finally selected for large scale APET CPETand PP were:

A ColourTone IRR Black 95530 for PP andCPET and
A ColorMatrix Dye Black 5 for APETand CPET

5.4  NIR identification and separation of APETand CPETpackaging products

A key question arising from the development of detectable black APETand CPETtrays was whether crystalline
PET (CPEYT and amorphous PET(APET had unique spectra in the NIR region and if the two products could be
separated using standard NIR sorting equipment. If the NIR detectable black colourants were to be adopted
commercially then they would end up in the stream and there was potential of cross contamination of the
coloured APETstream. CPETiIs highly crystallised polymer due to the presence of polyolefin nucleating agents
and if mixed in with APETproducts during recycling, its presence could result in opacity during the production of
APETsheet or PET bottles, which need to remain clear. APEThowever is not considered to be a contaminant in
the CPETstream as CPETresin already contains APETalong with the PE or PP nucleating agents that cause the
rapid crystallisation of APET during the production stage.

In order to evaluate the feasibility of CPETand APETseparation, commercial samples of white CPETwere
obtained from Faerch Plast (commercial black CPETsamples cannot be detected under NIR) and were sent to
TITECH together with several CPETtrays produced with the newly developed NIR detectable black colourants.

TITECH performed several identification tests and found that there were sufficient spectral differences between
APETand CPETto allow efficient sorting. A dynamic sorting trial was performed to separate the white CPETtrays
and CPETwith NIR detectable black colourants from clear PET bottles.
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Figure 16. Results from an APET/ CPETsorting trial - showing good separation of CPETfrom clear APET

a) Clear PET bottles b) Commercially available white CPETtrays and black
CPETtrays made with the novel NIR detectable
colourants

The results from the sorting trials indicate d that it is technically possible to separate CPETfrom APETbased on

spectral differences. TITECH reported that slight changes t
trainingd would be all that i s neededtemnscurrendykiresometPREs change i
that may want to sort CPET A key question for future research and development is whether it is possible for NIR

detectable black APETand CPETtrays to be mixed and re-formulated to produce a 100% rPET CPETresin.

Further validation would be required to ascertain whether other NIR sorting equipment can easily be adjusted to

enable them to distinguish and sort CPETfrom APET
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6.0  Industrial Scale Manufacturing Trials

Following the development of two colouration systems that were NIR detectable and had been optimised in terms
of their shade of jet blackness, the next step in development was to complete large scale manufacturing trials.
The purpose of these trials was to assess the processability of the pigments on industrial scale machinery and to
assess whether there was any difference in heat settings or dwell times needed to manufacture products using
the NIR visible colourants compared to products manufactured using carbon black. The large-scale trials were
used to observe the heat absorption characteristics of the newly developed alternative black colourants and to
determine thermoforming performance under high speed commercial production rates. Carbon black strongly
absorbs the infrared energy used in thermoforming and the absence of carbon black might cause longer sheet
reheat times. Data from these trials would play an important role in establishing whether sheet containing the
alternative black colourants (which do not strongly absorb infrared energy) performed adequately under
thermoforming conditions and if they absorbed heat at similar rates as sheet containing carbon black.

The following tray manufacturing companies who have extrusion and thermoforming capability agreed to be
involved and run a manufacturing trial using at least one of the selected colourants and one polymer type to
cover PP,APETand CPETsince together these polymer groups make up to 80% of the black plastic packaging
market and almost all are used in food contact applications.

Table 6: Summary of industrial scale manufacturing trials

Manufacturer Material Colour ant Recommended Addition rate
addition rate (%) used (%)

Sharp Interpack PP Colour Tone IRR 2% 2%
95530

LINPAC Packaging APET ColorMatrix Dye 0.5% 0.8%

Limited Black5

Faerch Plast CPET Colour Tone IRR 2% 4%
95530

Faerch Plast CPET ColorMatrix Dye 2% 4%
Black-5

Faerch Plast added 4% masterbatch because they believed that amount would be needed to match the blackness
of carbon black.

6.1  Manufacture of polypropylene trays
Sharp Interpack extruded PP sheet using virgin polymer and added the Colour Tone IRR 95530 black masterbatch

at 2% addition rate. Th is was then converted by thermoforming into approximately 10,000 trays using 50 kg of
PP resin The tray manufactured by Sharp Interpack was a Mar ks and Spencerds mushroom g

Figure 17. Polypropylene trays moulded by Sharp Interpack using Colour Tone IRR black 95530 masterbatch
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